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Editorial on the Research Topic 


Reviews in molecular and cellular oncology


Cancer is an important public health problem worldwide. According to the latest global cancer burden update article using GLOBOCAN 2020, 19.3 million new cancer cases (18.1 million excluding nonmelanoma skin cancer) and nearly 10.0 million cancer deaths (9.9 million excluding nonmelanoma skin cancer) occurred worldwide in 2020 (1). On the other hand, since 1991, the cancer death rate has continuously decreased in some regions of the world, resulting in a 33% overall decrease and an estimated 3.8 million cancer deaths avoided in the United States of America (2). In particular, part of these improvements in survival is due to better knowledge of the molecular and cellular processes that drive cancer progression and metastasis, which has been fundamental in the development of targeted therapies for the treatment of cancer.

The current hallmarks of cancer encompass various characteristics such as evading growth suppressors; avoiding immune destruction; activating invasion and metastasis; senescent cells; genome instability and mutation; resisting cell death; and sustaining proliferative signaling (3). A better understanding of these cancer hallmarks and the molecular mechanisms that are responsible for these processes, will enable the development of effective and novel therapeutic modalities and improve the quality of life and survival of cancer patients. This Research Topic aimed to highlight recent advances in the field while emphasizing important directions and new possibilities for future inquiries.

In particular, Wang et al. reviewed the role of adipokines in pancreatic cancer. Adipokines are cytokines, such as leptin, adiponectin, and oncostatin-M, produced by adipose tissue that play functional roles in obesity, inflammation, the body’s energy/metabolic state, etc. (4). Leptin signaling increases MMP-13 synthesis, which promotes cell invasion and metastasis in human pancreatic cancer (5). Leptin also increases pancreatic tumor cell motility by activating the PI3K/AKT pathway (6). Likewise, adiponectin inhibits the growth of human pancreatic cancer by inhibiting the β-catenin signaling pathway (7), and oncostatin-M induces potent epithelial-mesenchymal transition and cancer stem cell phenotypes in pancreatic cancer (8).

In another article of this Research Topic, Zhou et al. reviewed patient-derived organoids (PDOs) in precision medicine. PDOs is a tool for individualized medical decisions that predicts patients’ reactions to therapy regimens and may enhance treatment results. Interestingly, Wnt-activated PDOs of Barrett’s esophagus exhibited histologic atypia, increased proliferative and replicative activity, decreased apoptosis, and longer cultivability (9).

In conclusion, molecular oncology represents a paradigm shift in cancer research, bringing together multidisciplinary efforts and cutting-edge technologies to tackle cancer at its core. This Research Topic provide a new update in this field that will direct further research to improve cancer prevention and treatment.
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Calcium binding proteins (CBP) are a group of proteins mediating the effects of calcium on cellular functions. These proteins can regulate calcium levels inside the cells and contribute in several cellular functions through transporting this ion across cell membranes or decoding related signals. Recent studies have shown that several non-coding RNAs interact with CBPs to affect their expression or activity. The interactions between these transcripts and CBPs have implications in the pathoetiology of human disorders, including both neoplastic and non-neoplastic conditions. In the current review, we describe the interactions between three classes of non-coding RNAs (long non-coding RNAs, circular RNAs, and microRNAs) and a number of CBPs, particularly CAB39, S100A1, S100A4, S100A7 and S100P. This kind of interaction has been verified in different pathological contexts such as drug-induced cardiotoxicity, osteoblasts cytotoxicity, acute lung injury, myocardial ischemia/reperfusion injury, proliferative diabetic retinopathy, glomerulonephritis, as well as a wide array of neoplastic conditions.
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Introduction

Calcium is an important second messenger in cells whose effects are largely dependent on a number of diverse proteins, being named as calcium binding proteins (CBP), accordingly. These proteins can bind this ion in their certain domains. CBPs can regulate calcium levels inside the cells and contribute in several cellular functions through transporting this ion across cell membranes or decoding related signals (1). Based on the presence of the structural EF-hand domain, intracellular CBPs can be classified into two main classes, i.e., those containing this domain and those lacking this domain. Parvalbumin, calmodulin, S100 proteins and calcineurin are examples of the former class, while calreticulin, calsequestrin, annexins, protein kinase C (PKC) and sinaptotagmin are examples of the latter (1). Extracellular CBP has six main classes, based on the presence of EF-hand, EGF-like, γ-carboxyl glutamic acid (GLA)-rich, cadherin, and calcium-dependent (C)-type lectin-like domains or calcium binding pockets of family C G-protein-coupled receptors (1). Extracellular CBPs are incessantly surrounded by a concentration of 10−3M calcium which contributes in the activation or stabilization of specific enzymes acting as protease, nuclease, or lipase. On the other hand, intracellular CBPs, which act as muscle contraction, respond to an upsurge in calcium concentrations from 10−7 to 10−6M (2). Recent studies have shown that several non-coding RNAs interact with CBPs to affect their expression or activity. The interactions between these transcripts and CBPs have implications in the pathoetiology of human disorders, including both neoplastic and non-neoplastic conditions. In the current review, we describe the interactions between three classes of non-coding RNAs (long non-coding RNAs (lncRNAs), circular RNAs [circRNAs) and microRNAs (miRNAs)] and CBPs.



Non-Coding RNAs and CAB39

Calcium-binding protein 39 (CAB39) is functionally associated with the Serine/Threonine Kinase STK11 and STRAD (3). This protein also promotes the construction of STK11/STRAD complexes and induces catalytic activity of STK11 (3). This protein has been found to affect the process of doxorubicin-induced cardiac injury. Experiments in an animal model of doxorubicin-induced cardiotoxicity have shown up-regulation of miR-451 levels. Suppression of miR-451 expression has reduced doxorubicin-associated whole-body wasting and cardiac atrophy, decreased heart damage, amended heart function, and enhanced contractile function of cardiomyocytes. Functionally, miR-451 suppression has led to enhancement of Cab39 levels and induced activity of AMPK signaling (Figure 1). Thus, Cab39 has been identified as the target of miR-451 through which this miRNA affects cardiac toxicity (4). Another study to find the mechanism of osteoblast cytoprotection has reported miR-107 as a CAB39-targeting miRNA. Functional experiments in OB-6 human osteoblastic cells have shown direct binding of this miRNA with CAB39 mRNA. Both wild-type miR-107 mimics and pre-miR-107-containing lentiviruses could inhibit CAB39 expression in osteoblasts. On the other hand, miR-107 antagonism could increase CAB39 expression, leading to activation of AMPK cascade. Suppression of miR-107 has significantly decreased dexamethasone-induced apoptosis in OB-6 cells and human osteoblasts. Moreover, antagomiR-107 could activate AMPK downstream Nrf2 cascade to suppress dexamethasone-associated oxidative injury (5). The interaction between miRNAs and CAB39 has also been implicated in the pathogenesis of acute lung injury. The CAB39-interacting miR-31-5p has been shown to be up-regulated in mice lung tissues upon injection of lipopolysaccharide. miR-31-5p silencing has relieved, while miR-31-5p mimic has aggravated lipopolysaccharide-induced inflammatory responses, oxidative injury, and pulmonary injury in vivo and in vitro. Functionally, miR-31-5p silencing has induced protective impact of AMPKα. In fact, Cab39 has an essential role in activation of AMPKα and protective effects of miR-31-5p antagomir (6). The interaction between miRNAs and CAB39 has an important role in the pathogenesis of cancers. For instance, miR-1265 can regulate cell proliferation and apoptosis in gastric cancer cells by targeting CAB39. miR-1265-mediated suppression of CAB39 interferes with oncogenic autophagy through modulation of AMPK/mTOR (7). On the other hand, miR-107-mediated suppression of CAB39 and subsequent activation of AMPK/mTOR signaling confers chemoresistance to colorectal cancer (8). Table 1 summarizes the role of CAB39-interacting miRNAs in the pathogenesis of different disorders.




Figure 1 | The connection between CAB39 and miRNAs, as well as their role in human diseases. Inhibition of miRNA has resulted in increased CAB39 levels and increased activity of AMPK pathway. Cab39 has therefore been found as a miRNAs target, and these miRNAs modulate cardiotoxicity, osteoblasts, cytotoxicity, acute lung damage, chemoresistance, senescence, and cancer development through this RNA.




Table 1 | Shows the interaction between CBP (CAB39) with miRNAs.



CircGSK3B (hsa_circ_0003763) is a circRNA that has indirect interaction with CAB39. This circRNA has been found to be up-regulated in hepatocellular cancer tissues and cell lines. In addition, expression levels of circGSK3B have been correlated with tumor bulk and vascular invasion. Functional studies have indicated the role of circGSK3B in the enhancement of proliferation, migratory potential, and invasiveness of hepatocellular carcinoma. Mechanistically, circGSK3B sponges miR-1265 to up-regulate expression of CAB39 (Figure 2). This circRNA has a role in reprogramming of glutamine metabolism. Taken together, circGSK3B/miR-1265/CAB39 axis has a role in enhancing proliferation, migration, invasion of this kind of cancer (11). HOTAIR is an example of lncRNAs that activates AMPKα via EZH2/miR-451/CAB39 axis regulation. CAB39 is involved in regulation of oxidative stress and cardiac myocyte apoptosis during ischemia/reperfusion injury (12). Table 2 summarizes CAB39-interacting lncRNAs/circRNAs.




Figure 2 | Interaction between CBPs (CAB39 and S100A4) and lncRNAs/circRNAs with their contribution in human disorders.




Table 2 | CAB39-interacting lncRNAs/circRNAs.





Non-Coding RNAs and S100A4

S100A4 is a member of the S100 CBP family, which is produced by tumor cells as well as stromal cells. S100 proteins are localized in the cytoplasm and/or nucleus of several kinds of cells and participate in the regulation of cell cycle transition and differentiation. The genes coding members of S100 family are clustered on chromosome 1q21 (13). This CBP has been shown to support tumorigenesis through stimulation of angiogenesis. A number of miRNAs have been shown to inhibit the expression of S100A4. For instance, miR-187-3p by targeting S100A4 could inhibit the metastasis and epithelial-mesenchymal transition (EMT) of hepatocellular carcinoma (14). Expression of S100A4 has been shown to be increased in ovarian cancer in association with clinical stage of these patients. Down-regulation of this CBP has reduced the mobility of ovarian cancer cells and their metastatic ability, while up-regulation of S100A4 has increased the invasive aptitude of these cells. miR-296 has been identified as an important upstream regulator of this CBP (Figure 3). Dysregulation of miR-296/S100A4 axis could facilitate EMT (15). Another study in bladder cancer has revealed that miR-149-3p could inhibit proliferation, migration, and invasion of malignant cells through targeting S100A4 (16). In colorectal cancer cells, miR-325-3p/S100A4 (17), miR-520c/S100A4 (18) and miR-296/S100A4 (19) have been identified as molecular axes that affect carcinogenesis. Table 3 shows S100A4-interacting miRNAs.




Figure 3 | The interaction of CBPs (S100A4, S100A7, S100A16, S100A9) with miRNAs.




Table 3 | S100A4-interacting miRNAs.



A number of lncRNAs have been found to affect miRNA/S100A4 axes. These lncRNAs mainly act as molecular sponges for S100A4-interacting miRNAs, thus releasing S100A4 from inhibitory effects of these miRNAs. For instance, HOXA-AS2 through regulating miR-520c-3p/S100A4 (23) and miR-520c-3p/S100A4 (24) axes could affect pathogenesis of papillary thyroid cancer and acute myeloid leukemia, respectively. Moreover, Linc01833 via regulation of miR-519e-3p/S100A4 axis could enhance progression of lung cancer (25). Table 4 shows S100A4-interacting lncRNAs.


Table 4 | S100A4-interacting lncRNAs.





Non-Coding RNAs and S100A7

S100A7 is another member of the S100 family of proteins which contains 2 EF-hand domains. S100A7 differs from the other members of this family in the absence of calcium binding capacity in one of its EF-hand domains, which is located at the N-terminus. S100A7 has been shown to regulate metastatic ability of ovarian cancer cells and chemoresistance phenotype through modulation of MAPK pathway (Figure 3). This CBP has been shown to be targeted by miR-330-5p (26). Moreover, S100A7 has been found to be a direct target of miR-26b-5p. In fact, miR-26b-5p can suppress proliferation, migration and invasiveness of intrahepatic cholangiocarcinoma cells through deceasing expression of S100A7 (27). Table 5 shows S100A7-interacting miRNAs.


Table 5 | S100A7-interacting miRNAs.





Non-Coding RNAs and S100A1

Similar to the majority of S100 proteins, binding of S100A1 with calcium results in great conformational alterations which facilitate interaction of this CBP with several protein targets. Targets of this CBP are those participating in calcium-related signal transduction, neurotransmitter release, cytoskeletal and filament associated proteins, transcription factors, a number of different proteins with enzymatic functions, and other CBPs, particularly S100B, S100A4 and S100P (28). Suppression of S100A1 expression has been suggested as a therapeutic modality for treatment of various disorders such as neurological disorders, diabetes mellitus, heart failure, and numerous kinds of malignancies (28). FOXD2-AS1 is the only lncRNA whose interactions with S100A1 have been verified. This lncRNA through modulation of S100A1/Hippo (29) and miR-363-5p/S100A1 pathways (30) can participate in the pathogenesis of breast cancer and nasopharyngeal carcinoma, respectively (Table 6).


Table 6 | S100A1-interacting lncRNAs.





Non-Coding RNAs and S100P

S100P is another member of S100 CBPs that mediate calcium-dependent signal transduction (31). S100P has been primarily isolated from the placenta (32). From an evolutionary point of view, S100P is regarded as a novel gene, existing only in the vertebrate genomes (33). As S100P is expressed in the uterus during the rhythmic hormonal changes, it might be associated with embryonic implantation/development (33). Yet, the role of S100P has been mostly investigated in the context of cancer (33). Two independent studies have assessed association between S100P and non-coding RNAs in pancreatic cancer. First, miR-495 has been shown to suppress pancreatic carcinogenesis by targeting S100P (34). Secondly, circ_0092314 has been shown to induce EMT in this type of cancer through sponging miR-671 and releasing S100P from its inhibitory effects (35). Table 7 shows S100P-ineracting miRNAs and circRNAs.


Table 7 | S100P-ineracting miRNAs and circRNAs.





Non-Coding RNAs and Other Calcium Binding Proteins

S100A8, S100A9, S100A10, S100A11, S100A14, S100A16, NECAB3 and SMOC2 are other CBPs whose interactions with non-coding RNAs have been verified in the context of human disorders (Tables 8 and 9). LINC00174 via targeting regulates miR-320/S100A10 axis could increase malignant phenotypes (40). SNHG8 is another lncRNA which serves as a sponge for miR-1270 to up-regulate expression of S100A11 and promote progression of ovarian cancer (41). In the context of lung cancer, CASC9 has been found to sponge miR-335-3p and induce expression of S100A14 (42). In addition, GNAS-AS1 serves as a sponge for miR-4319 to increase expression of NECAB3 and regulate macrophage polarization (43).


Table 8 | miRNAs interacting with other calcium binding proteins.




Table 9 | lncRNAs interacting with other calcium binding-proteins.





Discussion

The interactions between ncRNAs and CBPs have been assessed in different contexts. Most of studies have been conducted in the context of cancer, where CBPs affect malignant features through a variety of mechanisms, particularly induction of EMT. CAB39 is among the mostly assessed CBPs in this regard. Notably, the functional effect of CAB39-interacting miRNAs on the cells is largely mediated through modulation of activity of AMPK/mTOR. S100A4 as another CBP has been shown to affect expression of EMT-markers such as E-cadherin, Vimentin, N-cadherin and Snail1. A number of miRNAs such as miR-187-3p, miR-296, miR-149-3p, miR-19a, miR-325-3p, miR-520c and miR-296 have been shown to affect carcinogenesis through modulation of expression of S100A4. Thus, S100A4-interacting non-coding RNAs are putative targets for design of novel therapeutic options against tumor metastasis and EMT. S100P and S100A16 are other CBPs whose interactions with non-coding RNAs are implicated in the process of EMT. In fact, miRNAs that affect expression of CBPs have been shown to bind with 3’ UTR of mRNAs coding for CBPs.

circRNAs and lncRNAs that affect expression of CBPs mainly act as molecular sponges for miRNAs. For instance, circGSK3B/miR-1265/CAB39, circ_0092314/miR-671/S100P, HOXA-AS2/miR-520c-3p/S100A4, HOXA-AS2/miR-520c-3p/S100A4, Linc01833/miR-519e-3p/S100A4, LINC00174/miR-320/S100A10, SNHG8/miR-1270/S100A11, CASC9/miR-335-3p/S100A14 and GNAS-AS1/miR-4319/NECAB3 are examples of these regulatory axes which are involved in the pathoetiology of human disorders, particularly cancers.

The regulatory effects of some miRNAs on their specific CBPs have been verified in different contexts. For instance, the inhibitory impact of miR-451 on CAB39 has been shown to be implicated in drug-associated cardiac toxicity as well as lung cancer. Similarly, CAB39 has been found as a target of miR-107 in both osteoblasts and colorectal cancer cells. Finally, S100A4 has been shown to be targeted by miR-296 in both ovarian and colorectal cancer cells. For other miRNAs, regulatory effects have been confirmed only in a single context.

Taken together, several miRNAs, lncRNAs and circRNAs can regulate expressions of CBPs and participate in the etiology of human disorders via this route. Identification of this type of interactions has practical significance in design of disorders which are associated with abnormal calcium signal transduction. Research in this field is still in its infancy and the functional associations between non-coding RNAs and several members of CBP family need to be clarified.



Author Contributions

SG-F wrote the draft and revised it. MT and AB designed and supervised the study. HS, JM, BH, and HH collected the data and designed the figures and tables. All the authors read and approved the submitted version.



References

1. Yáñez, M, Gil-Longo, J, and Campos-Toimil, M. Calcium Binding Proteins. Adv Exp Med Biol (2012) 740:461–82. doi: 10.1007/978-94-007-2888-2_19

2. Hiraoki, T, and Vogel, HJ. Structure and Function of Calcium-Binding Proteins. J Cardiovasc Pharmacol (1987) 10:S14–31. doi: 10.1097/00005344-198710001-00004

3. Boudeau, J, Baas, AF, Deak, M, Morrice, NA, Kieloch, A, Schutkowski, M, et al. MO25alpha/beta Interact With STRADalpha/beta Enhancing Their Ability to Bind, Activate and Localize LKB1 in the Cytoplasm. EMBO J (2003) 22(19):5102–14. doi: 10.1093/emboj/cdg490

4. Li, J, Wan, W, Chen, T, Tong, S, Jiang, X, and Liu, W. miR-451 Silencing Inhibited Doxorubicin Exposure-Induced Cardiotoxicity in Mice. BioMed Res Int (2019) 2019:E collection. doi: 10.1155/2019/1528278

5. Zhuang, Y, Wang, S, Fei, H, Ji, F, and Sun, P. miR-107 Inhibition Upregulates CAB39 and Activates AMPK-Nrf2 Signaling to Protect Osteoblasts From Dexamethasone-Induced Oxidative Injury and Cytotoxicity. Aging (Albany NY) (2020) 12(12):11754. doi: 10.18632/aging.103341

6. Jiang, W-L, Zhao, K-C, Yuan, W, Zhou, F, Song, H-Y, Liu, G-L, et al. MicroRNA-31-5p Exacerbates Lipopolysaccharide-Induced Acute Lung Injury via Inactivating Cab39/Ampkα Pathway. Oxidative Medicine and Cellular Longevity (2020) 2020. doi: 10.1155/2020/8822361

7. Xu, Z, Li, Z, Wang, W, Xia, Y, He, Z, Li, B, et al. MIR-1265 Regulates Cellular Proliferation and Apoptosis by Targeting Calcium Binding Protein 39 in Gastric Cancer and, Thereby, Impairing Oncogenic Autophagy. Cancer Lett (2019) 449:226–36. doi: 10.1016/j.canlet.2019.02.026

8. Liang, Y, Zhu, D, Hou, L, Wang, Y, Huang, X, Zhou, C, et al. MiR-107 Confers Chemoresistance to Colorectal Cancer by Targeting Calcium-Binding Protein 39. Br J Cancer (2020) 122(5):705–14. doi: 10.1038/s41416-019-0703-3

9. Wang, H-M, Lu, Y-J, He, L, Gu, N-J, Wang, S-Y, Qiu, X-S, et al. HPV16 E6/E7 Promote the Translocation and Glucose Uptake of GLUT1 by PI3K/AKT Pathway via Relieving miR-451 Inhibitory Effect on CAB39 in Lung Cancer Cells. Ther Adv Chronic Dis (2020) 11:2040622320957143. doi: 10.1177/2040622320957143

10. Zhang, S, Zhang, R, Qiao, P, Ma, X, Lu, R, Wang, F, et al. Metformin-Induced MicroRNA-34a-3p Downregulation Alleviates Senescence in Human Dental Pulp Stem Cells by Targeting CAB39 Through the AMPK/mTOR Signaling Pathway. Stem Cells Int (2021) 2021:E collection. doi: 10.1155/2021/6616240

11. Li, K, Cao, J, Zhang, Z, Chen, K, Ma, T, Yang, W, et al. Circular RNA Circgsk3b Promotes Cell Proliferation, Migration, and Invasion by Sponging miR-1265 and Regulating CAB39 Expression in Hepatocellular Carcinoma. Front Oncol (2020) 10:598256. doi: 10.3389/fonc.2020.598256

12. Meng, K, Jiao, J, Zhu, R-R, Wang, B-Y, Mao, X-B, Zhong, Y-C, et al. The Long Noncoding RNA Hotair Regulates Oxidative Stress and Cardiac Myocyte Apoptosis During Ischemia-Reperfusion Injury. Oxid Med Cell Longevity (2020) 2020:E collection. doi: 10.1155/2020/1645249

13. Engelkamp, D, Schäfer, BW, Mattei, MG, Erne, P, and Heizmann, CW. Six S100 Genes Are Clustered on Human Chromosome 1q21: Identification of Two Genes Coding for the Two Previously Unreported Calcium-Binding Proteins S100D and S100E. Proc Natl Acad Sci USA (1993) 90(14):6547–51. doi: 10.1073/pnas.90.14.6547

14. Dou, C, Liu, Z, Xu, M, Jia, Y, Wang, Y, Li, Q, et al. miR-187-3p Inhibits the Metastasis and Epithelial–Mesenchymal Transition of Hepatocellular Carcinoma by Targeting S100A4. Cancer Lett (2016) 381(2):380–90. doi: 10.1016/j.canlet.2016.08.011

15. Yan, W, Chen, J, Chen, Z, and Chen, H. Deregulated miR-296/S100A4 Axis Promotes Tumor Invasion by Inducing Epithelial-Mesenchymal Transition in Human Ovarian Cancer. Am J Cancer Res (2016) 6(2):260.

16. Yang, D, Du, G, Xu, A, Xi, X, and Li, D. Expression of miR-149-3p Inhibits Proliferation, Migration, and Invasion of Bladder Cancer by Targeting S100A4. Am J Cancer Res (2017) 7(11):2209.

17. Chengling, L, Yulin, Z, Xiaoyu, X, Xingchen, L, Sen, Z, Ziming, W, et al. miR-325-3p, a Novel Regulator of Osteoclastogenesis in Osteolysis of Colorectal Cancer Through Targeting S100A4. Mol Med (2021) 27(1):1–10. doi: 10.1186/s10020-021-00282-7

18. Mudduluru, G, Ilm, K, Fuchs, S, and Stein, U. Epigenetic Silencing of miR-520c Leads to Induced S100A4 Expression and Its Mediated Colorectal Cancer Progression. Oncotarget (2017) 8(13):21081. doi: 10.18632/oncotarget.15499

19. Zhang, R, Guo, Y, Ma, Z, Ma, G, Xue, Q, Li, F, et al. Long non-Coding RNA PTENP1 Functions as a ceRNA to Modulate PTEN Level by Decoying miR-106b and miR-93 in Gastric Cancer. Oncotarget (2017) 8(16):26079. doi: 10.18632/oncotarget.15317

20. Choe, N, Kwon, DH, Shin, S, Kim, YS, Kim, YK, Kim, J, et al. The Micro RNA miR-124 Inhibits Vascular Smooth Muscle Cell Proliferation by Targeting S100 Calcium-Binding Protein A4 (S100a4). FEBS Lett (2017) 591(7):1041–52. doi: 10.1002/1873-3468.12606

21. Zhang, J, Zeng, Y, Chen, J, Cai, D, Chen, C, Zhang, S, et al. Mir−29a/B Cluster Suppresses High Glucose−Induced Endothelial−Mesenchymal Transition in Human Retinal Microvascular Endothelial Cells by Targeting Notch2. Exp Ther Med (2019) 17(4):3108–16. doi: 10.3892/etm.2019.7323

22. Calabrese, G, Dolcimascolo, A, Caruso, G, and Forte, S. miR-19a Is Involved in Progression and Malignancy of Anaplastic Thyroid Cancer Cells. OncoTargets Ther (2019) 12:9571. doi: 10.2147/OTT.S221733

23. Xia, F, Chen, Y, Jiang, B, Du, X, Peng, Y, Wang, W, et al. Long Noncoding RNA HOXA-AS2 Promotes Papillary Thyroid Cancer Progression by Regulating miR-520c-3p/S100A4 Pathway. Cell Physiol Biochem (2018) 50(5):1659–72. doi: 10.1159/000494786

24. Dong, X, Fang, Z, Yu, M, Zhang, L, Xiao, R, Li, X, et al. Knockdown of Long Noncoding RNA HOXA-AS2 Suppresses Chemoresistance of Acute Myeloid Leukemia via the miR-520c-3p/S100A4 Axis. Cell Physiol Biochem (2018) 51(2):886–96. doi: 10.1159/000495387

25. Zhang, Y, Li, W, Lin, Z, Hu, J, Wang, J, Ren, Y, et al. The Long Noncoding RNA Linc01833 Enhances Lung Adenocarcinoma Progression via MiR-519e-3p/S100A4 Axis. Cancer Manage Res (2020) 12:11157. doi: 10.2147/CMAR.S279623

26. Lin, M, Xia, B, Qin, L, Chen, H, and Lou, G. S100A7 Regulates Ovarian Cancer Cell Metastasis and Chemoresistance Through MAPK Signaling and Is Targeted by miR-330-5p. DNA Cell Biol (2018) 37(5):491–500. doi: 10.1089/dna.2017.3953

27. Fan, F, Lu, J, Yu, W, Zhang, Y, Xu, S, Pang, L, et al. MicroRNA-26b-5p Regulates Cell Proliferation, Invasion and Metastasis in Human Intrahepatic Cholangiocarcinoma by Targeting S100A7. Oncol Lett (2018) 15(1):386–92. doi: 10.3892/ol.2017.7331

28. Wright, NT, Cannon, BR, Zimmer, DB, and Weber, DJ. S100A1: Structure, Function, and Therapeutic Potential. Curr Chem Biol (2009) 3(2):138–45. doi: 10.2174/2212796810903020138

29. Huang, P, and Xue, J. Long non−Coding RNA FOXD2−AS1 Regulates the Tumorigenesis and Progression of Breast Cancer via the S100 Calcium Binding Protein A1/Hippo Signaling Pathway. Int J Mol Med (2020) 46(4):1477–89. doi: 10.3892/ijmm.2020.4699

30. Chen, G, Sun, W, Hua, X, Zeng, W, and Yang, L. Long Non-Coding RNA FOXD2-AS1 Aggravates Nasopharyngeal Carcinoma Carcinogenesis by Modulating miR-363-5p/S100A1 Pathway. Gene (2018) 645:76–84. doi: 10.1016/j.gene.2017.12.026

31. Donato, R. S100: A Multigenic Family of Calcium-Modulated Proteins of the EF-Hand Type With Intracellular and Extracellular Functional Roles. Int J Biochem Cell Biol (2001) 33(7):637–68. doi: 10.1016/S1357-2725(01)00046-2

32. Becker, T, Gerke, V, Kube, E, and Weber, K. S100P, a Novel Ca2+-Binding Protein From Human Placenta: cDNA Cloning, Recombinant Protein Expression and Ca2+ Binding Properties. Eur J Biochem (1992) 207(2):541–7. doi: 10.1111/j.1432-1033.1992.tb17080.x

33. Prica, F, Radon, T, Cheng, Y, and Crnogorac-Jurcevic, T. The Life and Works of S100P - From Conception to Cancer. Am J Cancer Res (2016) 6(2):562–76. doi: 10.1016/j.pan.2016.04.011

34. Jiang, PF, Zhang, XJ, Song, CY, Zhang, YX, and Wu, Y. S100P Acts as a Target of miR-495 in Pancreatic Cancer Through Bioinformatics Analysis and Experimental Verification. Kaohsiung J Med Sci (2021) 37(7):562–71. doi: 10.1002/kjm2.12383

35. Shen, Q, Zheng, G, Zhou, Y, Tong, J, Xu, S, Gao, H, et al. CircRNA Circ_0092314 Induces Epithelial-Mesenchymal Transition of Pancreatic Cancer Cells via Elevating the Expression of S100P by Sponging miR-671. Front Oncol (2021) 11:986. doi: 10.3389/fonc.2021.675442

36. Lang, B, Shang, C, and Meng, L-r. Targeted Silencing of S100A8 Gene by miR-24 to Increase Chemotherapy Sensitivity of Endometrial Carcinoma Cells to Paclitaxel. Med Sci monitor: Int Med J Exp Clin Res (2016) 22:1953. doi: 10.12659/MSM.899179

37. Alkhateeb, T, Kumbhare, A, Bah, I, Youssef, D, Yao, ZQ, McCall, CE, et al. S100A9 Maintains Myeloid-Derived Suppressor Cells in Chronic Sepsis by Inducing miR-21 and miR-181b. Mol Immunol (2019) 112:72–81. doi: 10.1016/j.molimm.2019.04.019

38. Lv, H, Hou, H, Lei, H, Nie, C, Chen, B, Bie, L, et al. MicroRNA-6884-5p Regulates the Proliferation, Invasion, and EMT of Gastric Cancer Cells by Directly Targeting S100a16. Oncol Res (2020) 28(3):225. doi: 10.3727/096504019X15753718797664

39. Xu, M, Yi, M, and Li, N. MicroRNA-17-5p Restrains the Dysfunction of Ang-II Induced Podocytes by Suppressing Secreted Modular Calcium-Binding Protein 2 via NF-κb and Tgfβ Signaling. Environ Toxicol (2021) 36(7):1402–11. doi: 10.1002/tox.23136

40. Zhao, JT, Chi, BJ, Sun, Y, Chi, NN, Zhang, XM, Sun, JB, et al. LINC00174 Is an Oncogenic lncRNA of Hepatocellular Carcinoma and Regulates miR-320/S100A10 Axis. Cell Biochem Funct (2020) 38(7):859–69. doi: 10.1002/cbf.3498

41. Xuan, L, Sun, Z, Wang, J, and Gao, S. lncRNA SNHG8 Promotes Ovarian Cancer Progression Through Serving as Sponge for miR-1270 to Regulate S100A11 Expression. J Gene Med (2021) 25::e3315. doi: 10.1002/jgm.3315

42. Zhao, W, Chen, T, and Zhao, Y. Upregulated lncRNA CASC9 Contributes to Progression of Non-Small Cell Lung Cancer Through Inhibition of miR-335-3p and Activation S100A14 Expression. OncoTargets Ther (2020) 13:6027. doi: 10.2147/OTT.S249973

43. Li, Z, Feng, C, Guo, J, Hu, X, and Xie, D. GNAS-AS1/miR-4319/NECAB3 Axis Promotes Migration and Invasion of Non-Small Cell Lung Cancer Cells by Altering Macrophage Polarization. Funct Integr Genomics (2020) 20(1):17–28. doi: 10.1007/s10142-019-00696-x




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Ghafouri-Fard, Majidpoor, Shoorei, Hussen, Hadayat Jamal, Baniahmad, Taheri and Mokhtari. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 17 March 2022

doi: 10.3389/fonc.2022.869929

[image: image2]


The Potential Role of Exosomes in the Treatment of Brain Tumors, Recent Updates and Advances


Zoufang Huang 1†, Shayan Keramat 2†, Mehrdad Izadirad 3, Zhe-Sheng Chen 4* and Mohammad Soukhtanloo 5,6*


1 Ganzhou Key Laboratory of Hematology, Department of Hematology, The First Affiliated Hospital of Gannan Medical University, Ganzhou, China, 2 Department of Hematology and Blood Bank, Faculty of Medicine, Mashhad University of Medical Science, Mashhad, Iran, 3 Department of Hematology and Blood Bank, School of Allied Medical Sciences, Shahid Beheshti University of Medical Sciences, Tehran, Iran, 4 Department of Pharmaceutical Sciences, St John’s University, New York, NY, United States, 5 Department of Clinical Biochemistry, Faculty of Medicine, Mashhad University of Medical Sciences, Mashhad, Iran, 6 Pharmacological Research Center of Medicinal Plants, Mashhad University of Medical Sciences, Mashhad, Iran




Edited by: 

Fei Chen, Wayne State University, United States

Reviewed by: 

Chitra Thakur, Stony Brook University, United States

Zhuoyue Bi, Wayne State University, United States

*Correspondence: 

Zhe-Sheng Chen
 chenz@stjohns.edu 

Mohammad Soukhtanloo
 soukhtanlooM@mums.ac.ir

†These authors have contributed equally to this work

Specialty section: 
 This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Oncology


Received: 05 February 2022

Accepted: 21 February 2022

Published: 17 March 2022

Citation:
Huang Z, Keramat S, Izadirad M, Chen Z-S and Soukhtanloo M (2022) The Potential Role of Exosomes in the Treatment of Brain Tumors, Recent Updates and Advances. Front. Oncol. 12:869929. doi: 10.3389/fonc.2022.869929



Exosomes are small endosomal derived membrane extracellular vesicles that contain cell-specific cargos such as lipid, protein, DNA, RNA, miRNA, long non-coding RNA, and some other cell components that are released into surrounding body fluids upon the fusion of multivesicular bodies (MVB) and the plasma membrane. Exosomes are a one-of-a-kind cell-to-cell communication mechanism that might pave the way for target therapy. The use of exosomes as a therapeutic potential in a variety of cancers has been and is still being investigated. One of the most important of these has been the use of exosomes in brain tumors therapy. Exosome contents play a crucial role in brain tumor progression by providing a favorable niche for tumor cell proliferation. Also, exosomes that are secreted from tumor cells, lead to the protection of tumor cells and their proliferation in the tumor environment by reducing the inflammatory response and suppression of the immune system. Although some treatment protocols such as surgery, chemotherapy, and radiotherapy are common in brain tumors, they do not result in complete remission in the treatment of some malignant and metastatic brain tumors. Identifying, targeting, and blocking exosomes involved in the progression of brain tumors could be a promising way to reduce brain tumor progression. On the other way, brain tumor therapy with effective therapeutic components such as siRNAs, mRNAs, proteins, could be developed. Finally, our research suggested that exosomes of nanoscale sizes might be a useful tool for crossing the blood-brain barrier and delivering effective content. However, further research is needed to fully comprehend the potential involvement of the exosome in brain tumor therapy protocols.
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Introduction

Exosomes are small endosomal derived membrane microvesicles that contain cell-specific cargos such as lipid, protein, DNA, RNA, miRNA, long non-coding RNA, and some other cell components that are released into surrounding body fluids upon the fusion of multivesicular bodies (MVB) and the plasma membrane (1).

In the 1980s, researchers discovered the presence of some structure like a tiny bubble in the extracellular space. Initially, considered as cellular waste resulting from cell damage and has no significant impact on neighboring cells (2). Actually, with the advancement of technology and further studies, they found that it seems the cells in the neighborhood of each other released these bubble-like bodies that are now known as exosomes, to transfer messages between themselves. Gradually, it became clear that these messages were targeting cells farther away from their surroundings (3). Therefore, it is assumed that exosomes represent a novel mode of cell-to-cell communication, and this may show an important role of exosomes in many cellular interactions such as signal transduction and activation of some signaling pathways in recipient cells (4). The role of the vesicles is defined by exosomes composition include of death or survival or proliferation and differentiation, sharing of immune responses, immune modulators, antigen presentation, and some biological response (5).

Thus, exosomes could have a potential role in insights into target therapy. It has been indicated that the composition of exosomes can affect pharmacokinetic properties (6). Exosomes have the potential to aid in the prognosis and diagnosis of illnesses such as cancer, chronic inflammation, cardiovascular diseases, infections, and autoimmune, in addition to its therapeutic potential (7).

Because exosomes are released from many different cell types, including dendritic cells, macrophages, B cells, T cells, epithelial cells, platelets, mast cells, adipocytes, and fibroblasts, it is revealed that nervous system cells, including Schwann cells, astrocytes, and neurons also have a potential role to release exosomes (8, 9). Moreover, it has been demonstrated that exosomes are involved in the function of the nervous system, including the regulation of synaptic communication and nerve regeneration (10). Therefore, in recent times, exosomes in the nervous system are considered as a new bridge for intercellular communication that in addition to participation in normal neuronal physiology, also has an important role in the pathogenic event such as neurodegenerative disease as a pathogen transmitter or as therapeutic potential (11).

The use of exosomes as a therapeutic potential in many cancers has been and is still being investigated. One of the most important of these has been the use of exosomes in the treatment of brain tumors (12, 13).

Up to now, various treatments for brain tumors have been proposed, including surgery, radiotherapy, and chemotherapy. On the other hand, scientists have raised several concerns regarding many side effects and challenges in these types of treatments (14).

Maybe one of the most important challenges is the sensitivity of the brain tissue and the need for high precision in surgery, and on the other hand, the existence of a blood-brain barrier (BBB) to prevent drug treatments from entering the brain environment (15). However, due to the size of the exosome (30–150 nm), it is capable of easily crossing this barrier and pursuing therapeutic aims.

The relevance of these vesicles in brain malignancies, treatments, and pathophysiology will be discussed in this review (16).



Exosome Biogenesis

The endosomal system has an important role in the biogenesis of exosomes. Early endosomes mature into late endosomes and exosomes formed by inward budding of the multivesicular body (MVB) membrane. Intraluminal vesicles (ILVs) are formed by the invagination of late endosomal membranes within large MVBs (17). It has been demonstrated that the endosomal sorting complex required for transport (ESCRT) machinery is important in this process. ESCRT includes four different protein complexes numbered ESCRT‐0, ESCRT‐I, ESCRT‐II, and ESCRT‐III, inside of some associated proteins such as AAA ATPase Vps4, TSG101, and ALIX (18, 19). Each of these protein components has been shown to have specific functions. ESCRT‐0 has an important role in the internalization of ubiquitinated proteins and also, sequestration of these proteins to particular domains of the endosomal membrane. Subsequently, ESCRT-I and ESCRT-II promote the budding process, which will then combine with ESCRT-III, and the final stage of membrane invagination and separation with the total complex of ESCRT is completed. Finally, these processes lead to multivesicular body (MVB) formation (19) (Figure 1).




Figure 1 | Early endosomes mature into late endosomes and exosomes are formed by inward budding of the multivesicular body (MVB) membrane. Intraluminal vesicles (ILVs) are formed by the Invagination of late endosomal membranes within large MVBs. It has been demonstrated that the endosomal sorting complex required for transport (ESCRT) machinery is important in this process.



Also, ALIX as an exosomal protein participates in the budding process and the corporation with syndecan has an important role in exosomal cargo selection. In addition, it has been shown that ALIX has an important role in changing the protein composition and also, secretion of exosomes (20). Also, it is demonstrated that ESCRT inhibition can lead to inhibiting the secretion of exosomes, also, in addition to exosome biogenesis ESCRT has another key role in cells’ biological function especially cytokinesis (18, 21). On the other, TSG101, ALIX, VPS4 proteins have been implicated that have a role in promoting the budding of exosome-like vesicles in T lymphocytes (22).

One of the most recent findings in the exosome biogenesis suggested an alternative pathway so-called “ESCRT-independent mechanisms”. It is demonstrated that this mechanism depends on raft-based microdomains and cargo loading involves lipids, sphingosine, hydrophobic modifications, and associated protein such as tetraspanins on rafted membranes (23). The presence of ceramide and sphingolipids molecules generates from ceramide by ceramidase and sphingosine kinase have an important role in the budding process of ILVs formation (24). Also, tetraspanins, which are proteins that organize membrane microdomains which are so-called tetraspanin‐enriched microdomains (TEMs), induce the ILVs formation in ESCRT‐independent mechanism by CD63 (a member of the tetraspanin family) function (23).

Phospholipase D2 (PLD2) is an important enzyme in the lipid modification process, has been shown to play an important role in exosome biogenesis as well as ILV formation. Phospholipase D2, by hydrolysis of phosphatidylcholine to phosphatidic acid (PA), induces a negative membrane curvature, which in turn leads to membrane invagination (25).

Another enzyme, called diacylglycerol kinase α (DGKα), that has a role in phosphate group insertion to the diacylglycerol (DAG), is also involved in the production of phosphatidic acid, which is participated in the release of exosomes (26).

Although, the biogenesis of exosomes has been introduced in two major pathways as ESCRT-dependent or ESCRT-independent mechanisms with different types of exosomes and different types of machinery such as ESCRT machinery, lipids, tetraspanins, PLD2, DGK, and other proteins (20–26). But in fact, exosome biogenesis can be the consequence of these two mechanisms Collaboration together. However, although there are many studies related to exosome biogenesis, it still seems that this issue needs further investigation because there are many unknown Pathways.



Applications of Exosomes in Cancer Diagnosis and Treatment

The atmosphere surrounding the research field of exosomes in cancer has dramatically changed in recent years but the use of exosomes in cancer diagnosis or therapy was not impressive (27). However, studies are raising in this field and conducted research on exosomes have shown that exosomes might serve as a new instrument in cancer diagnosis and treatment.

The findings have been revealed that tumor-derived exosomes (TDEs) include components that are distinctive biomarkers and might be used to diagnose tumors. For example, it has been investigated that GPC1+-circulating exosomes increment is a diagnosis factor in patients with pancreatic ductal carcinoma (PDAC) and colorectal cancer (CRC) (28). Investigations in this field regarding lung cancer reveal that circulating exosomes carrying CD151, CD171, and tetraspanin 8 can be detected in lung cancer patients (29). These exosomes could serve as a distinguishing marker to discriminate lung cancer patients from non-lung cancer patients (29).

Besides plasma and serum, other sources such as urine, saliva, cerebrospinal fluid (CSF), and milk can be used for exosome isolation. Studies show that these sources are easy to use for purifying exosomes that have diagnostic applications (30). For example, urine-derived exosomes containing ITGA3 and ITGB1 have been shown to promote metastasis in lung cancer patients when compared to early stage patients (31).. As a result, the use of these exosomes may be effective in predicting metastasis in lung cancer patients (32).. Additionally, it has been shown that saliva-derived vesicles such as exosomes in head and neck carcinoma (HNC) displayed biomarkers like CD44 and CD95L (33). Since, saliva is a more accessible sample than another source, finding these saliva-derived exosomes may be the easiest and fastest way to HNC detection (33).

Interestingly, exosomes can transfer regulator elements such as RNA, DNA, or proteins that affect treatment response assessment. For example, it has been revealed that exosomes could establish chemoresistance in cancer cells, like HER-2 displaying exosomes could neutralize HER-2 antibody (Trastuzumab) and lead to chemoresistance in breast cancer (34). Recently, there has been an increasing interest in exosome-derived lncRNAs as factors in the development of tumor chemoresistance (35). Evidence suggests that lncRNAs transferred by exosomes may contribute to chemoresistance in other cells. For example, Han M et al. demonstrated that exosomes, such as EVs, contain the lncRNA, AFAP1-AS1, which causes trastuzumab resistance in breast cancer patients (36).

There are interesting pieces of evidence regarding exosome applicants in cancer therapy. It seems that the extracellular vesicles exosome can be a promising designable platform for transferring specific content such as drugs, proteins, and regulator RNAs due to their endogenous origin, stability, biocompatibility, and other unique features (37, 38). O’Brien and colleagues showed that exosomes filled by miR-134 could reduce cellular migration and invasion, and enhanced sensitivity to anti-Hsp90 drugs (39). Exosomes also can be enriched by chemotherapeutic drugs and target cancer cells. Bellavia D and colleagues have posited that imatinib or BCR-ABL siRNA-loaded exosomes will be able to target CML cells and unload their cargo to target cells. Forasmuch as IL-3R expression increases on CML cells, they have used this feature for CML cells targeting via producing IL3-Lamp2b expressing exosomes. They reported that these exosomes successfully target cancer cells and imatinib is delivered. As a result, cancer cell proliferation is reduced (40).



Exosomes in Brain Tumors

It has been found that exosomes play a key role in brain tumors that can be effective in tumor growth and progression (41). Exosomes secreted from tumor cells in the brain can create a small communication between a malignant cell and surrounding cells in different ways, such as the release of proteins, mRNAs, or other cellular components involved in cell malignancy (10, 41).

Currently, treatment of brain cancers has been a major challenge compared to cancers in other organs due to the presence of BBB and the complexity of the central nervous system (CNS) microenvironment (42). The therapeutic role of exosomes in various brain cancers such as glioblastoma, neuroblastoma, medulloblastoma, astrocytoma, gliosarcoma, and oligodendroglioma can be effective (15, 43). Although this effect can have different aspects, as it can be effective in the early diagnosis of brain cancer, inhibition of the spread of exosomes containing cancer cell information to other healthy cells, or invitro biogenesis of exosomes and its use to transfer the effective factors for treatment to the microenvironment of the brain (43).

To investigate the effect of exosomes in the treatment of brain cancers, the role of exosomes in the development of various brain cancers and their progression must first be studied in more detail.


Role of Exosome in Primary Brain Tumor


Glioblastoma

Glioblastoma (GBM) is the most aggressive one among tumors of glial origin that rapidly grow and spread into nearby brain tissue and forms from cells called astrocytes that support nerve cells. The survival of patients has been reported usually between 10–15 months (44). Currently, complete remission of GMB is impossible, and actually, treatments slow the progression of cancer and reduce symptoms (45).

Exosomes have an important role in the progression and development of GBM. This communication is between cancer stem cells, tumor cells, microglia, and parenchymal cells, and especially immune cells (46). Although it is similar to a hypothesis, the exosome traces in the glioma progression were detected by purifying the exosome in culture media containing murine glioma. Also, these findings indicated that glioma exosomes contained a variety of proteins involved in tumor progression and surface markers (47). The most important of them are heat shock proteins (HSPs) such as HSPB5, HSP 60, 70, and (48). This finding suggests that the presence of inflammatory cytokines, including interleukin (IL)-1, IL-6, and TNF-α in interaction with HSPs, increases its release, which may contribute to tumor cell immortality and disease progression (49).

In total, it has been shown that exosomes in solid tumors can help tumor progression by suppressing the immune system (49). Also, in GBM, exosomes secreted by tumor cells modulate the immune system reaction by inducing the presence of M2 macrophages around the tumor, thus helping the tumor to progress and escape from the immune system (50). In addition, Annexin A2 that plays a significant role in invasion, metastasis, angiogenesis, and proliferation is one of the important markers that has been found on the surface of exosomes in GBM (51). Despite Annexin A2, CD44 is also present on the surface of exosomes in GBM that plays as a receptor for hyaluronic acid and it is implicated that CD44 is a marker for cell motility, tumor growth, angiogenesis, and cancer stem cell (52, 53). It should be noted, one of the most important challenges in the treatment of GBM is drug resistance (54). Interestingly, It was found that the proteins involved in resistance to treatment that has been named the DNA-dependent protein kinase catalytic subunit (PRKDC), which is involved in the repair of double-strand DNA against radiotherapy, can be transported through exosomes, it is assumed that the inhibition of which can play an important role in the treatment of GBM (51).

Also, miRNA expression was detected in CSF and plasma of GBM patients. These exosomes were containing different miRNA with different activities and roles (55). Regardless of the role and activity of miRNA in GBM patients, their detection can be used as an effective diagnostic marker. In this regard, miR-221 and miR-21 have been evaluated as biomarkers in CSF of GBM patients (56, 57). As well, GBM patients which have received antitumor vaccines, miR-320 and miR-574-3p have been detected in the plasma and have a diagnostic role as biomarkers (43).



Neuroblastoma

Neuroblastoma (NB), as its name implies, is a malignancy involving nerve cells in the immature stages. NB is a malignant and very progressive cancer that is often detected in children under 5 years of age and with higher rates in infants or fetuses (58). It’s important to pay attention to this disease because it is the second most common malignancy in children and also one of the most common malignant cancers of the nervous system (59). NB usually originates in the adrenal glands but progresses rapidly throughout the body, such as the bones, abdomen, neck, chest, and even under the skin (58). Although the etiology of this cancer is not known exactly, the main cause of this disease is considered to be genetic mutations that can be acquired and sporadic or even in rare cases inherited from parents (60). According to the staging set by the International Neuroblastoma Staging System (INSS), it has been shown that in advanced stages, the NB deviates from the localized form and can progress rapidly to other tissues. This rapid progression similar to a metastatic process can be effectively correlated with the activity of exosomes (61).

Despite the GBM, there are few exosome studies in the field of NB, and the role of exosomes in the progression of NB remains unknown. The studies that have been done in this field so far are often in the field of treatment resistance and providing a suitable environment for tumor development (62). MYCN-amplified (a proto-oncogene that is associated with poor prognosis in NB) NB cells have been shown to play an important role in tumor progression and development by secreting some exosomal miRNAs and result in changing the tumor environment in favor of tumor growth (63).

Also, it has been demonstrated that exosomes with miR-155 which transferred from monocytes/macrophages to NB cells, and miRNA-21 which has been secreted from NB cells in around of tumor environment have a key role in resistance to chemotherapy, a process that occurs through miR-21/TLR8-NF-κB/exosomal miR-155/TERF1 signaling pathway (64, 65). Therefore, it can be said that inhibition of these exosomes maybe help the patients with NB to be cured and lead to a favorable prognosis in NB patients (62).

One of the most recent findings regarding exosomes in NB is the study of exosomal hsa-miR199a-3p (66). It has been shown that upregulation of exosomal hsa-miR199a-3p can be associated with high-risk and poor prognosis of NB. Although hsa-miR199a-3p is generally found in other malignancies and has opposite effects in different cancers, in NB has a progressive effect and poor prognosis (66). The mechanism of the hsa-miR199a-3p function is such that it reduces the expression of an enzyme called NEDD4. This enzyme plays a very important role in suppressing tumor activity by interacting with Myc via ubiquitination and degradation of Myc protein and catalyzing PTEN mono-ubiquitination and regulating PTEN nuclear translocation (67). As a result, inhibition of exosomal hsa-miR199a-3p can play an effective role in improving NB. Also, detecting the increase in the level of exosomal hsa-miR199a-3p can be a biomarker to detect NB in ​​the early stages or to determine the prognosis (66, 67).

Recently, it has been demonstrated that a high level of exosomal miR-375 correlates with BM metastasis in NB patients (68). Therefore, exosomal miR-375 may be an important novel biomarker in detecting BM metastatic progression, and also may represent a novel potential target for NB patients with BM metastasis (68, 69).




Role of Exosomes in Metastasis to the Brain

To date, although many advances have been made in the treatment of various cancers, from chemotherapy to radiotherapy, immunotherapy, and surgical skills, the focus of these therapies has been on anti-tumor or anti-cancer activities (70). The missing puzzle of therapeutic protocols, on the other hand, maybe therapy against anti-metastatic activities. In recent years, many studies have been conducted on the role of exosomes in tumor metastasis (71).

Metastatic brain tumors are one of the most common brain tumors that can be secondary to a variety of tumors in different tissues of the body. Therefore, these tumors are also called secondary tumors (72). In addition, metastatic brain tumors are important because they grow rapidly and have more destructive effects on brain tissue than primary tumors. On the other hand, multiple metastatic tumors may involve the brain at the same time (73). Regarding the risk of metastatic brain tumors, it can be said that most malignancies and systemic tumors have a risk of metastasis to the brain, but what is more common is that tumors of the breast, lung, renal, and colon increase the risk of metastasis to the brain (74, 75). It has been shown that more than half of people with metastatic brain tumors have a history of non-small cell lung cancer (76, 77). Also, this risk is about 30% for patients with a history of breast cancer (74). Exosomal microRNAs have a crucial role in the development of malignancies, as previously stated. As a result, more research into these topics might be worthwhile (78). For example, High expression of miR-451a and miR-4257 have been shown to be closely related to non-small cell lung cancer tumor progression and poor prognosis (79). miR-21 is also associated with the recurrence and progression of lung cancer (79, 80). Actually, high levels of exosomal miR-23a that has angiogenesis activity, are found in non-small cell lung cancer patients which can also be effective in metastasis to the brain (81, 82).. It has been demonstrated that cancer cells in breast cancers secrete a large amount of exosomal miR-122 (83). By affecting normal cells in pre-metastatic sites, miR-122 stops glucose uptake during this process, thus providing the energy needed for the unbridled proliferation of tumor cells and the development of metastasis (84). Therefore, its inhibition can play an essential role in preventing the metastasis and progression of tumor cells (84, 85). The cells identified as receptors for miR-122 were fibroblasts, brain astrocytes, and neurons, indicating the importance of exosomal miR-122 role in metastasis to the brain (85, 86).

Also, miR-105 is secreted from Breast cancer cells and affects endothelial cells. This effect can be such that it leads to the destruction of endothelial barriers, which enhances the metastasis process (77). It has also been shown that the destruction of endothelial barriers leads to the destruction of the BBB, indicating the effective role of exosomal miR-105 in metastasis to the brain (87).

One of the most important microRNAs that recently have been identified and discussed in the study of metastasis between breast cancer cells and other tissues, especially the brains, is miR-181c (88). The direct effect of miR-181c on brain metastasis is due to the destruction of the BBB (81). The mechanism of degradation by miR-181c is by promoting the pathway of cofilin protein activation and finally by destroying actin filaments by it (81) (Figure 2).




Figure 2 | (A) miR-181c that secreted from metastatic breast cancer cells could transfer by exosomes to epithelial cells and suppresses the expression of PDPK1. (B) Then, it results in activated cofilin which disassembles actin filaments and makes the BBB permeable. Following, cancer cells could cross the BBB.



In total, if we want to investigate other roles of exosomal contents (such as cytokines, enzymes, chemokines, etc.) in metastasis to the brain, we could consider their effective role in changing normal fibroblasts to tumor-associated fibroblasts and creating a suitable niche for the development of tumor cells (82, 89). Also, reducing the level of inflammation and escaping from the immune system, protects tumor cells and their proliferation in the tumor environment (90).

Further researches could yield novel insights into the molecular mechanisms of metastasis and the development of advanced therapeutic strategies to prevent the formation of brain metastasis.




Conclusion

Brain tumors are important because, in addition to physical complications, they also have cognitive complications (91). To date, the treatment of brain tumors in medicine has been associated with many challenges. Surgery is still considered the most important step in treating brain tumors, but brain surgery is one of the most difficult types of surgery (92). In addition, the long recovery period after brain surgery and its complications should not be underestimated (92). Chemotherapy and radiotherapy are also prescribed for malignant tumors in the next step. Although Chemotherapy and radiotherapy have gradually become more effective with advances in medical science, it still does not bring complete remission in the treatment of some malignant and metastatic brain tumors. In addition, complications of Chemotherapy are also undeniable (93, 94).

In molecular studies of the pathogenesis of brain tumors, researchers focus on genetics and epigenetics, while cellular communications with each other and their surroundings play a very important role in tumor progression (95). Intercellular communications are formed by membrane extracellular vesicles, exosomes typically play a critical role in the transmission of biological processes between tumor cells and other cells and tissues (4, 96).

As mentioned, exosomes play an important role in the progression of brain tumors, and one of the most important roles of exosomes in brain tumors is in the metastasis of tumors to the brain, for example, by transmitting the contents, or in other words, the signal for tumor growth and progression from tumor cells in other tissues to the brain (97, 98). The use of exosomes in the treatment of brain tumors could be in two ways: 1) Identifying, targeting, and inhibiting exosomes involved in the progression of brain tumors. 2) Treatment of brain tumors by exosomes carrying effective contents such as mRNAs, proteins, and lipids. Although not routinely used today and treatments such as whole-brain radiation therapy, surgery, stereotactic radiosurgery, chemotherapy, anticonvulsant drugs, and steroids are the main guidelines for treating patients with brain tumors (99).

The most prominent feature of exosomes, their size, can be used to indicate the applicability of exosomes for the treatment of brain tumors. The nanometer size of exosomes could be a good tool for crossing the BBB and delivering effective contents. However, further studies are needed to properly understand the potential role of the exosome in treatment protocols. Also, the exosome has been shown to be a safe way to increase the stability of its contents. Therefore, in addition to the ability of the exosome to cross the BBB, the use of the exosome as a suitable coating in protecting the useful contents for the treatment of brain tumors and their delivery can be effective (100).
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SIRT6 is a member of the Sir2-like family in mammals. Recent structural and biochemical studies have characterized SIRT6 as having deacetylation, defatty-acylation, and mono-ADP-ribosylation activities, which determine its important regulatory roles during physiological and pathological processes. This review focuses mainly on the regulatory functions of SIRT6 in aging, cancer, and, especially, immunity. Particular attention is paid to studies illustrating the critical role of SIRT6 in the regulation of immune cells from the viewpoints of immunesenescence, immunometabolism, and tumor immunology. Owing to its role in regulating the function of the immune system, SIRT6 can be considered to be a potential therapeutic target for the treatment of diseases.
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Introduction

SIRT6 is a multifunctional protein with several enzymatic activities. First, SIRT6 is categorized as a class III histone deacetylase with deacetylation activity (1). However, its substrates are not limited to the acetyl groups of histone H3 and H4 lysine residues but can also include other proteins with acetyl groups on their lysine residues (2), allowing SIRT6 to regulate gene expression or protein activity through post-translational modifications (PTMs). Second, SIRT6 has defatty-acylation activity, which enables it to regulate the secretion of proteins including tumor necrosis factor alpha (TNF-α) (3). Finally, SIRT6 is a mono-ADP-ribosylation enzyme; it can activate poly(ADP-ribose) polymerase-1 (PARP-1), thereby promoting repair of DNA damage (4). These three enzymatic characteristics form the foundation of the ability of SIRT6 to regulate various physiological and pathological processes.

SIRT6 is a longevity protein that can inhibit the aging of cells, tissues, organs and the body by promoting DNA damage repair (5–7), maintaining normal chromosome structure (8–10), and regulating energy metabolism (11, 12) and the senescence-associated secretory phenotype (SASP) (13, 14). Immunosenescence, an aspect of aging, is also inhibited by SIRT6 (15). In addition, SIRT6 can regulate the development of inflammation. At present, most evidence reflects the anti-inflammatory effects of SIRT6 via inhibition of the production of inflammatory cytokines and promotion of polarization of immune cells to an immunosuppressive phenotype. For example, SIRT6 has been shown to promote the M2 polarization of macrophages (16–19). However, a few studies have demonstrated pro-inflammatory activity of SIRT6, manifested in the promotion of infiltration and survival of inflammatory immune cells and inflammatory cytokine production (3, 14, 20). SIRT6 also regulates the development process of cancer, an aging-related disease. In melanoma, breast, lung, pancreatic, liver, prostate, colon, ovarian, and blood cancers, SIRT6 has contradictory roles as either oncogene or tumor suppresser at different stages of the cancer or in different tumor cell lines. It shows only tumorigenic effects in osteosarcoma (21) and papillary thyroid cancer (22, 23) and only antitumorigenic effects in bladder cancer (24), nasopharyngeal carcinoma (25), and glioma (26–28). Here, we briefly summarize the enzymatic characteristics of SIRT6; describe in detail the roles of these biochemical and molecular characteristics in aging, immunity, and cancer; and explore the role of SIRT6 in epigenetic immunity and tumor immunology.



Enzymatic Characteristics of SIRT6

SIRT6 is a member of the Sir2-like protein family. Mammalian sirtuins can be divided into four classes according to their core domain sequences. SIRT6 and SIRT7 are class IV sirtuins (29). SIRT6 has three major enzymatic activities: deacetylation, defatty-acylation, and mono-ADP-ribosylation. These form an important basis for its participation in the regulation of physiological and pathological processes in mammals, including aging, immunity, and cancer occurrence and development.


Deacetylation Activity

As SIRT6 is located in the nucleus and only diffuses into the cytoplasm (30), it is mainly involved in the regulation of acetylation of lysines on proteins in the nucleus. SIRT6 is a NAD+-dependent deacetylase (31). The deacetylation activity of SIRT6 is dependent on nucleosomes, as it adopts its active structure through binding to nucleosomes. When histone H3 and H4 are packaged as nucleosomes instead of free histones, SIRT6 binds to substrates and catalyzes deacetylation (32). Lysine acetylations of multiple sites of histones H3 and H4 are substrates of SIRT6. For example, SIRT6 dynamically combines with chromatin to deacetylate acetylated H3K9 (H3K9ac), thereby regulating telomeric chromatin and inhibiting end-to-end chromosomal fusion and premature aging of cells (31). SIRT6 deacetylates H3K18ac on pericentric heterochromatin to prevent mitotic errors and cell senescence (33). SIRT6 deacetylates H3K56ac. In SIRT6-knockdown cells, hyperacetylation of H3K56 at telomeres was found to influence telomeric chromatin structure, leading to telomere dysfunction and genomic instability (34). SIRT6 can be recruited to the proximal promoter region of the Pcsk9 gene by transcription factor forkhead box O3 (FOXO3), deacetylating H3K9ac and H3K56ac, and thereby inhibiting gene expression (35). Knockdown of SIRT6 in mouse oocytes induces hyperacetylation of H4K16, which significantly increases the incidence of aneuploidy and severely impairs kinetochore-microtubule interactions (36). The deacetylation efficiency of SIRT6 on different substrates is different. SIRT6 can effectively remove the acetyl groups from H3K9, H3K18, and H3K27, whereas its deacetylation activity is weak on H3K4ac, H3K14ac, H3K23ac, H3K36ac, H3K56ac, and H3K79ac (37). In addition to histones, the substrates of SIRT6 include acetylated lysine residues of other proteins, including GCN5 K549ac, PKM2 K433ac, Ku70 K542ac, NAMPT K53ac/369ac, XBP1s K257/297ac, SOD2 K68/122ac, and p53 K382ac (2). The catalytic mechanism of SIRT6-mediated enzymatic function has been well reviewed by Fiorentino et al. (38). Similar to many enzymatic reactions, the catalytic activity of SIRT6 is adjustable. SIRT6 shows poor deacetylase activity in vitro (32); however, free fatty acids could increase SIRT6 deacetylation activity 35-fold at physiological concentrations (39).



Defatty-Acylation Activity

In addition to its deacetylation activity, SIRT6 has defatty-acylation activity, which has emerged as a mechanism regulating the secretion of many proteins. Lysine fatty acylation of TNF-α promotes its lysosomal targeting and degradation (40). A large hydrophobic pocket was identified in the crystal structure of SIRT6 that could accommodate long-chain fatty acyl groups. SIRT6 promotes TNF-α secretion by removing the fatty acyl modification on TNF-α K19 and K20 (3). Furthermore, many ribosomal proteins are secreted by the exosomes of SIRT6-knockout MEFs; this was shown to increase the proliferation of NIH 3T3 mouse embryonic fibroblasts (MEFs) (41). In the same cell line, a SIRT6-knockout mutant showed upregulation of R-Ras2 lysine fatty acylation, which facilitated the localization of R-Ras2 to the plasma membrane and promoted its interaction with phosphatidylinositol 3-kinase (PI3K), thereby activating the Akt signaling pathway and increasing cell proliferation (42).



Mono-ADP-Ribosylation Activity

SIRT6 is a mono-ADP-ribosyltransferase. Mouse SIRT6 (mSIRT6) relies on NAD+ for intramolecular single ADP-riboglycosylation and can be recognized by an antibody specific to mono-ADP-ribose (30). Purified recombinant mSIRT6 has been shown to catalyze radiolabel transfer of [32P] NAD. The transfer of NAD+ to mSIRT6 occurs via an intra-molecular mechanism, indicating that SIRT6 is an auto-ADP-ribosyltransferase (30). SIRT6 mono-ADP-ribosylates PARP1 K521 to enhance DSB repair (4). It can also mono-ADP-ribosylates BAF170 K312 to promote NRF2 target gene transcription (43). Pan et al. solved the structure of the human SIRT6-ADP-ribose complex (44).




SIRT6 and Aging

SIRT6 is an important protein with anti-aging effects on cells, tissue, organs, and the body. It inhibits aging via four main pathways: promotion of DNA damage repair, maintenance of the normal telomere structure of chromosomes, regulation of glucose and NAD+ metabolic balance, and regulation of SASP.


Physiology and Pathology of SIRT6 in Aging

SIRT6 is a longevity protein that delays the aging process and participates in the maintenance of telomere and genome stability. A study at the organism level showed that SIRT6-deficient mice had small body size, with loss of subcutaneous fat, profound lymphopenia, lordokyphosis, and severe metabolic defects 2–3 weeks after birth, and eventually died at approximately 4 weeks of age (5). SIRT6 deficiency leads to hyperacetylation of histones at the imprinting control region of developmental repressor H19, which results in severe prenatal developmental delay and death several hours after birth in SIRT6-deficient monkeys (45). By contrast, transgenic mice overexpressing SIRT6 have a longer life span than wild-type mice (11, 46). A study at the organ and tissue levels also demonstrated the anti-aging activity of SIRT6 and proposed SIRT6 as a potential marker of ovarian aging. Its expression was positively correlated with the number of primordial follicles; both SIRT6 protein expression and ovarian reserves decreased with increasing age (47). SIRT6-deficient mice showed symptoms of myocardial hypertrophy and heart failure, and the expression of SIRT6 in failing human hearts was reduced (48).

Cell-level studies have also shown that SIRT6 inhibits cell senescence. SIRT6 could reduce cardiac hypertrophy and cardiomyocyte senescence (49). The addition of SIRT6 increased the resistance of elderly human dermal fibroblasts to classic Yamanaka factor-induced reprogramming (50). SIRT6-deficient human mesenchymal stem cells exhibited accelerated functional decline, which was mainly characterized by redox metabolism disorders and increased sensitivity to oxidative stress and was different from typical cell senescence (51). By contrast, overexpression of SIRT6 inhibited the replicative senescence of chondrocytes (52).



Mechanism of SIRT6 in Anti-Aging

Cell and molecular biology can explain the anti-aging effect of SIRT6. Firstly, SIRT6 is a nucleolar chromatin-related protein involved in various DNA damage repair processes. SIRT6 is related to base excision repair (BER), which has been shown to promote resistance to DNA damage in mouse cells, suppress genomic instability, and promote normal DNA recombination (5). Mechanistically, SIRT6 activates PARP1 through mono-ADP-ribosylation activity and interacts with two BER enzymes (hMYH and hAPE1) to promote BER (6, 53). SIRT6 was recruited to ultraviolet-induced DNA damage sites and deacetylated damaged DNA binding protein 2 (DDB2) at K35 and K77, promoting segregation of DDB2 from chromatin and thereby facilitating nucleotide excision repair (NER) (7). In mammalian cells, oxidative stress activates the protein kinase c-Jun N-terminal kinase to phosphorylate SIRT6 at serine 10; SIRT6 is then recruited to DNA double-strand break (DSB) sites. SIRT6 mono-ADP-ribosylates the K521 lysine of PARP1; this activates PARP1 and enhances DSB repair under oxidative stress (4, 54). SIRT6 recruits chromatin recombinant SNF2H to the DNA cleavage site and deacetylates histone H3K56ac, preventing genomic instability through chromatin remodeling and facilitating the repair of damaged sites (55).

Secondly, SIRT6 can maintain the normal chromosome structure. The stability of chromosomes and telomeres is particularly important for cell anti-aging (56). SIRT6-deficient cells exhibit abnormal telomere structures, including increased chromosomal fragmentation, detached centromeres, and chromosomal gaps, similar to cell defects observed in Werner syndrome (a premature aging disorder) (5, 31). The deacetylation activity of SIRT6 plays an important part in maintaining genome stability. SIRT6 deacetylates H3K9ac, stabilizes the binding of WRN to telomeric chromatin to resist replication-related telomere defects, and prevents end-to-end chromosomal fusion and premature senescence of cells (31). SIRT6 interacts with the nuclear factor-κB (NF-κB) RELA subunit and deacetylates H3K9ac at the promoter of the NF-κB target gene to suppress cell senescence (8). SIRT6 promotes H3K18ac deacetylation, silences pericentric heterochromatin at centromeres, and prevents aberrant accumulation of pericentric transcripts (33). SIRT6 is necessary for maintaining the silencing of the telomere position effect in human cells and plays a key part in maintaining the structure of silent telomeric chromatin (9). As a powerful repressor of retrotransposon L1, SIRT6 mono-ADP-ribosylates KRAB-associated protein 1 (KAP1) and promotes the interaction between KAPI and heterochromatin protein 1 alpha (HP1α), thereby contributing to the packaging of L1 gene elements into heterochromatin to reduce their expression (10).

Thirdly, in addition to maintaining genomic stability as mentioned above, SIRT6 slows the process of aging by regulating glucose homeostasis and the NAD+ metabolic balance (11, 12). Overexpression of SIRT6 is conducive to a “young state” of blood glucose and gluconeogenesis in aged mice. SIRT6 promotes hepatic gluconeogenesis by increasing lipolysis, and increases the levels of precursors of the gluconeogenesis and tricarboxylic acid (TCA) cycles, thereby maintaining the young state of these two cycles (11). In addition, SIRT6 is helps to maintain NAD+ levels by increasing the expression of de novo NAD+ synthesis genes (11). However, SIRT6 is a NAD+-dependent enzyme and also consumes NAD+ during the processes of deacetylation (38), defatty-acylation (42), and mono-ADP-ribosylation (30). NAD+ can delay aging by inhibiting P53 activity. Disruption of the NAD+/NADH ratio in cell solute could promote aging through mitochondrial dysfunction (12). The above conclusions are described in detail in Roichman's research (11) and Wiley’s review (12).

Finally, some studies have shown that SIRT6 affects the SASP to prevent aging. Aging is closely related to the immune system, and immunosenescence is a part of aging. Immune cell components, functions, and intercellular interactions in the innate and adaptive immune systems tend to develop immunotolerance in the process of immunosenescence (57, 58). SIRT6 levels in the articular chondrocytes of osteoarthritis patients are significantly reduced; therefore, overexpression of SIRT6 could reduce the senescence of chondrocytes and prevent the development of osteoarthritis (52). Studies have shown that SIRT6 is directly involved in the regulation of immunosenescence. Dendritic cell (DC) dysfunction is at the core of various common chronic diseases and contributes to the reduction in immunocompetence that occurs during aging. SIRT6-knockout (SIRT6KO) mice showed a lower frequency of bone marrow conventional DC (cDC) precursors and lower numbers of bone marrow-derived cDCs. SIRT6KO mouse cDCs expressed low levels of MHCII, chemokine receptor CCR7, and costimulatory molecules and had lower immunostimulatory activity than wild-type cDCs. The ability of SIRT6KO cDCs to produce IL-12 was generally reduced. SIRT6 deficiency prevented the maturation of BMDCs (bone marrow-derived DCs) generated in vitro in a partial TNF-α-dependent manner. SIRT6 helps BMDCs respond to Toll-like receptor (TLR) ligands. The proliferation of allogeneic lymphocytes in a mixed leukocyte reaction (MLR) stimulated by cells cultured in the presence of SIRT6 inhibitors was also significantly reduced. Therefore, SIRT6 plays a crucial part in the differentiation and function of cDCs, and loss of function of SIRT6 may promote immunosenescence (15). Inflamm-aging (a long-term low levels of inflammatory mediators in aging individuals) (57) will follow. This is often accompanied by the production of a SASP (senescent cells secrete pro-inflammatory cytokines, chemokines, and proteases) (13). SIRT6 increases TNF secretion in BMDCs and THP-1 through post-transcriptional steps (3, 14). Overexpression of SIRT6 proved sufficient to delay the replicative senescence of diploid fibroblast WI38 by attenuating NF-κB signaling. Knockdown of SIRT6 leads to accelerated cell senescence and overactivation of NF-κB (59). Therefore, SIRT6 affects the NK-κB pathway, which regulates cytokine production (discussed in more detail later), and then regulates SASP. In short, SIRT6 may also participate in inflamm-aging via affects on the SASP through regulating the synthesis and release of inflammatory factors.




SIRT6 and Immunity

SITR6 regulates inflammatory development, and plays a complex role. It inhibits inflammatory by promoting M2 macrophage polarization, decreasing number of lymphocytes, inhibiting T cell differentiation, and inhibiting innate immunity response. However it also promotes inflammatory by promoting neutrophils and dendritic cells migration, and promoting TNF-α secretion. Besides, SIRT6 could regulate immunometabolism. All of these will be discussed in detail below.


SIRT6 Regulates Inflammatory Development

Some studies have shown that SIRT6 can inhibit inflammation. In myeloid cells, most studies have focused on the role of SIRT6 in regulating macrophage polarization. Sirt6f/f:Fabp4-Cre mice (with SIRT6 deficiency in preadipocytes and mature adipocytes) exhibited increased expression of inflammatory genes including F4/80, Tnfα, Mcp-1, and Il6 in both brown and white adipose tissues (16). Adipocyte-specific S6KO mice showed increased infiltration of macrophages in epididymal white adipose tissue, many M1 macrophage genes (Il1b, Ccl2, Tnfα, Il6, Nos2, and Ccr2) were upregulated at the mRNA level, and inflammation was increased. However, the mRNA levels of M2 macrophage genes (Mrc1, Mgl1, Arg1, and Il10) were downregulated (17). In the same mouse model, macrophages infiltrated into adipose tissue. Moreover, the ratio of M1/M2 macrophages was significantly increased, and the mRNA expression of inflammatory genes including CD11b+, Cxcl2, CD68, Tnfα, Mcp-1, and Il6 was also increased when mice were fed a high-fat diet (18). By contrast, SIRT6 regulated the expression of IL-4 by adipocytes through an autocrine route, thereby promoting the polarization of macrophages to the M2 type and reducing inflammation (17). In a full-thickness excisional lesion model of dorsal skin, the infiltration of M1 macrophages in myeloid-cell-specific S6KO (mS6KO) mice increased, whereas numbers of M2 macrophages decreased. Therefore, inflammation at the wound site increased, and wound healing was impaired. By contrast, under the condition of M2 polarization stimulated by IL-4, transducing mS6KO bone marrow macrophages (BMMs) with adenovirus expressing Sirt6 promoted the polarization of M2 macrophages by protecting the PI3K-Akt pathway (19). Clinical analysis has shown that levels of SIRT6 in particular chondrocytes of osteoarthritis patients are significantly reduced. Expression levels of SIRT6 in peripheral blood mononuclear cells, monocytes, and macrophages are lower in patients with rheumatoid arthritis compared with those with osteoarthritis. The activity of SIRT6 is negatively correlated with the severity of the disease. Overexpression of SIRT6 can reduce the inflammatory response by reducing the expression of NF-κB-dependent genes, thereby preventing the development of arthritis (52, 60). The arthritis of mS6KO mice is more serious than that of wild-type mice. Lack of SIRT6 leads to upregulation of acetylated-FoxO1 protein levels and CCR3 expression in macrophages, and the migration of macrophages to synoviocyte-derived chemoattractants is enhanced so that more macrophages gather in the synovium (60). In collagen-induced arthritis (CIA), overexpression of SIRT6 inhibits the differentiation of osteoclasts in BMDCs induced by macrophage colony-stimulating factor. The severity of arthritis is reduced, and levels of local and systemic pro-inflammatory cytokines are also downregulated (61). In neuro-inflammation, SIRT6 activation inhibits lipopolysaccharide (LPS)-stimulated inflammatory responses of RAW264.7 macrophages and primary mouse microglia (62). In vitro experiments have also confirmed the anti-inflammatory effect of SIRT6. SIRT6-deficient macrophages promote the activation of NF-κB and the production of IL-6, which results in signal transducer and activator of transcription 3 (STAT3) activation and a positive feedback loop for NF-κB stimulation, and finally accelerates the polarization of pro-inflammatory M1 macrophages (63). By contrast, icariin (ICA) upregulates the expression and increases the activity of SIRT6. ICA treatment inhibits the NF-κB inflammatory signaling pathway and reduces mRNA levels of the NF-κB downstream target genes: Tnfα, Il2, ICAM-1, and Il6, thereby inhibiting inflammatory development (64). BMMs of Sirt6-null mice show high expression of pro-inflammatory genes encoding MCP-1, TNF-α, and IL-6 and hypersensitivity to LPS stimulation due to the hyperacetylation of H3K9 and the increase in c-JUN occupancy in the promoters of these genes (65). By contrast, macrophages overexpressing SIRT6 are transformed into the M2 phenotype, which can avoid the damage induced by high glucose levels (66). S6KO mice have abnormal immune systems and metabolism. There are inextricable links between immune cells and immune cells, and between metabolism and immune cells. It is thus difficult to accurately study a particular type of immune cell under these conditions of multifactorial changes.

Studies have also shown that SIRT6 inhibits inflammation via effects on lymphocyte differentiation and function. In S6KO mice, lordokyphosis, colitis caused by erosion of the superficial colonic epithelium, acute loss of subcutaneous fat, and severe lymphopenia relevant to increased lymphocyte apoptosis were observed. Flow cytometry analysis showed that in the thymus, the number of CD4+-CD8 + double-positive cells decreased 50-fold, and in bone marrow, the number of splenic lymphocytes and progenitor B cells decreased 10-fold (5). In CIA rats, a low percentage of regulatory T cells (Tregs) was observed following treatment with C3G (an inhibitor of CD38) and the Sirt6 inhibitor OSS_128167 (67). SIRT6 interacts with and deacetylates GATA3, inhibits the Th2 immune response, and reduces the expression of IL-4, IL-5, and IL-13, thereby weakening airway allergic inflammation induced by ovalbumin or house dust mites (68). S6KO mice developed chronic liver inflammation at approximately 2 months old, and the absence of SIRT6 in T cells was sufficient to induce liver fibrosis and inflammation (65).

Furthermore, SIRT6 negatively regulates the innate immune response during dengue virus (DENV) infection. SIRT6 silencing enhances the production of pro-inflammatory cytokines and chemokines. Overexpression of SIRT6 inhibits NF-κB activation mediated by RIG-I-like receptor and TLR3. The sirtuin core domain of SIRT6 is important for inhibiting NF-κBp65 function. SIRT6 interacts with the p65 DNA-binding domain and competes with p65 to bind the IL-6 promoter and reduce the expression of IL-6 during DENV infection (69).

However, some studies have confirmed that SIRT6 promotes inflammatory development and has pro-inflammatory potential. Human SIRT6 promotes TNF-α secretion by removing the fatty acyl modifications on TNF-α K19 and K20 (3). After CpG stimulation of BMDCs from SIRT6-deficient mice, the amounts of TNF-α synthesized by the cells decreased, which confirmed the pro-inflammatory effect of SIRT6 (14). In autoimmune diseases, SIRT6 inhibitors effectively delay the onset of experimental autoimmune encephalomyelitis (EAE) via the following mechanism: inhibition of SIRT6 reduces the expression of CD40 on lymph node DCs, decreases encephalitogenic T cell infiltration, and decreases the ability of CXCR4+ DCs to migrate into the lymph nodes of EAE mice. Levels of IFN-γ, TNF-α, and IL-12 were also decreased, but the expression of IL-10 was increased with an anti-inflammatory effect (20). SIRT6 also increased the levels of cAMP/Ca2+-dependent transcription factors and nuclear factor of activated T cells through its deacetylation activity, thereby enhancing the expression of TNF- α and chemokine IL-8 (70).



SIRT6 Regulates Immunometabolism 

Many studies have confirmed that SIRT6 is involved in cell metabolism regulation (71). Metabolism is an important factor affecting the development and function of immune cells (72, 73). For example, Shun et al. reported that hypoxia may stimulate cell glycolysis and autophagy, and that autophagy promotes the formation of DNA-containing immune complexes and trafficking of TLR9 to the signaling compartment, leading to hyper-responses of immune cells, which are related to the formation of nasal polyps (74–76). The expression of SIRT6 is inhibited in a chronic inflammatory state. If SIRT6 expression is increased, autophagy can be inhibited by inhibiting anaerobic glycolysis, which is conducive to disease treatment (77).Cyclosporine A inhibits neutrophil migration and apoptosis by inhibiting SIRT6, promoting the upregulation of HIF-1α expression and enhancing glycolysis and the TCA cycle, which is conducive to the remission of acute severe ulcerative colitis (78). During the transformation from early inflammation to late inflammation, SIRT6 deacetylates H3K9ac and H3K56ac on several glycolysis gene promoters, inhibits HIF-1α transcriptional activity, and reduces glycolysis activity to promote M2 polarization of macrophages (79).

SIRT6 might regulate T cell differentiation by metabolism. SIRT6 deacetylates and activates FoxO1 to regulate lipid metabolism in brown adipocytes (80). The absence of FoxO1 seriously inhibits the development of Foxp3+ Tregs (81). SIRT6 inhibits HIF-1α activation to inhibit glycolysis, and HIF-1α activates RORγt to enhance Th17 cell polarization (82). HIF-1α promotes IL-9 expression to induce Th9 cell polarization (83). It is well known that after challenge by pathogens, some T cells will continue to exist as longevity memory T cells, which maintain self-renewal capacity, allowing them to proliferate many times over a long duration to prevent rechallenge by the same pathogen. They are long-lived immune cells (84, 85). Unlike naive CD8+ T cells, the percentages of effector memory CD8+ T cells and central memory CD8+ T cells increased with age (86). Subsequently, researchers found that the central memory cells of older individuals shifted toward a chromatin-opening pattern and determined that the gene regulation driven by NRF1 and BATF was a potential target for delaying CD8+ T cell aging (87). Other studies have shown that NRF-1 itself is regulated by PTMs (acetylation, methylation, and phosphorylation) that enhance binding to its target genes (88). The above results suggest that SIRT6 may be involved in the accumulation of memory CD8+ T cells in the aging population because of its capacity to deacetylate.

Although few studies have shown SIRT6 to affect immune cell function through directly regulating immunometabolism, SIRT6 has been found to regulate immune cell activity via effects on PI3K/Akt, NF-κB, and HIF-1α as discussed above. The above three signaling pathways could be involved in regulation of the TCA cycle, glycolysis, pentose phosphate pathway, and Warburg effect, thereby affecting the energy metabolism of immune cells in the resting state and activated state (72, 89–94). SIRT6 also regulates intracellular levels of NAD+, which is an electron acceptor with a key role in cell metabolism. Therefore, SIRT6 is likely to regulate immune cell proliferation, growth, and function by affecting immunometabolism. Pillai’s review discusses this point in detail and proposes that SIRT6 participates in short-term regulation of immune cells through PTMs and long-term regulation through transcriptional regulation of metabolism-related genes (89). Therefore, how SIRT6 regulates immunometabolism and how this regulation affects cell function will be an interesting research direction.




SIRT6 and Cancer

On the one hand, frequent DNA damage and mutation will lead to canceration (95, 96), which provides important support for the development of tumors; on the other hand, chronic inflammation caused by aging will drive tumor initiation, growth, progression, and metastasis (97). Moreover, immunosenescence is conducive to escape of cancer cells from immune system attacks and their eventual development into cancer. As mentioned earlier, SIRT6 plays a positive role in maintaining genomic stability and preventing aging. So SIRT6 is involved in cancer regulation is obvious.In addition, large amounts of data indicate that SIRT6 is directly involved in the occurrence and development of cancer.


SIRT6 Promotes/Inhibits Cancer Development

In certain cancers, SIRT6 promotes cancer development. In osteosarcoma, inhibition of SIRT6 enhances the antitumor effect of doxorubicin by inhibiting the DNA damage repair pathway (21). In papillary thyroid cancer (PTC), SIRT6 increases generation of reactive oxygen species to promote the Warburg effect in PTC cells, and high levels of SIRT6 reduce expression of E-cadherin, thereby promoting the invasion and migration of PTC cells and promoting cancer development (22, 23).

However, in other cancers, SIRT6 exhibits tumor suppressor activity. When bladder cancer develops from T2 to T4, the expression of SIRT6 is significantly decreased. Low SIRT6 expression increases the acetylation of H3K9 and levels of Glut1 and PDK1, enhances glycolysis, and increases the proliferation ability of tumor cells (24). In nasopharyngeal carcinoma, SIRT6 overexpression reduces levels of anti-apoptotic protein Bcl-2 but increases levels of cleaved caspase-3 and pro-apoptotic protein Bax. High levels of SIRT6 inhibit NF-κB signaling and promote apoptosis of nasopharyngeal carcinoma cells (25). SIRT6 is downregulated in human glioma tissues and deacetylates H3K9ac on the promoter of PCBP2 to downregulate PCBP2 expression and inhibit glioma cell growth (26). Elevated SIRT6 expression leads to tumor cell apoptosis by upregulating the expression of Bax and cleaved caspase-8, and downregulating Bcl-2, and inhibiting the Janus kinase 2 (JAK2)-STAT3 pathway (27). FOXO3a transcriptionally activates SIRT6 to inhibit the Warburg effect in glioblastoma cells, thereby inhibiting the development of glioblastoma (28).



The Dual Role of SIRT6 in Cancer Development

In melanoma, CRISPR/Cas9 or lentivirus short hairpin RNA-mediated knockout or knockdown of the SIRT6 gene in A375 melanoma cells, leding to significantly reduced growth, vitality, and clonogenic survival rates of cancer cells, induced cell cycle arrest in G1 phase, and increased senescence-associated β-galactosidase staining (98, 99), reflecting the oncogenic activity of SIRT6. However, in BRAFV600E melanoma cells, SIRT6 haploinsufficiency induced resistance of melanoma cells to mitogen-activated protein kinase (MAPK) inhibitors by activating IGF signaling (100), suggesting an anti-tumor effect of SIRT6. The expression of SIRT6 is decreased in primary melanoma compared with melanocytic nevus. An increase in SIRT6 induces inhibition of cell proliferation, cell cycle arrest, and apoptosis. However, in the metastatic stage of melanoma, the expression of SIRT6 increases (possibly induced by FOXO3a) and promotes the development of melanoma in an autophagy-dependent manner by inhibiting IGF-AKT signaling (101, 102).

In breast cancer, SIRT6 can enhance the expression and activity of pyruvate dehydrogenase (PDH), thereby enhancing oxidative phosphorylation in breast cancer cells and promoting the occurrence of breast tumors in mice (103). High nuclear levels of SIRT6 promot cancer development and is significantly associated with poor overall survival (104). Low levels of SIRT6 increase acetylated FOXO3, thereby inhibiting tumor development (105). However, another study showed that ectopic expression of SIRT6 reduced pAkt, hexokinase-2, and PDH kinase-1 protein levels, thereby inhibiting metabolic pathways in breast cancer (106).

In lung cancer, SIRT6 is overexpressed in non-small-cell lung cancer (NSCLC) cell lines (107–109). SIRT6 increases extracellular signal-regulated kinase (p-ERK) 1/2 phosphorylation and activates matrix metalloproteinase 9 (MMP9) to facilitate tumor cell migration and invasion (109). Silencing of SIRT6 impaired the proliferation and differentiation of NSCLC cell lines, arresting cells in the S and G0/G1 phases (107). miR-34 inhibited the proliferation of A549 cells by inhibiting SIRT6 expression (108). A lack of SIRT6 leads to upregulation of Kruppel-like factor 4 (KLF4) in NSCLC cells to reduce their invasiveness (110). However, studies have shown that patients with low nuclear expression of SIRT6 have cancer that is more aggressive and shorter survival (111). SIRT6 inhibits cell proliferation by inhibiting the expression of Twist1 in NSCLC (112). In the A549 lung cancer cell line, α-hederin was shown to inhibit c-Myc and HIF-1α by increasing the expression of SIRT6 to inhibit glycolysis and further inhibit the proliferation of A549 cells (113).

In pancreatic cancer, the SIRT6 inhibitor quinazolinedione synergistically kills pancreatic cancer cells with gemcitabine (114). SIRT6 enhances Ca2+ responses, which promotes the migration ability of pancreatic cancer cells (70). However, another study found that SIRT6 was an important tumor suppressor in pancreatic ductal adenocarcinoma. The absence of SIRT6 leads to hyperacetylation of the Lin28b promoter, Myc recruitment, and significant induction of Lin28b and its downstream let-7 target genes IGF2BP1, IGF2BP3, and HMGA2, thereby promoting the development of cancer (115).

In liver cancer, upregulation of SIRT6 is very common in liver cancer tissues and is highly correlated with poor overall survival rate, disease-free survival, hepatocellular carcinoma (HCC) cell migration, tumor size, tumor grade, and vascular invasion (116, 117). The suppression of SIRT6 in various liver cancer cell lines can inhibit cell growth and induce apoptosis in vitro. In vivo experiments also confirmed that the suppression of SIRT6 inhibits tumor growth (117). SIRT6 promotes the migration, invasion, and epithelial–mesenchymal transition (EMT) of HCC cells. Mechanistically, SIRT6 overexpression induces E-cadherin degradation to improve cancer invasion and migration ability. SIRT6 deacetylates the promoter of Bax (the main determinant of apoptosis of cancer cells) at H3K9 and suppresses its promoter activity to prevent cancer cell apoptosis (117). SIRT6 reduces the acetylation of AKT, resulting in increased phosphorylation of AKT and promoting its activity. Activated AKT promotes phosphorylation of anti-apoptotic protein X-linked inhibitor of apoptosis protein to prevent cancer cell apoptosis (118). SIRT6 silencing inhibits the growth of HCC cell lines by inducing p53/p21- and p16/Rb-independent cell senescence (119). However, some studies have found that SIRT6 inhibits the development of liver cancer. The level of SIRT6 decreases with increasing liver cancer grade, and increasing the level of SIRT6 at the initiation stage could significantly impair the development of cancer (120, 121). Mechanistically, the decrease in SIRT6 levels increases the acetylation level of the lysine residue at position 433 of nuclear pyruvate kinase M2 (PKM2) and promotes the oncogenic functions of PKM2, which is conducive to cell proliferation, migration, and invasion (120). Increasing SIRT6 levels represses survivin and inhibits cancer progression by reducing histone H3K9ac and NF-κB activation (121).

In prostate cancer, SIRT6 is overexpressed in prostate tumors. Knockdown of SIRT6 in prostate cancer cells results in cell cycle arrest at sub-G1 phase, increased apoptosis, increased DNA damage, and decreased BCL2 expression, thereby reducing cancer cell viability and enhancing chemotherapeutic sensitivity (122). The absence of SIRT6 significantly inhibits the activation of prostate cancer-related signaling pathways such as the Notch pathway, thereby inhibiting the proliferation and metastasis of prostate cancer cell lines (123). However, studies have shown that E2F promotes tumor growth by suppressing SIRT6 transcription to enhance glycolysis (124).

In colon cancer, SIRT6 deacetylates H3K9ac to promote the EMT process by reading snail and inhibiting TET1 transcription, further promoting tumorigenesis. Knockdown of SIRT6 in HCT116 cells leads to reduced colony formation (125). However, studies have shown that the expression of SIRT6 protein in colon cancer tissues is downregulated, and patients with higher SIRT6 expression show better prognosis (126). Upregulation of SIRT6 promoted the expression of PIP2 and PTEN and improved the stability of PTEN. The apoptosis levels of SW620 colon cancer cells overexpressing SIRT6 increased, and their proliferation ability was weakened (127). USP10 protects SIRT6 from proteasome-mediated degradation. SIRT6 inhibits c-Myc transcriptional activity, thereby inhibiting cell cycle progression, cancer cell growth, and tumor initiation in the colon cancer cell line HCT116 (128).

In ovarian cancer, SIRT6 knockdown in OVCAR3 and OVCAR5 ovarian cancer cells significantly inhibited cell migration and invasion (129). However, the expression of SIRT6 in human ovarian cancer tissues was significantly decreased, and the expression of Notch3 was increased, which further promoted the development of cancer (130).

In addition to its role in solid tumors, SIRT6 regulates blood cancer in a similarly complex manner. SIRT6 is overexpressed in CD34+ hematopoietic progenitors and multiple myeloma in patients with acute myeloid leukemia, and high SIRT6 levels are associated with poor prognosis (131, 132). SIRT6 deacetylates DNA-Pkc and CtIP and inactivates ERK2/p90RSK signaling to increase DNA repair, conferring DNA damage resistance (132). In diffuse large B-cell lymphoma cells, knockdown of SIRT6 increased sensitivity to chemotherapy, apoptosis rates, dysfunctional cell proliferation, and cell cycle arrest between the G2 and M phases, reflecting the tumor-promoting activity of SIRT6 (133). However, some studies have shown that SIRT6 deacetylates H3K9ac at the promoter of transcription factor ELK1 and ERK signal-related genes, thereby downregulating the signal transduction of the MAPK pathway and decreasing proliferation (132).

In summary, SIRT6 has shown contradictory results, promoting or suppressing cancer among different cancers, and even at different stages of development or different cell lines of the same cancer (Table 1). If SIRT6 is to be used to regulate the development of cancer via effects on the metabolism, proliferation, and apoptosis of cancer cells, it will be necessary to conduct a very comprehensive study of its role in the occurrence and development of various cancers. Effective activators and inhibitors of SIRT6 are also needed to suit the remedy to the case. As SIRT6 also has important roles in aging and immune regulation, how to reduce drug side effects will be another urgent problem to be solved in the future. At present, few studies have shown whether SIRT6 could enhance the anti-tumor ability by regulating the activity of immune cells; this may become a new research direction in the future.


Table 1 | Regulatory mechanisms of SIRT6 in various cancers.






Conclusion and Future Perspectives

SIRT6 has a range of PTM capabilities including deacetylation, defatty-acylation, and mono-ADP-ribosylation activities. This multifunctional PTM protein is widely involved in aging, immunity, and cancer regulation. The substrates of SIRT6 during aging, immunity, and cancer regulation are summarized in Table 2.


Table 2 | Substrates and enzymatic activity of SIRT6 during aging, immunity, and cancer regulation.



SIRT6 is a longevity protein that prevents cells, tissues, organs, and the body from aging. Although the mechanisms underlying these effects are diverse, they all involve resistance of aging by promoting of DNA damage repair, maintaining of the normal telomere structure of chromosomes, regulating of glucose and NAD+ metabolic balance, and by regulating of SASP (Figure 1). SIRT6 can also affect the differentiation and function of immune cells by regulating PTM affecting cells or the immunometabolism. However, the role of SIRT6 in immune regulation is complex. Although most studies have shown it to have anti-inflammatory activity, there is no lack of evidence regarding its pro-inflammatory potential (Figure 2). There has been insufficient research on how SIRT6 affects inflammation by regulating immune cells; SIRT6 has rarely been studied in many immune cells including granulocytes, monocytes, B cells, natural killer (NK) cells, and NKT cells. However, according to the recent research, the SIRT6-PTM or immunometabolism axes represent new directions with research potential. Further studies are required to clarify the role of SIRT6 in the regulation of inflammation, for example, its impact on different immune cells in different diseases or at different stages of aging, as well as on the differentiation, maturation, and function of immune cells.




Figure 1 | Summary of inhibition of cell senescence by SIRT6. SIRT6 promotes DNA damage repair, maintains the normal structure of telomere chromatin, regulates energy metabolism, and inhibits SASP to prevent cell senescence.






Figure 2 | SIRT6 regulates the development of inflammation by regulating of the differentiation and function of immune cells. SIRT6 mainly inhibits the polarization of M1 macrophages, promotes the polarization of M2 macrophages, inhibits the overreaction of T cells, and suppresses innate immunity to inhibit the inflammatory process. By promoting the migration of neutrophils and DCs, it may also enhance inflammation. (Solid lines indicate that there is data support; dotted lines indicate a possible situation).



The role of SIRT6 in cancer development is complex. SIRT6 shows differential expression in cancer tissues compared with normal tissues; its expression levels may also vary among different cancers, at different stages of the same cancer, and in different cell lines of the same tumor type. It also has both positive and negative effects on the regulation of cancer. Possible reasons for this include the following. 1. SIRT6 participates in the NAD+ decomposition pathway and regulates the activity of many proteins related to cancer developmental pathways by controlling levels of NAD+. Cancers that occur at different ages or in different stages of cancer development show different intracellular NAD+ concentrations; thus, the role of SIRT6 will be different. 2. As SIRT1 and SIRT7 are also located in the nucleus, they may compete with SIRT6 for NAD+ consumption and also, importantly, regulate PTMs, thereby affecting cancer-related signaling pathways. The dynamic changes in SIRT1, SIRT6, and SIRT7 levels in different cancers, as well as their PTMs on histones and non-histone substrates, increase the complexity of the role of SIRT6 in pathological processes. To elucidate the complex influence of SIRT6 on cancer, it will be necessary to carry out more studies focusing on specific patient ages and tumor stages.

Few studies have analyzed whether SIRT6 could achieve anti-cancer effects via regulation of immune cell function. This could represent a new direction for future research. For example, it may be possible to adjust the polarization of macrophages through SIRT6 to affect tumor progression. In the healthy state, higher SIRT6 levels promote the polarization of M2 macrophages and maintain a low level of inflammation, which can prevent chronic inflammation and cancer development. On the other hand, in the initial stage of cancer, reduced SIRT6 levels promote the polarization of M1 macrophages. This in turn increases the pro-inflammatory ability of macrophages, leading to more immune cells being recruited to the cancer tissue to eliminate cancer cells by forming a strong immune protective barrier. In the stage of primary tumor formation and the development of aggressive tumors, reducing SIRT6 levels can increase the M1/M2 ratio, preventing the formation of an immunosuppressive tumor microenvironment and thereby inhibiting tumor development and invasion. Such tumor immunotherapy needs to be adjusted according to the progression of cancer and the different types of immune cells. More research is needed to further understand the regulatory role of SIRT6 in the immune system and in cancer.

As SIRT6 can regulate immune cell function, it could also promote or inhibit cancer development by influencing cancer cell metabolism, survival, proliferation, apoptosis, migration, and other pathways. Therefore, when designing SIRT6 activators or inhibitors to treat cancer, comprehensive consideration is necessary of the differential impact on cancer cells and immune cells to avoid conflicting drug effects. Precise administration using cell-targeted drugs is a potential approach.

Taken together, these findings indicate that SIRT6 will serve as an important target candidate for regulating immunosenescence and immune cell function. Drugs designed to target SIRT6 will also make an important contribution to the fight against chronic inflammation and cancer. SIRT6, as an important regulator throughout immunosenescence, inflamm-aging, and cancer, is a potential target for the regulation of the immune system.
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The ability for cells to harness alternative splicing enables them to diversify their proteome in order to carry out complex biological functions and adapt to external and internal stimuli. The spliceosome is the multiprotein-RNA complex charged with the intricate task of alternative splicing. Aberrant splicing can arise from abnormal spliceosomes or splicing factors and drive cancer development and progression. This review will provide an overview of the alternative splicing process and aberrant splicing in cancer, with a focus on serine/arginine-rich (SR) proteins and their recently reported roles in cancer development and progression and beyond. Recent mapping of the spliceosome, its associated splicing factors, and their relationship to cancer have opened the door to novel therapeutic approaches that capitalize on the widespread influence of alternative splicing. We conclude by discussing small molecule inhibitors of the spliceosome that have been identified in an evolving era of cancer treatment.
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Introduction

Splicing, the process of converting precursor mRNA (pre-mRNA) into mature mRNA via a system of highly specific and stepwise interactions, is considered a means of transcriptional diversification (1). Alternative splicing (AS) is pivotal in many aspects of cellular homeostasis along with cell differentiation and tissue and organ development (2). Maturely spliced mRNA variants can diversify the proteome by providing distinct characteristics to protein isoforms that permit dynamic cellular function. However, in the event that the system (spliceosome complex and splicing factors) is hostilely reconfigured, as in the case with many cancers, splicing also possesses an inherent risk of generating malignant protein isoforms (3).

There are many RNA-protein complexes and associated regulatory proteins with which endogenous or exogenous factors can interfere and threaten the integrity of splicing. Many of these components have been determined to cause global changes when dysregulated and contribute to the initiation and progression in human cancers (4). The phenomenon of dysregulated splicing in cancer has recently been recognized to occur frequently across all cancer types (5) and to impact all seven groups of mechanisms of anticancer drug resistance (6). Due to this recent recognition, there has been an increase in attention to understanding the splicing process, components involved, and their susceptibility to pharmacological intervention. The pursuit of targeting splicing for therapeutic purposes has yielded unique and selective compounds and novel therapies. Given the prevalence of therapeutic resistance across cancer types and an unmet medical need for targeted therapies for these patients, it is a priority to investigate novel molecular mechanisms that may reveal druggable targets and new therapeutic strategies.



Spliceosome and Splicing Factors

RNA splicing is orchestrated by a flexible and dynamic macromolecular machine, known as the major spliceosome (hereby referred to as the spliceosome). The spliceosome comprises of more than 300 proteins including more than 100 non-core or accessory regulatory proteins and preferentially process U2-type introns (7). At the core of the spliceosome lies U1, U2, U4, U5, and U6 small nuclear ribonucleoproteins (snRNPs), seven Sm proteins or Lsm (U6-specific) proteins, and additional snRNP-specific factors (8). Each core snRNP also contains a small nuclear RNA (snRNA), which facilitates RNA-RNA and RNA-protein interactions during the highly dynamic splicing process. The array of spliceosome components assembles in distinct manners throughout the splicing process; termed complexes E, A, pre-B, B, Bact, B*, C, C*, P, and ILS (Figure 1) (8, 9). In addition, the minor spliceosome, responsible for processing less than 1% of human splice sites, differs from the major spliceosome in structurally containing four distinct snRNPs (U11, U12, U4atac, and U6atac), and preferentially bound to U12-type introns (10).




Figure 1 | A general schematic of pre-mRNA splicing by the major spliceosome, which describes the process in detail and indicates possible mechanisms underlying the potential function of spliceosome during splicing. Colored cuboids indicate exons, while the solid black lines represent introns.



Alternative splicing (AS) generates various forms of mature mRNA through multiple mechanisms including: alternative 3’ or 5’ splice sites, exon skipping, mutually exclusive exon selection, intron retention, exon scrambling, alternative promoter, and alternative polyadenylation (Figure 2) (11). Successful and accurate AS requires both cis-acting elements and trans-acting factors. The serine/arginine rich splicing factors (SRs) are important trans-acting proteins involved in every step of the recruitment and assembly of the spliceosome (12). The twelve members (SRSF1-12) are characterized by having one or two RNA recognition motifs (RRM) in the N-terminus and a domain rich in arginine and serine in the C-terminus (RS domain) that mediate many protein-protein and protein-RNA interactions. These proteins function by binding cis-regulatory elements within pre-mRNA via their RRM, recruiting the spliceosomes and associated proteins, and regulating splice-site selection (13, 14). Another major family of splicing factors is the heterogeneous nuclear ribonucleoprotein (hnRNP) family. Canonical hnRNPs contain an RRM domain, RGG boxes, and additional domains that promote functional diversity by fostering a variety of protein-protein interactions (15). hnRNPs have been found to repress spliceosome assembly by binding to exonic splicing silencer (ESS) elements to block exon recognition (16).




Figure 2 | A schematic about constitutive and ASEs, which displays the special characteristics of each event. Colored cuboids represent exons, while the solid black lines indicate introns. Dotted lines indicate splicing sites.





Alternative Splicing and Cancer

In the past decade, accumulating evidence demonstrated the important roles of aberrant RNA splicing in tumor initiation and progression. An analysis of The Cancer Genome Atlas (TCGA) data from 33 different cancer types suggested the mutations in 119 splicing factor genes as putative cancer drivers, which consisted more than half of all proteins in splicing machinery (17). In addition to gene mutation, more than 70% of splicing factors and 84% of RNA-binding proteins have been found to be dysregulated at mRNA levels in cancers (18, 19). Perturbation of splicing machinery and regulatory factors via mutations or alterations lead to dysregulation of alternative splicing events (ASEs) and cancer-specific isoforms of oncogenes and tumor suppressors, which contribute to every hallmark of cancer [reviewed in (3, 5)].


Aberrant Splicing in Cancer

Dysregulation of AS in cancer has been shown to impact potent oncogenes and tumor suppressors. A comprehensive analysis of 8,705 patients across 32 cancer types from (TCGA) revealed that tumors display up to 30% more ASEs compared to matched normal tissues (20). Exon skipping and alterative 3’ splice sites were significantly increased in tumors (20). Aberrant ASEs have been documented in all classical hallmarks of cancer including: resisting cell death (e.g. BCL2L1), sustaining proliferative signaling (e.g. CD44), evading growth suppressors (e.g. p53), invasion and metastasis (e.g. Ron), avoiding immune destruction (e.g. CD45), immortality (e.g. hTERT), angiogenesis (e.g. VEGF), and deregulation of cellular energetics (e.g. PKM) (21). Moreover, upregulation of cancer-specific isoforms of TP73, CDH17, KLF6, FGFr2, FGFR3, DNMT3b3, and OPN has been reported in human hepatocellular carcinoma (HCC) and promoted cell cycle progression, proliferation, invasion and metastasis (22).

In contrast to driver mutations that affect well-known oncogenes such as Ras, synonymous or “silent” mutations frequently contribute to cancer and are often associated with changes in splicing (23). Synonymous mutations in oncogenes were determined to impact key motifs utilized by splicing factors to generate alternatively spliced transcripts (23). In tumor suppressors, single nucleotide variants causing intron retention were found to be enriched, the vast majority of which generated a premature termination codon (PTC), leading to loss of function via nonsense-mediated mRNA decay (NMD) or truncated proteins (24).

The most common mode of AS is exon skipping; however, when analyzing different modes of AS using transcriptome data from TCGA, Dvinge and Bradley (2015) found no obvious biases in 5’ or 3’ splice site recognition or exon skipping relative to normal control samples (25). Instead, it was reported that almost all analyzed cancer types showed increased levels of intron retention, with the exception of breast cancer, whereby this observation was reversed; intron retention characterized normal breast tissue rather than cancer tissues (25). A different group showed that exon skipping as well as intron retention were predominant splicing events in breast cancer (26). The discrepancy in reported intron retention in breast cancers was further explored in 50 tumorigenic and six non-tumorigenic breast cell lines, which did not show a consistent association between tumorigenic/non-tumorigenic status and degree of intron retention (25). Tissue- and cell-type specific splicing may confound the assessment of significant differences between tumors and normal samples across cancer types. While recent efforts have focused on determining transcriptome-wide changes in AS, the vast majority of studies that have explored cancer-associated changes in AS focus on specific aberrant splicing events of well-known oncogenes or tumor suppressors.

An example of specific ASEs of well-known oncogenes can be seen in the complex phenomenon of tumor heterogeneity. Tumor heterogeneity has been proposed to arise from clonal evolution, in which random mutations drive adaptation and selection. In addition, the phenomenon of tumor heterogeneity has been associated with the acquisition of cancer stem cell (CSC)-like properties, through which a subset of cancer cells obtains the capacity for self-renewal and thus are able to initiate and maintain tumor growth (27). With respect to the CSC model of tumor heterogeneity, it has been demonstrated that AS of Id1 generates two isoforms, Id1a and Id1b. Overexpression of the Id1b isoform resulted in upregulation of cancer stem cell markers ALDH1A1, Notch-1, Oct-4, Sox-2, Tert, and Sca-1 (28). Moreover, Id1b overexpression promoted self-renewal and adoption of CSC-like properties including generation of secondary tumorspheres (28).

The tumor microenvironment (TME) is another significant driver of tumor biology and includes noncellular and cellular components that assist in cancer progression. Noncellular components include, but are not limited, to growth factors, cytokines, RNA, DNA, metabolites, structural matrix, and matricellular proteins (29). Cellular components have been described as including fibroblasts and myofibroblasts, neuroendocrine cells, adipose cells, immune and inflammatory cells, the blood and lymphatic vascular networks, and extracellular matrix (ECM) (30). Hypoxia, an important noncellular component of the TME, has been shown to induce a splice switch in Fas, resulting in the exclusion of exon 6 in Fas pre-mRNA in human colorectal cancer cells (31). Exon 6 exclusion in Fas generates a soluble anti-apoptotic isoform of Fas, which may partly link hypoxia signaling and AS to the cellular ability to overcome apoptosis and survive under reduced oxygen tension (31).

While the knowledge of specific aberrant splicing events impacting well-established oncogenes or tumor suppressors is critical in understanding the impact that splicing has on cancer development and progression, the overwhelming observations in aberrant splicing points toward an upstream regulatory mechanism that may dictate widespread changes in the AS landscape. Splicing factors such as RNA binding proteins (RBPs) have been shown to participate in extensive autoregulatory feedback and cross-talk (32). Moreover, RBPs such as SRSF1 have been shown to be a direct target of oncogenes, providing a scenario whereby oncogenic activation of these splicing factors may lead to far-reaching alterations in splicing profiles across cancer types (33).



SR Proteins and Cancer

Nearly all SR proteins known to date have been associated with cancer to some degree, many of which display relationships with common oncogenes and tumor suppressors. SRSF1 was the first SR protein to be linked to splicing, and since then, SRSF1 has been shown to play a role in mRNA transcription, RNA stability and nuclear export, NMD, translation, protein sumoylation (34). More importantly, SRSF1 was also the first SR protein suggested to act as a proto-oncogene to promote tumorigenesis and is overexpressed in a number of cancers (35) [reviewed in (34)]. Of note, Pio et al. used genome-wide microarrays and an algorithm that uses data from exon and junction probes in order to identify a network of splicing events under control of SRSF1 in lung cancer (36). 2,300 common genes were identified between the two platforms used upon downregulation of SRSF1, and a combined 31/40 (77.5%) splicing events were further validated (Supplementary Table 1) (36). ATP11C, IQCB1, TUBD1, and PRRC2C were clinically validated and confirmed to be deregulated in primary lung tumors (36). Wang et al. showed that splicing of bridging integrator 1 (Bin1) is under the control of SRSF1 (37). Bin1 is a tumor suppressor involved in DNA damage response, and the loss of Bin1 can confer chemotherapeutic resistance (38). Bin1+12a isoform was determined to abolish its tumor suppressor role in NSCLC and is promoted by SRSF1 overexpression (37). SRSF1 was also found to be a direct target of oncogenic transcription factor MYC in lung carcinomas, and its induction was shown to be responsible for AS of signaling kinase MKNK2 that codes for the eIF4e-kinase Mnk2 and TEAD1 that codes for the transcriptional enhancer factor TEF-1 (33). SRSF1 was shown to be partly responsible for the oncogenic activity of MYC, as SRSF1 knockdown in MYC-transformed cells impaired anchorage-independent growth and proliferation (33).

In neuroendocrine lung tumors, SRSF2 and p-SRSF2 were determined to be overexpressed and were implicated in the control of cell cycle genes such as cyclin E through interaction with and stimulation by E2F1 (39). E2F1 was also found to cooperate with SRSF2 for AS of pro-apoptotic splice variants of c-flip, caspases-8 and -9, and Bcl-x in human lung carcinoma cells (40). In addition, transcriptional activation of SRSF2 via E2F1 was shown to be partly responsible for AS of VEGF in favor of the anti-angiogenic isoform (i.e. VEGF165b), and was confirmed, in vivo, that this splice switch was able to reduce tumor neovascularization (41). Relative to SRSF1 and SRSF2, much less is known about the other SR proteins and their relationship with cancer.

Oncogenic functions of SRSF3, including enhanced proliferation, clonogenicity, migration, and invasion, were found to be partly mediated by its regulation of miR-1908 through NF-κB transactivation, independent of the miR-1908 host gene, FADS1 (42). Mature miR-1908, miR-1908-5p, was subsequently shown to bind to the 3’UTR and inhibit NF-κB inhibitor interacting Ras-like 2 (NKIRAS2), a negative regulator of the NF-κB signaling pathway (42). Perpetually active NF-κB signaling has long been associated with cancer development and progression, thereby linking SRSF3 to oncogenic potential involving NF-κB positive feedback regulation. Global profiling of SRSF3-regulated differential gene expression and splicing events in human osteosarcoma U2OS cells showed that SRSF3 regulates more than 200 targets related to proliferation, cell cycle, cytoskeleton, and RNA splicing (43). In addition, SRSF1 and SRSF3 were found mutually dependent and co-expressed in normal and tumor tissues/cells (43). SRSF3 was also found to significantly regulate the expression of at least 20 miRNAs, many of which are oncogenic or tumor suppressive (43). In human colorectal cancer cells, SRSF4 was found to interact with a novel enhancer on exon 6 of Fas pre-mRNA to stimulate its inclusion, generating the membrane-bound pro-apoptotic isoform (44). In newly diagnosed acute myeloid leukemia (AML) patients, SRSF4 mRNA was found significantly decreased in peripheral blood mononuclear cells (PBMCs) (45). In addition, SRSF4 was positively correlated with caspase 8L expression in AML patients (45). In MCF-7 breast carcinoma cells treated with cisplatin, SRSF4 knockdown abrogated the changes in AS otherwise induced by cisplatin (46). Moreover, SRSF4 knockdown in cisplatin treated cells strongly reduced cell death in the presence of cisplatin, suggesting that SRSF4 plays an important role in chemotherapeutic treatment (46).

SRSF5 and SRSF3 were reported to be overexpressed in oral squamous cell carcinoma (OSCC), and necessary for OSCC cell proliferation, cell cycle progression, and in vivo tumor formation (47). Recently, SRSF5-7 were all found to be upregulated in small cell lung cancer (SCLC) and NSCLC tissues, and knockdown of SRSF5-7 in SCLC cell lines showed a significant decrease in proliferation (48). In SCLC cell lines, SRSF6 knockdown showed a significant decrease in invasion and migration (48). In basal and squamous cell carcinomas of the skin and in melanoma, SRSF6 is overexpressed and was shown to act as a proto-oncogene (49). SRSF6 overexpression in transgenic mice induced hyperplasia of sensitized skin and aberrant AS, including that of extracellular-matrix protein tenacin C, which is associated with metastasis and invasion (49). In renal cancer cells, SRSF7 was shown to be regulated by miR-30a-5p and miR-181a-5p, and AS of osteopontin was shown to be under the control of SRSF7 (50). Silencing of SRSF7 was shown greatly reduce cell proliferation in renal cancer cells (50). In lung and renal cancer cell lines, SRSF7 was shown overexpressed and SRSF7 knockdown inhibited proliferation and enhanced apoptosis (51). Moreover, SRSF7 knockdown and overexpression in A549 and BEAS-2B cells, respectively, demonstrated that SRSF7 upregulation impacts the AS of Fas by increasing the skipping of exon 6, promoting the production of the more soluble, pro-survival variant (51). SRSF7 was found overexpressed in colon cancer cell line, and SRSF7 knockdown inhibited growth and blocked cell cycle progression from G1 to S phase (52). In addition, knockdown of SRSF7 induced p21 without any induction of p53, and reduced the levels of phosphorylated CDK2 and pRb along with CDK2 protein (52). The effect of SRSF7 depletion on p21 was attributed to the stabilization of p21 mRNA and protein (52). Overexpression of SRSF9 and SRSF1 were shown to promote accumulation of β-catenin, a key event in Wnt signaling and tumorigenesis, which was necessary for NIH/3T3 cell transformation (53). SRSF9 was further shown to be overexpressed in glioblastoma, colon adenocarcinoma, squamous cell lung carcinoma, and malignant melanoma tissues (53).

In summary, SR proteins demonstrate a vast reach with regards to their splicing profiles across many different cancer types (Supplementary Table 1). Their dysregulation in cancer generates transcripts that perpetuate tumor growth by a variety of different molecular mechanisms. Mutations in cis-regulatory elements in oncogenes and tumor suppressors and alterations in trans-acting splicing factors have clearly demonstrated the importance of AS in carcinogenesis and tumorigenesis.



SR Protein Phosphorylation and Splicing Regulation in Cancer

Phosphorylation of SR proteins impacts their subcellular localization, their association with the spliceosome complex, and splicing activity (54).SR proteins are phosphorylated at multiple serine residues located in their RS domain, which can range from ~50-300 residues and differ in overall arginine-serine content (55). Some RS domains contain >6 repeats while others contain numerous short stretches of four or fewer dipeptide repeats (55). Multiple kinases are involved in SR protein phosphorylation and include: SR protein kinases (SRPK1-3), cdc2-like kinases (CLK1-4), topoisomerase I (TOP1), PRP4, NEK2, and other well-known kinases such as AKT that are implicated in many key cellular processes (56). A number of studies have been conducted that describe the mechanisms and kinetics of SRPK1’s phosphorylation of SRSF1.

SRPK1 can phosphorylate up to 12 serine residues in SRSF1 (54). This phosphorylation occurs in a processive fashion, and SRPK1 was shown to phosphorylate 5-8 of the 12 available serine residues in the RS domain before its affinity diminished and shifted to distributive phosphorylation (Figure 3A) (54, 57). Contrary to previous thought, it was recently shown that the nonconsensus region in the RS domain of SRSF1 is not silent with regard to phosphorylation by SRPK1, and plays an active role in controlling phosphorylation efficiency (55). This is an important consideration for future studies on phosphorylation of SR proteins by their respective kinases. Hypophosphorylated SR proteins are stored in nuclear speckles until they undergo sufficient phosphorylation (56); sufficient phosphorylation of SR proteins mediated by Clk1 permits for transportation from nuclear speckles, where they can then take part in splicing (Figure 3B) (56).




Figure 3 | Phosphorylation of SRSF1. (A) SRPK1 phosphorylates SRSF1 in a processive fashion until exhausted before switching to distributive phosphorylation. (B) The phosphorylation of SRSF1 allows for its translocation from the cytoplasm to the nucleus. Hypophosphorylated nuclear SRSF1 are localized in nuclear speckles until Clk1 phosphorylation releases them for spliceosomal function. Created with BioRender.com.



Kinases that target SR proteins are frequently dysregulated in many different cancer types (56). In fact, by using data from TCGA, Czubaty et al. showed that SRPKs, CLKs, and NEK2 are frequently altered in many cancers (56). TOP1 and PRP4 showed moderate elevation across cancer types, and the most pronounced changes for PRP4 were observed in thymoma and kidney chromophobe subtype while the most pronounced changed for TOP1 were observed in lung, stomach and esophagus, and uterine corpus endometrial carcinomas (56). By and large, cancer-related literature concerning SR protein phosphorylation pertains to SPRKs and CLKs.

The value of SRPK1 as a prognostic marker for cancer was recently reviewed by Nikas et al., 2019, and they posit that SRPK1 is indeed a promising prognostic marker for non-small cell lung, breast, prostate, colorectal, stomach, liver, and esophageal cancers based on clinicopathological criteria (58). Less promising is its application as a prognostic marker in non-epithelial cancers including gliomas, germ cell tumors, and retinoblastomas (58). Evidence seems to suggest that SRPK2 plays a similar oncogenic role, albeit not much is known about SRSF2 compared to SRSF1. Most recently, SRPK2 expression was shown to be higher in colorectal cancer tumors compared to nontumor tissues, and was positively associated with tumor differentiation, primary tumor (T) stage, regional lymph nodes (N) stage, and UICC stage (59). The same authors showed that SRPK2 promotes pancreatic cancer progression by downregulating Numb and p53, and this negative regulation also occurred following 5-fluorouracil or cisplatin treatment in colorectal cancer cells [(37, 59). Overexpression also increased cell migration and invasion, and decreased chemosensitivity to 5-fluorouracil or cisplatin (59). The functions of SRPK1-2 in cancer are understood to a much greater extent than SPRK3. The documented role that SRPK3 plays in cancer is limited to a tumor suppressor in rhabdomyosarcoma (60). More specifically, SRPK3 was reported to be downregulated in rhabdomyosarcoma cells, and its expression promoted the splicing of MEF2Cα2 isoform and induced differentiation (60). The MEF2 family of transcription factors regulates many differentiation programs, including myogenesis (60). Worth note is that this study also showed that restoration of SRPK3 expression or MEF2Cα2 inhibited proliferation and anchorage-independent growth of rhabdomyosarcoma cells (60). Therefore, SRPK1 and 2 act as oncogenes, are expressed in the vast majority of cancers, and possess great potential as prognostic markers and possible therapeutic targets. More evidence is needed to reach a conclusion for SRPK3, however, its heart and skeletal muscle tissue-specific expression would suggest that an oncogenic role may be limited (61).

Unlike SRPKs, CLKs phosphorylate serine/threonine as well as tyrosine residues, and do not display region specificity (56). With respect to SRSF1, Clk1 is capable of phosphorylating all serine residues, which was shown to be physiologically relevant (62). Aubol et al., 2018 reported that the ability to mobilize SRSF1 from nuclear speckles to the nucleoplasm is dependent on active Clk1 (63). Analysis of TCGA data showed high induction of Clk1 in gliomas or renal tumors, whereas in bladder urothelial carcinomas and invasive breast cancers, Clk1 expression was decreased (56). For CLK4, it was found that the most pronounced changes were in clear cell renal cell tumors (56). In hepatocellular carcinomas (HCCs), downregulation of Clk1 and upregulation of Clk2 and Clk3 has been correlated to alternative splicing of SLC22A1, a commonly observed event in poor response to sorafenib (64–66). Interestingly, protein phosphatases PP1A and PP2A were also upregulated in HCCs and exhibited a positive correlation with SLC22A1 alternative splicing (66), suggesting that other enzymes affecting SR protein phosphorylation may serve as additional biomarkers and therapeutic targets.




Therapeutic Targeting of Alternative Splicing


Spliceosome Inhibitors

A number of small molecule inhibitors that target the spliceosome or its auxiliary proteins are being investigated as new therapeutic approaches for cancer treatment (Table 1). While there are currently no U.S. FDA approved small molecule inhibitors or modifiers of spliceosomal proteins for cancer treatment, many naturally-derived compounds being investigated include, but are not limited to, pladienolides, spliceostatins, isoginkgetin, SRPK, and CLK inhibitors [reviewed in (18, 89)]. Due to the widespread attention that has been given to these compounds over recent years, a plethora of synthetic analogs and structurally related compounds have been discovered, and they also display potent antitumor effects and spliceosome inhibition [reviewed in (89)]. The vast majority of small molecule inhibitors have been shown to target splicing factor SF3b, although some display specific activity against different SF3b subunits or spliceosomal associated proteins (SAPs) which include: SF3B1/SAP155, SF3B2/SAP145, SF3B3/SAP130, and PHF5A/SAP14b (89, 90).


Table 1 | Spliceosome inhibitors.



Among the more widely studied compounds, the pladienolides analogs (A-G and synthetic analog, E7107) target SF3b, which binds U2 snRNP to disrupt splicing (Figure 4A) (67). Antitumor activity of pladienolide B has been demonstrated both in vivo and in vitro, and in a variety of cancer cell lines including those derived from gastric and cervical cancers and erythroleukemia (68–70). The effects of pladienolide B are attributable to splicing impairment through its impact on genes involved in apoptosis such as p73, whereby pladienolide B increased and decreased the pro- and anti-apoptotic isoforms Tap73 and DNp73, respectively (69). In addition, pladienolide B has been shown to cause cell cycle arrest (70). Despite the encouraging preclinical evidence surround pladienolides, E7107 showed limited efficacy in a phase I clinical trial, and the study was ultimately terminated due to adverse events involving vision loss (71).




Figure 4 | Mechanisms of Spliceosome Inhibitors. (A) Pladienolides, FR901464, and their analogs suppress the spliceosome by binding to SF3b to prevent its association with U2, (B) Isoginkgetin prevents the recruitment of the U4/U5/U6 tri-snRNP, halting the spliceosome at Complex A. Created with BioRender.com.



FR901464, its methylated derivative spliceostatin A (SSA), and analogous compounds act in a similar manner to pladienolides; their mechanism of action involves inhibition of the SF3b subcomplex (72). The splicing modulatory function of spliceostatins by binding SF3b was originally shown in 2007 along with the accumulation of unspliced pre-mRNA (72). In a series of biological activity studies, Gosh et al., 2014 later showed that both FR901464 and SSA were capable of halting spliceosome assembly at the previously observed A-like complex, resulting in splicing inhibition (73). The primary effect of SF3b inhibition by SSA or related compound, sudemycin, on aberrant splicing in cervical cancer cells as well as rhabdomyosarcoma cells was determined to be exon skipping (91). Exon junctions supporting skipping events were not identified in any annotated isoforms, which raises an important question: what protein functions do these novel transcripts support, absent from those subjected to NMD? While the antitumor activity of SSA or related compounds has yet to be fully mapped, the pro-apoptotic, anti-angiogenic, and cell cycle inhibitory properties resulting from splicing inhibition warrant continued investigation (74–76).

Isoginkgetin was found to inhibit both the major and minor spliceosome by preventing stable recruitment of U4/U5/U6 tri-snRNP, resulting in accumulation of pre-spliceosome A complex (Figure 4B) (77). It was subsequently confirmed by observing increased rates of lariat formation using SnapShot-seq that isoginkgetin could block formation of spliceosomal complex B and inhibit splicing (92). In thyroid cancer cells isoginkgetin treatment induced a splice-switch in IL-32, generating IL-32γ, a potent inducer of cell death due to its ability to block IL-8 pro-survival signaling (93). Splicing inhibition achieved with isoginkgetin treatment was also shown to compromise DNA double-strand break repair by downregulating E3 ubiquitin ligase RNF8 and impairing recruitment of DNA damage repair factors, suggesting its utility in cancer treatment when paired with conventional chemotherapeutics that induce DNA damage (94). The antitumor effects of isoginkgetin were demonstrated in vitro in fibrosarcoma, breast carcinoma, and melanoma cells by inhibiting invasion (78). Anticancer properties of isoginkgetin involving apoptosis induction and cell cycle arrest were also shown in a variety of additional cancer cell lines, with cervical cancer cells being the most sensitive to treatment (79).



SRPK and CLK Inhibitors

Targeting SRPKs and CLKs for therapeutic purposes possess great potential considering the malignant potential of aberrantly expressed SR proteins as previously discussed. In 2004 Muraki et al. first described the splicing modulatory effect of Clk1 inhibitor, TG-003, in HeLa cells (95). TG-003 successfully suppressed SR protein phosphorylation and dissociation of nuclear speckles; however, the effects were found to be reversible, and the compound was not toxic (80). Since then, a large number of studies have described Clk inhibitors that display anticancer properties; compound 21b (80), CGP-74514A (96), aminopurvalanol A (96), T-025 (81), and CC-671 (82, 83), among others. Many of these compounds demonstrated particularly promising results based on in vitro and in vivo studies. Riggs et al., 2017 first showed that compound 23 (i.e. CC-671), a duel Clk2/TTK inhibitor was able to inhibit tumor growth in a TNBC murine xenograft model, and relative to taxotere, the current standard of care for TNBC, showed improved efficacy and was better tolerated (82). Zhu et al. further showed that cell lines representing leukemia, lymphoma, colorectal cancer, head and neck, and bladder cancers were sensitive to CC-671, and confirmed in vivo treatment inhibits tumor growth in a TNBC xenograft model along with a patient-derived xenograft model to support further studies for clinical development of this compound (83).

Over the past several years multiple pre-clinical attempts have been made to target SRPKs for therapeutic purposes. Two compounds, in particular, have drawn a moderate degree of attention. Namely, SRPIN340 and SPHINX, originally identified by Fukuhara et al., 2016 and Gammons et al., 2013, respectively (84, 87). SRPIN340 preferentially inhibits SRPK1 and SRPK2, with a higher inhibitory effect on SRPK1, and was shown to reduce human melanoma tumor growth in vivo, but not in vitro, and was attributable to the regulation of VEGF expression and angiogenesis reduction (85). Siqueira et al. demonstrated that SRPIN340 did display an anti-proliferative effect on leukemia cells and was again attributable to the reduction of pro-angiogenic VEGF165 isoform and induction of pro-apoptotic FAS (86). It was recently shown that SRPIN340 was capable of reducing cell migration, invasion, and colony number formation, but did not impact cell viability in the concentration range tested (88). Despite some of the more promising results, SRPIN340 was shown to be poorly absorbed in vivo, and local daily subcutaneous injections were required to circumvent its poor pharmacokinetic properties (85). SPHINX was shown to be more selective but similarly potent for SRPK1 compared to SRIN340, was shown to significantly downregulate VEGF165 expression, and inhibit tumor growth in an orthotopic mouse model of prostate cancer (87, 97). A few other inhibitors have been documented and include an irreversible inhibitor SRPKIN-1 (98), a series of trifluoromethyl arylamides (88, 99), and a novel chimeric antibody targeting SRPK1 (100), however these compounds have yet to be comprehensively investigated.




Summary and Perspectives

Splicing is a key process in normal biological functioning, and its dysregulation is strongly linked to cancer development and progression. Small molecule inhibitors and other novel therapeutics (such as antisense oligonucleotides) that target the spliceosome or its auxiliary factors are on the verge of become a new option for cancer therapy. A Phase I first-in-human dose-escalation study is currently being conducted in myelodysplastic syndromes (MDS), acute myeloid leukemia, and chronic myelomonocyte leukemia to evaluate H3B-8800, a small molecule inhibitor of SF3b that potently and preferentially kills spliceosome-mutant tumor cells (101, 102). Data from the ongoing clinical trial was recently published, but did not show any complete or partial responses meeting the international working group criteria (103). That said, red blood cell (RBC) transfusion independence (>56 d) was observed in nine patients who were transfusion dependent at the start of the study (103). Moreover, of the 15 MDS patients with missense SF3B1 mutations, five experienced RBC transfusion independence, which does indicate some degree of clinical improvement and benefit in this subset of patients. The study investigators concluded that further investigation of H3B-8800 in MDS is warranted and suggest exploring alternative dosing schedules. Overall, pre-clinical and clinical data pertaining to spliceosome inhibition, excluding SF3b inhibitors, and novel splicing modulators are greatly lacking, however. SR proteins control vast splicing networks and are commonly altered in a variety of cancers, which suggests that they may be a promising therapeutic target. Splicing networks linked to SR proteins need to also be investigated in order to better understand the extent to which intervention may be useful.

Therapeutic targeting of the spliceosome machinery is an effective approach, however, targeting specific ASEs also possesses unique benefits. Targeting ASEs that are linked to oxidative stress, for instance, may be a lucrative approach. When used in combination with mainline chemotherapeutics that generate high levels of oxidative stress such as anthracyclines, alkylating agents, and platinum coordination complexes, this approach might provide added benefits (104). Aberrant splicing events have a significant impact in promoting resistance to chemotherapy or immunotherapy, which can potentially be overcome by reconfiguring splicing events that favor apoptosis-promoting transcripts, for example (105). In summary, reconfiguring the spliceosome or its accessory components to direct splicing activity or modulate ASEs may be a valuable tool for cancer therapy.
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Extracellular DNA may serve as marker in liquid biopsies to determine individual diagnosis and prognosis in cancer patients. Cell death or active release from various cell types, including immune cells can result in the release of DNA into the extracellular milieu. Neutrophils are important components of the innate immune system, controlling pathogens through phagocytosis and/or the release of neutrophil extracellular traps (NETs). NETs also promote tumor progression and metastasis, by modulating angiogenesis, anti-tumor immunity, blood clotting and inflammation and providing a supportive niche for metastasizing cancer cells. Besides neutrophils, other immune cells such as eosinophils, dendritic cells, monocytes/macrophages, mast cells, basophils and lymphocytes can also form extracellular traps (ETs) during cancer progression, indicating possible multiple origins of extracellular DNA in cancer. In this review, we summarize the pathomechanisms of ET formation generated by different cell types, and analyze these processes in the context of cancer. We also critically discuss potential ET-inhibiting agents, which may open new therapeutic strategies for cancer prevention and treatment.




Keywords: extracellular DNA traps, cancer, inflammation, immunity, thrombosis, anti-cancer therapies



Introduction

Extracellular deoxyribonucleic acid (DNA) can be detected in extracellular environments, including serum, urine, spinal fluid, amniotic fluid, cerebrospinal fluid, lymph, bile and milk. In 1948, Mandel and Métais described for the first time the presence of DNA in the plasma of cancer patients (1). Extracellular DNA comprises nuclear or mitochondrial DNA associated with proteins or extracellular vesicles (2). Pioneer studies by Leon et al., described that patients with cancer have elevated levels of extracellular DNA, and its reduction following radiotherapy could significantly improve the clinical conditions (3). Follow-up studies provided evidence that extracellular DNA levels are elevated in many cancer patients, especially with invasive metastatic cancer (3–5). Liquid biopsy-based diagnostic and prognostic approaches including the analysis of circulating tumor cells, ribonucleic acids (RNAs), extracellular vesicles and extracellular DNA became powerful tools for the therapeutic management of cancer patients (6–8). However, the variability of tumor-specific markers in extracellular DNA sequences and alterations in levels of extracellular DNA in cancer patients raised several questions about their origin. Two different hypotheses explained the origin of extracellular DNA; extracellular DNA is the product of cellular breakdown or generated by an active release mechanism (9). Cellular breakdown induces DNA release from dividing cancer cells, or products of cell lysis, apoptosis or necrosis following cancer treatments (10, 11). The theory of active release mechanism was supported by studies describing neutrophil-extracellular traps (NETs) as a process of immune defense inducing extracellular DNA release together with histones, radical oxygen species (ROS), peroxidases to trap and eradicate pathogens (12). Clinical and experimental studies highlighted the pivotal role of neutrophils in inflammation, thrombosis and cancer (13). NETs were found in liquid and tissue biopsies of cancer patients (14–18). Over the last years, many studies linked the process of NETosis to oncogenic transformation, angiogenesis, cancer development and metastasis (19, 20). In different pathological contexts (thromboinflammation, atherosclerosis, systemic lupus erythematosus, infection, sepsis), it became also evident that other blood, immune and specialized cells could also generate extracellular traps (ETs) (21, 22). In this review, we provide a detailed analysis of extracellular DNA function in cancer and also discuss the different sources and origins of ETs and provide the hypotheses on their possible impact on tumor cells and tumor microenvironment.



Neutrophil Extracellular Traps

Under physiological conditions, polynuclear neutrophils represent the main subpopulation of white blood cells, approximately 50-70% of circulating leukocytes (23). Neutrophils are produced in the bone marrow and differentiate from hematopoietic stem cell precursors (24). Their number oscillates in the peripheral blood and is regulated by the circadian rhythm (25). Neutrophils play an important effector role in innate immunity, constantly patrolling the organism against microbial infections and invading pathogens (26). Neutrophils respond to pathogens in several ways: phagocytosis (27) and release of granular contents (28) and NETs (12). Neutrophils express many inflammatory mediators, such as complement components (29), receptors for Fc fragments of immunoglobulins, integrins and cytokines, thereby regulating host defense, inflammation and cell-cell interactions (30). Neutrophils have polylobulated nuclei composed of 3-5 lobules (31), and secretory granules in the cytoplasm (32). Neutrophil granules are classified into 4 categories, based on their granule content (33); primary or azurophilic granules, containing myeloperoxidase (MPO), anti-microbial peptides (defensins), β-glucuronidase (34), lysozyme and serine proteases (neutrophil elastase (NE), cathepsins G, proteinases 3 (PR3), inducible nitric oxide synthase (iNOS) (35), secondary or specific granules containing lactoferrin, matrix metalloproteinase (MMP) 8 (36), tertiary or gelatinase granules containing MMP9 (37), LL-37 (38), NADPH oxidase and mobilizable secretory vesicles containing various surface membrane receptors (39). The granular content of neutrophils plays an important role in NETosis (12). Consistently, immature neutrophils with reduced granular content from acute myeloid leukemia patients had a lower potential to induce NETosis after phorbol 12-myristat 13-acetate (PMA) stimuli (40).

In 2004, research groups of Zychlinsky and Brinkmann demonstrated that neutrophils in response to pathogens generate extracellular fibers composed of decondensed DNA, decorated with anti-microbial peptides and other proteins from different cell compartments, and later this process was defined as NETosis (12, 41). NETosis was induced by stimulation of neutrophils with pathogens (fungi, bacteria, protozoa, parasites), bacterial lipopolysaccharide (LPS), interleukin 8 (IL8) or chemical stimulation with protein kinase C (PKC) activator PMA, indicating that NETs are involved in inflammatory and infectious processes (12, 42, 43). Endothelial cell-derived cytokines, such as IL8 also act on neutrophils, thereby inducing NET formation (44). NETs have been found in the blood of septic patients (45–47). Platelet-derived Toll-like receptor 4 (TLR4) appeared to play an essential role in the NET formation through binding to the bacterial LPS (48).

Depending on the stimulation of ET release, neutrophils become apoptotic (lethal NETosis) or can still survive (vital NETosis). The process of lethal NETosis is often induced by pharmacological, autoimmune or metabolic compounds or bacterial peptides (49–51). In contrast, vital NETosis is preferentially induced by molecules associated with pathogen-associated molecular pattern molecules (PAMPs), which are recognized by TLRs of the innate immune system and also by bacterial peptides (48, 52–54).

NET webs and granular proteins can eradicate a wide range of pathogens by ensuring their capture, providing a scaffold for protein binding, degrading pathogen toxins and by providing a high local concentration of anti-microbial molecules (43).



Molecular Mechanisms of Neutrophil Extracellular Trap Formation

At the molecular level, NETosis is regulated by MEK (MAPK/ERK kinase) or ERK (Extracellular-signal Regulated Kinase) (55), IRAK (IL1 Receptor-Associated Kinase) (56), PKC (57), Phosphoinositide 3-kinase (PI3K) (58) and AKT (59) pathways, inducing ROS production in response to the inflammatory mediators (60, 61), PMA (62), microorganisms (63, 64) and immune complexes (62, 65, 66). Terminally differentiated neutrophils undergo NETosis followed by the reactivation of cyclin-dependent kinase 6 (CDK6). Consequently, inhibition or knock-out of CDK6 function leads to reduced ability of neutrophils to induce NETosis (67). Some of these pathways are highly dependent on the NADPH oxidase 2 (Nox2), and ROS production (59). Nox2 is a multidomain complex enzyme, and its activity is regulated by protein PKC-dependent activation of p47phox, p67phox and p21rac subunits which form complex with b558 (68, 69). ROS production in neutrophils generates an optimal pH (7.5-8.5) for NE and MPO which are essential for NETosis (70). Consistently, neutrophils isolated from MPO-deficient patients display impaired bacterial killing and NETosis upon stimulation with PMA (71). The increase in pH level stimulates ROS production and induces histone H4 cleavage (70). In PMA-stimulated neutrophils hypochlorous acid (HOCl) disassembles the azurosome, leading to the release of NE into the cytoplasm (72). Later, NE degrades F-actin and translocates into the nucleus and breaks histone H1 (73). NE and MPO facilitate chromatin decondensation and the loss of lobular structure of the nucleus. Following this process, the nuclear envelope disassembles into vesicles thereby mixing both the cytoplasm and nucleoplasm. In the cytoplasm, decondensed chromatin binds granular and cytoplasmic anti-microbial proteins such as NE and MPO, before rupturing the cytoplasmic membrane for NET formation (49, 74). Interestingly, NET formation upon stimulation with PMA or crystals (nano- and microparticles) can also involve receptor-interacting serine/threonine-protein kinases (RIPK1 and RIPK3) and mixed lineage kinase domain-like pseudokinase (MLKL)-dependent pathway of necroptosis (75–77).

NETs can also form independently of Nox-signaling. This occurs through an influx of extracellular calcium (Ca2+) through Ca2+ ionophores, such as ionomycin and A32178 which are secreted by the gram-positive bacteria (78–80). Although Nox-induced ROS production is not involved in this type of NETosis, Ca2+ ionophores can induce ROS production using an alternative pathway in the mitochondria (81). Nox-independent NETosis needs potassium (K+) influx through the activation of small-conductance Ca2+-activated K+ SK3 channels. In this pathway, ERK and Akt signaling are activated at low or moderate levels, compared to Nox-dependent NETosis, and similar levels of p38 activation were found in both pathways (82).



Tumor-Associated NETs

NET formation was detected in different phases of tumor progression and metastasis (14, 17, 83–85), (Figure 1). At the early phase of cancer, NETosis supports the epithelial-mesenchymal transition. Treatment of gastric and breast cancer cells with NETs induces an aggressive mesenchymal phenotype, thereby increasing cancer progression (86, 87). NETs induce gene expression of cancer stem cell marker CD24, and proinflammatory factors, such as IL1β, IL6, IL8, CXC motif chemokine receptor 1 (CXCR1), MMP2, MMP9 in cocultured luminal breast cancer cells (86). NETs also promote epithelial-mesenchymal transition in pancreatic ductal adenocarcinoma (PDAC). In clinical settings, increased levels of NETs were correlated with epithelial-mesenchymal transition markers in patients diagnosed with PDAC (88). At a later phase, the primary tumor starts to express many factors to stimulate NETosis. Systemic inflammation and hypoxia in the tumor and tumor microenvironment are important factors to induce neutrophil infiltration and NETosis (89–91). Hypoxia increases the levels of β2 integrin on the neutrophil surface in a hypoxia-inducible factor-1α (HIF1α)-dependent manner, and consequently, pharmacological blockade or knock-down of HIF1α in neutrophils inhibits NET formation (92, 93). HIF-2α also contributes to the recruitment of neutrophils to colon tumors, enhancing colon cancer progression through enhancing CXCL1 chemokine expression (94). Several other chemokines and cytokines are involved in the regulation of cancer-associated NETosis, regulating diverse signaling pathways. In human and mouse breast cancer, recent studies reported the role of tumor cell-secreted protease cathepsin C-mediated signaling in neutrophil recruitment and NET formation. In this pathological context, cathepsin C activates neutrophil membrane-bound proteinase 3 (PR3), thereby facilitating IL1β and Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-kb) activation, which in turn enhances neutrophil recruitment through the upregulation of IL6 and C-C Motif Chemokine Ligand 3 (CCL3)  (95). Cancer cells also release exosomes to stimulate neutrophil chemotaxis and NET formation. Colon cancer cells transfer mutant KRAS to the neutrophils through exosomes, thereby promoting NETosis through the upregulation of IL8 which subsequently induces tumor growth, invasion and migration (96). It has been shown that neutrophils isolated from peripheral blood of mice bearing chronic myeloid lymphoma, lung and breast carcinoma tumors are more prone to generate NETs compared to the neutrophils isolated from healthy mice (97). In cancer models, neutrophil depletion and or DNAse I injection restored vascular perfusion and prevented vascular leakage (98). NETs were also shown to enhance endogenous effector functions of thrombin in plasma, thereby inducing cancer cell migration, invasion and angiogenesis (16, 99–101).




Figure 1 | Multiple roles of neutrophil extracellular traps (NETs) in tumor progression and metastasis. Neutrophils are mobilized from bone marrow, enter into the circulation and migrate towards proangiogenic and proinflammatory gradients. Neutrophils are recruited to the primary tumor site through various cytokines and chemokines such as CXCL1, IL6 or CCL3, ultimately leading to neutrophil activation and NET release. Cancer cell-derived exRNA can also induce NETs which in turn amplify the release of exRNA. In growing tumors, NETs enhance cancer progression by enhancing thrombin activity, increasing the expression of stem cell markers and inflammatory chemokines and cytokines and promoting epithelial-mesenchymal transition. NET formation is also enhanced by the uptake of exosomes transporting oncogenic mutations to the tumor sites. NETs regulate cancer cell migration and tumor growth by directly interacting with T cells, inducing the exhaustion of cytotoxic T cells and differentiation of naïve T cells into regulatory T cells, thereby promoting an immunosuppressive environment. During their transit in the circulatory system, cancer cells are captured by the chromatin web network of NETs and this physical and functional interaction provides shielding thereby protecting cancer cells from cytotoxic effects of immune cells. NETs also provide an “anchor” to the cancer cells, facilitating their adhesion and extravasation into the secondary tumor sites to form distant metastasis. CCDC25 is expressed by cancer cells and can serve as a NET-DNA receptor that senses NETs and recruits invasive cancer cells to the metastatic sites. During inflammation, NETs can activate dormant tumor cells and stimulate them to migrate and form metastasis by cleaving basement membrane components (laminins). NETs also induce thromboinflammation leading to ischemia and injury in organs, such as the heart and kidney. Cancer cell-derived G-CSF predisposes circulating neutrophils to form NETs through the recruitment of blood platelets. Interactions between platelets and neutrophils play an important role in cancer progression and metastasis by inducing platelet activation and NETosis and consequently enhancing tumor-associated coagulation and thrombosis.



NET formation was also detected in the metastatic niche and plays an important role in different steps of metastasis, including tumor cell adhesion (19, 102, 103), dissemination (14) and extravasation at the distant organs. Several proteases and adhesion molecules are present on NETs and facilitate tumor cell extravasation and metastasis (14, 104). It was proposed that NETs have a strong ability to trap circulating tumor cells, thereby protecting them from immune system-mediated destruction and promoting tumor cell dissemination and adhesion at distant organs (105, 106). The premetastatic niche formation in the omentum is supported by increased neutrophil mobilization and NET formation, creating a conducive environment for the seeding of ovarian cancer cells (20). In an orthotopic model of ovarian cancer, depletion of IL8, granulocyte colony-stimulating factor (G-CSF), CXCL chemokine growth regulated oncogenes (GROα/CXCL1 and GROβ/CXCL2) in primary tumor cells incompletely decreased NET formation and chemotaxis, thereby inhibiting subsequent omental metastasis (20). NETs were also shown to enhance cancer metastasis by activating tumor-intrinsic TLR4/9-cyclooxygenase 2 (COX2) inflammatory pathways (107). Altogether these results suggest that cytokines cooperate with many factors to optimally regulate neutrophil recruitment and NET formation, which in turn enhance the inflammatory landscape of tumor, thereby contributing to tumor metastasis.

The metastasized liver tissues isolated from breast or colon cancer contain a high number of NETs. If NETs are detected in the serum of cancer patients, this could be a predicting factor for the occurrence of liver metastases at very early stages. NETs can attract cancer cells from established distant metastases. This cellular motility was mediated by the cancer cell-resident transmembrane NET-DNA receptor coiled-coil domain containing 25 (CCDC25) which activates the integrin-linked kinase (ILK)-β-parvin pathway and thus senses extracellular DNA release (18).

NETs are also involved in dormant cell reactivation thereby increasing metastatic events in distant organs (108). During chronic pulmonary inflammation, NETs awake dormant breast cancer cells and promote metastasis. Degradation of thrombospondin 1 (TSP1) and remodeling laminin-based extracellular matrix are important steps to awake the dormant cells. Consistently, activation of laminin receptor integrin α3β1 and transcriptional regulator yes-associated protein (YAP) signaling is required for NET-dependent activation of dormant tumor cells. Furthermore, integrin β1 is involved in the activation of FAK-ERK-MLC2-YAP signaling pathway, which also contributes to tumor survival and growth (108).

Cancer cells can also induce NETosis through other alternative mechanisms. Lewis lung carcinoma (LLC) cancer cells release a high amount of RNAs, which accumulate in the extracellular space and activate epithelial cells, thereby inducing NETosis mediated by proinflammatory cytokines, such as IL1β. NETs reduce the lung epithelial barrier, induce necrosis and the release of extracellular RNAs (17).

NETs can directly interact with T cells and suppress the anti-tumor immunity through metabolic and functional exhaustion, emphasizing the deleterious effect of NETs during all the evolutionary stages of the tumor process, including tumor growth, angiogenesis and tumor metastasis. Blockade of NETosis in combination with programmed death-ligand 1 (PD-L1) immune checkpoint inhibitors enhance the response rates of colorectal cancer metastasis by improving the function of exhausted CD8+ cells (109). NETs also modulate regulatory gene profiles in naïve CD4+ T cells, promoting their differentiation into regulatory T cells (Tregs). This crosstalk between NETs and Tregs was shown to contribute to liver carcinogenesis in non-alcoholic steatohepatitis (110). NETs are also observed in bladder tumors of patients who did not respond to radiotherapy and persistent disease post-radiotherapy, wherein an elevated neutrophil-CD8+ ratio was associated with worse overall survival (111).



Cancer-Associated Thromboinflammation and NETosis

NETs provide a physical scaffold for thrombus formation by capturing platelets and red blood cells. Platelets are associated with NETs through binding of von-Willebrand Factor (vWF), fibronectin or immobilized fibrinogen (112). Interestingly, DNA was detected on the platelet surface of patients with systemic lupus erythematosus (113), indicating that platelets can directly bind DNA with histones in NETs, linking immune response to thrombosis. Growing tumors activate platelets by inducing uptake of tissue factor (TF)-derived extracellular vesicles (114, 115). Upon platelet activation, P-selectin is exposed to the surface which interacts with neutrophil-derived P-selectin glycoprotein ligand 1 (PSGL1), thereby promoting neutrophil-platelet interaction, subsequent neutrophil activation and NETosis (116). Thrombin-activated platelets primed neutrophils to NETosis in different in vitro and in vivo experimental conditions (116–118). Similar effects were observed when neutrophils were incubated with soluble P-selectin (116). In contrast, genetic or pharmacological blockade of P-selectin decreases NETosis (116). In clinical studies, increased P-selectin exposure on the activated platelet surface and increased soluble form of P-selectin are associated with venous thromboembolism (VTE) in cancer patients (119). Clark et al. showed that platelet-derived TLR4 induced platelet activation, platelet-neutrophil interaction and NETosis in the murine sepsis model (48). Platelet-derived high mobility group box 1 (HMGB1) can also activate neutrophil-resident TLR4 or binds to the receptor for advanced glycation end products (RAGE) on neutrophils, thereby inducing NETosis (118, 120). Furthermore, collagen and thrombin-activated platelets could also stimulate NETosis through HMGB1 (118). Thrombin-stimulated platelets also trigger MLKL-dependent necroptosis of neutrophils accompanied by NET release (121).

In the late stages of the breast carcinoma model, NETosis occurred concomitantly with the appearance of venous thrombi in the lung (97). Although this phenotype can be multifactorial, it is also closely linked to the role of neutrophils and platelets in the tumor microenvironment. Cancer predisposes neutrophils to generate NETs thus increasing platelet reactivity and hypercoagulability, thereby promoting primary tumor growth and stimulating tumor metastasis (97, 122, 123). NET formation is systematically correlated with the hypercoagulability state of cancer and thrombotic complications (16, 124, 125). During cancer progression, circulating DNA possibly induces the generation of thrombin, thereby activating the coagulation cascade (126). In an orthotopic mouse model of PDAC and human patients with PDAC, NET formation induces hypercoagulability by enhancing platelet aggregation responses through RAGE, DNA and TF release. Neutrophils isolated from RAGE-deficient mice had a lower ability to form NETs and circulating biomarkers of tumors and NETs were strongly reduced (127). Pancreatic cancer cells can stimulate NETosis through direct interactions with neutrophils or by priming platelets (128). Although blood clotting factors regulate neutrophil function (129), hypercoagulation was associated with the appearance of N2 protumoral neutrophils undergoing NETosis (130).

ApcMin/+ (multiple intestinal neoplasia) mouse has a point mutation at the adenomatous polyposis coli (Apc) gene, and it is considered to be a model for human familial adenomatous polyposis (131). In this intestinal tumorigenesis model, hypercoagulation was associated with neutrophil recruitment and NETosis and these observed effects were dependent on the engagement of the complement 3a receptor (C3aR) (130). In other transgenic mouse tumor models (RIP1-Tag2 insulinoma and MMTV-PyMT breast cancer models), neutrophil recruitment and vascular leakage were observed in the kidney. Furthermore, platelet-neutrophil conjugates were accumulated in the kidney of tumor-bearing mice, which consequently generated NETs. The accumulation of NETs in the vasculature increased the levels of proinflammatory molecules, such as intercellular adhesion molecule 1 (ICAM1), vascular cell adhesion molecule 1 (VCAM1), E-selectin, IL1β, IL6 and CXCL1 (98).

Neutrophils of patients with myeloproliferative neoplasms characterized with a constitutively activating mutation of janus kinase 2 (JAK2) are also primed to generate NETs. Inhibition of constitutively active JAK2 could abolish NET formation and decreased thrombosis, suggesting an important role of platelet-associated NET formation in cancer-associated thrombosis (132). Tumor cells can synthesize G-CSF which stimulates the proliferation of circulating neutrophils, and consequently increases NET formation in the growing tumors (97, 133). High levels of G-CSF and NET-associated thrombi were found in patients with ischemic stroke and underlying cancer (134), indicating the link between systemic NET formation and arterial thrombosis. Heparin-induced thrombocytopenia (HIT) immune complexes induce NETosis via interaction with Fcγ receptor FcγRIIa on neutrophils and through neutrophil-platelet association (135). On another hand, neutrophil FcγRs can reprogram neutrophils into antigen cross-presenting cells thereby inducing acquired anti-tumor immunity (136).

Recent studies implicated neutrophils and NETs as central players in coagulation, organ injury and thromboinflammation that were detected in severe cases of severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) infection (137). SARS-CoV2 was able to induce ROS and IL8 secretion and activate NETosis in human neutrophils (138). The angiotensin-converting enzyme (ACE2) and active transmembrane serine protease 2 (TMPRSS2) are also involved in this process (137).



Eosinophil Extracellular Traps

Eosinophil extracellular trap (EET) formation was detected in different human diseases (Figure 2). EETs were observed in chronic obstructive pulmonary disease (COPD) sputum (139), and also in skin biopsies from patients with skin diseases such as Wells syndrome and bullous pemphigoids (140). In mouse models of atherosclerosis, eosinophils enhanced thrombus stability during arterial thrombosis (141). EET formation was detected in ruptured human atherosclerotic plaques and arterial thrombi (142). EETs were also observed in bronchial sections of a patient with allergic bronchopulmonary aspergillosis, which displayed eosinophil infiltrates in the mucus together with chromatolysis (143). Depending on the pathological conditions, EET formation is stimulated by different factors, released by pathogens, immune cells or cancer cells. In 2008, Yousefi et al., demonstrated that in vitro stimulation of eosinophils with LPS, C5a and or eotaxin/CCL11, by interferon gamma (IFNγ) and IL5-priming, induces the release EETs in a ROS-dependent manner. Interestingly, the majority of exposed EET DNAs are of mitochondrial origin (144). In vitro treatment of human eosinophils with thymic stromal lymphopoietin (TSLP) derived from epithelial cells induces the release of mitochondrial DNAs as well, and this process did not trigger cell death and was also dependent of Nox and β2 integrin functions (145). When eosinophils were primed with GM-CSF and activated with C5a, LPS or PMA, mitochondrial DNAs in EET were also observed, again excluding nuclear DNA and cell death in this process (146). However, EETs could be formed in the presence of cell death as well, involving extruded nuclear DNA and histones, indicating an alternative mechanism of EET formation (147). When eosinophils are exposed to Staphylococcus aureus, cells undergo nuclear disruption and cell death, leading to the release of nuclear DNAs and chromatin (145, 148). A similar process was observed when human eosinophils were stimulated with immunoglobulin IgG, IgA, a lipid mediator - platelet-activating factor (PAF), Ca2+ ionophore or PMA. In these experimental conditions, EETs were associated with histones and nuclear DNA. The release of nuclear EETs is mainly triggered by Nox-induced ROS production (147). However, depending on the experimental conditions, a ROS-independent mechanism was also observed when EET formation was induced by lysophosphatidylserine (LysoPS) through peptidyl arginine deiminase (PAD4)-mediated histone citrullination (149). Fungal species could also induce EET formation independently of ROS production, which occurred through CD11b binding and activation of Syk tyrosine kinase (143).




Figure 2 | Pathophysiological functions of eosinophil extracellular traps (EETs). Upon IFNγ, GM-CSF or IL5 priming, eosinophils are activated by C5a, LPS, eotaxin/CCL11, PMA, Th2 alarmin or pathogens which trigger oxidative burst and the release of mitochondrial DNA into the extracellular environment. This process can be mediated by ROS-dependent and cell death-independent pathways. In response to IgG, IgA antibodies, PAF, Ca2+ ionophore, PMA and gram-positive bacteria Staphylococcus aureus eosinophils form ETs, which ultimately induce cell death in Nox-dependent manner. Along with the chromatin, various proteins are released from activated eosinophils such as citrullinated histone 3 (orange), major basic protein (MBP, green), eosinophil cationic protein (ECP, grey) and eosinophil peroxidase (EPX, red). EETs were observed in patients with respiratory diseases, such as eosinophilic asthma, COPD and allergic aspergillosis. Eosinophil EPX triggers the production of sputum anti-EPX and anti-nuclear autoantibodies in patients with severe eosinophilic asthma, inducing resistance to the anti-asthmatic treatments. In skin diseases, EET function was often associated with host defense thereby preventing bacterial dissemination and sepsis. EETs were also observed in ruptured arterial thrombi and atherosclerotic plaques. Upon interaction with blood platelets, eosinophils form EETs and eosinophil-specific MBP released together with chromatin web-like structures activate platelets, thereby inducing the formation of thrombi. Eosinophils infiltrate various tumor types and influence tumor growth and metastasis through the interactions with endothelial cells, macrophages, fibroblasts and T cells. EETs together with NETs have been found in patients with Hodgkin’s Lymphoma displaying fibrotic and thromboinflammatory tumor microenvironment.



Eosinophils are specialized cells of the immune system, playing effector functions in allergic diseases, such as asthma (150). The percentage of EET-generating eosinophils was negatively correlated with lung function (151). Eosinophils express many receptors, adhesion molecules and integrins that allow their transit from the bone marrow to the blood (152–155). Eosinophil peroxidase activates and recruits dendritic cells to lymph nodes (156). The increased levels of eosinophil peroxidase and membrane-bound eosinophil granules in asthmatic patients lead to sputum rich in autoantibodies, such as anti-eosinophil peroxidase IgG, anti-nuclear, anti-double-stranded DNA and anti-histone antibodies (157). In allergic asthmatic diseases, peripheral blood eosinophils generate more EETs, when cells were challenged with LPS or IL5 in vitro (151). Challenging IL5 transgenic mice in a model of post-caecal ligation and intestinal puncture strongly enhanced eosinophil infiltration and EETs were observed in the intestinal tissues, protecting mice against sepsis (144). The authors found that in the colon and caecal tissues of mice and patients with Crohns disease, schistosomiasis and spirochetosis, extracellular DNA fibers were decorated with granular proteins such as major basic protein (MBP) and eosinophil cationic protein (ECP) (144). Besides these direct contacts, eosinophil MBP also enhances platelet activation inducing the release of bioactive molecules from α and δ granules or delivering activated TF, thereby contributing to the thrombus formation (141, 158, 159). Platelet-eosinophil interaction can induce EETs, triggered by IL5 release (141). EETs have also proinflammatory effects, subsequently activating epithelial cells to release proinflammatory cytokines such as IL6 and IL8 (151). In response to the opsonized Escherichia coli, activated eosinophils can release EETs, which had a strong bactericidal effect through a phagocytosis-independent mechanism (144).

Eosinophils and EETs were detected in the tumor tissues of patients with Hodgkin’s lymphoma (160). These patients had also increased expression of protease-activated receptor 2 (PAR-2) and nuclear p-ERK staining in cancer cells, which was detected together with abundant NETosis, fibrosis and TF-positive endothelium, pointing out the presence of tumor-associated inflammation and procoagulant phenotype (160). Eosinophils are also enriched in the circulating blood and tumor tissues in patients with other cancer types, such as colorectal, breast, ovarian, cervical, oral squamous and prostate cancer (161, 162). Eosinophils can transmigrate into the tumor microenvironment, following the interactions with endothelial cell-resident VCAM1 and ICAM1 (163). Cellular interactions of cancer cell-derived CCL24 and macrophage, fibroblast and eosinophil-derived CCL11 promote eosinophil recruitment to the tumor microenvironment (164–166). Cancer cell-derived chemokines (CCL3, CCL5) further support eosinophil migration (167, 168). Eosinophil-resident ST2, RAGE and TLR4 support migration towards the response to tumor necrotic cell alarmin mediators, IL33 and HMGB1 (163, 169–171). Furthermore, microbiota-released factors induce infiltration of eosinophils into the tumor microenvironment (172).

In summary, these results suggest that EETs play an important role in the activation and regulation of innate and adaptive immunity and are also involved in thromboinflammation. Based on EET DNA staining with eosinophil-specific markers, future studies are necessary to distinguish different sources of EETs. Precise, clinically relevant diagnostic tools will help to understand the phenotypic landscape of different cancers that are particularly enriched with eosinophils and propose more adequate therapeutic modalities.



Dendritic Cell Extracellular Traps

Dendritic cells can also form ETs (Figure 3). It has been shown that a subset of dendritic cells, such as plasmacytoid dendritic cells, can recognize the hyphae of Aspergillus fumigatus through Dectin-2 and this interaction induces ET formation (DCETs) with anti-fungal activity and release of cytokines such as TNFα and IFNα. DCETs contain nuclear DNA with citrullinated histone H3, which shows similar structures as NETs (173). Interestingly, NETs can activate dendritic cells and trigger IFNγ production, driving autoimmune pathologies (173–175). In diabetes and cancer, dendritic cells also prime T cell immunity (175, 176). However, only limited information is available to dissect the role of DCETs in this pathology. Therefore, further studies are necessary on whether dendritic cells may influence cancer progression by forming DCETs and acting on T cell-mediated immunosuppression.




Figure 3 | Molecular mechanisms of dendritic cell extracellular trap (DCET) formation and potential implications in cancer. A subset of dendritic cells, plasmacytoid dendritic cell-resident Dectin-2 interacts with the filamentous structure of pathogens (hyphae of Aspergillus fumigatus), thereby inducing ETs. These DCETs induce the release of cytokines such as TNFα and IFNα, eradicating pathogens. NETs may also activate dendritic cells, thereby triggering the production of IFNγ, which contributes to the pathogenesis of autoimmune diseases (diabetes). T cell priming by dendritic cells may contribute to the immunosuppression in the tumor microenvironment. The role of DCET in cancer remains elusive.





Monocyte and Macrophage Extracellular Traps

Monocytes and macrophages are critical components of the innate immune system, and play a key role in many pathological contexts, accumulating rapidly in the inflamed tissues (177). Monocyte and macrophage-extracellular traps (MoETs and METs) were visualized first time using scanning electron microscopy and immunofluorescence staining, detecting DNA fibers with specific dyes, such as DAPI, Hoechst, SYTOX, PicoGreen or TOPRO (49, 178, 179). ETs are generated from human peripheral blood monocytes (180, 181), human primary macrophages (182), human primary microglia and BV2 microglia (183), human placental macrophages (184), RAW 264.7 murine and U937 human monocyte-macrophage cells (50), THP-1 macrophage-like cells (184, 185), human glomerular macrophages (186), mouse J774A.1 macrophage-like cells (187), bovine (178, 179, 188) and caprine (189) monocytes. ETs in these cell types are composed of nuclear origin DNA fibers with MPO, citrullinated histone H3, elastase, MMP9, MMP12 and lysozyme (142, 180, 182, 187, 190). Besnoitia besnoiti is a cyst-forming apicomplexan protozoan parasite that causes bovine besnoitiosis which is traditionally endemic in Africa and Asia and also spreads in Europe. METs were detected when bovine or other mammalian species were exposed to pathogens tachyzoites of Besnoitia besnoiti (188). A highly pathogenic coccidian parasite Eimeria ninakohlyakimovae causes severe hemorrhagic typhlocolitis and in vitro exposure of caprine monocytes to sporozoites, sporocysts or oocysts could also induce MoETs (189). Non-infected monocytes derived from human peripheral blood can also form ETs.

Similar to the induction of NETosis, ET formation in monocytes can be triggered by PMA, A23187, PAF, or zymosan (180), (Figure 4). MoETs contained MPO, lactoferrin, citrullinated histone H3, and elastase. The mitochondrial and nuclear origin of DNAs was confirmed with PCR and immunofluorescence staining of ETs. Although blockade of Nox activity in monocytes could inhibit MoETosis, this process was not affected upon treatment with MPO inhibitor 4-aminobenzoic acid hydrazide (ABAH), indicating that MoETosis is ROS-dependent, but MPO-independent in this experimental condition (180). In another study, exposure of macrophages to the yeast and bacteria-induced MET formation in J774A.1 mouse macrophages or primary mouse peritoneal macrophages, such an effect was not observed upon treatment with PMA, H2O2 and IFNγ, indicating an alternative way of ROS-independent METosis (187), (Figure 5). However, others contrarily showed that the proinflammatory substances stimulate ROS, which subsequently induces the formation of METs (178, 182). Heme is one of the strong inducers of ROS production in immune cells (191). Elevated heme production and METs were frequently detected in patients with liver and kidney ischemic injury. In mice challenged with rhabdomyolysis-induced kidney injury, heme-activated platelets could induce METosis by increasing ROS production and histone citrullination (185). A follow-up study showed that hemin interacts with platelet-resident C-type lectin-like receptor 2 (CLEC-2) and Glycoprotein VI (GPVI), thereby inducing platelet activation and consequent MET formation (192, 193). Hemin interaction with platelets could enhance the enzymatic activity of Syk kinase and phospholipase Cγ (PLCγ). This concept was proved by using knockout mice with CLEC-2 or FcRγ deficiency in which attenuated renal dysfunction, tubular injury, and reduced METosis were observed, highlighting an important role of platelet (hem)ITAM-signaling in METosis (193). In atherothrombotic plaques isolated from patients with coronary thrombosis, both METs and NETs were detected. METs were more robust in intact lipid plaques and associated thrombi. Although NETs were also detected at the early step of thrombosis, METs were observed at the advanced stage in the organized thrombi (142). METs can generate thrombin and increase procoagulant activity, implying an important thrombogenic function (180).




Figure 4 | Pathophysiological functions of monocyte extracellular traps (MoETs). During inflammation, ETs can be induced in activated monocytes, which occurs in Nox-dependent manner. Monocyte can release DNA from the nucleus and mitochondria, containing similar ET components such as histone 3, MPO, lactoferrin and elastase. During infectious and inflammatory processes, MoETs entrap pathogens, stimulate phagocytosis and also accelerate the thrombin generation, thereby enhancing procoagulant phenotype. During male genital tract infections and inflammation, spermatozoa induce ET formation in monocytes, which in turn inhibit their motility and reproductive system function. Crystal-induced MoETs have been suggested to contribute to a dysfunction of the intestinal barrier and intestinal epithelial cell necrosis ultimately leading to systemic inflammation.






Figure 5 | Pathophysiological functions of macrophage extracellular traps (METs). Macrophages emit ETs following exposure to the pathogens (yeast, bacteria) and inflammatory mediators (glucose oxidase, dopamine, i.e. IFNγ, IL8, TNFα and HOCl). During organ injury, heme-activated platelets induce METosis by increasing the levels of ROS and histone citrullination. Heme binds to platelet receptors CLEC-2 and GPVI, and activates the (hem)ITAM-signaling pathways, triggered by Syk kinase and PLCγ activation, which ultimately promote METosis. METs are composed of mitochondrial or nuclear DNA and different proteins, amongst them are citrullinated histone 3, MPO, elastase, MMP-9, MMP-12 and lysozyme. Although METs display various bactericidal proteins, exposure to bacterial pathogens such as Mycobacterium massiliense triggers MET release and capture of bacteria, METs can also enhance bacterial growth. METs are also involved in the progression of coronary atherosclerosis and thrombosis as they are abundant components of late or organized thrombi and may contribute to the thrombus growth along with ETs released from other immune cells. Proinflammatory cytokines derived from adipocytes may also induce MET formation, indicating the potential implication of METs in obesity. METs are also found in solid tumors, such as pancreatic neuroendocrine and colon cancer. Tumor cell-derived growth factors and cytokines prime and activate macrophages to release ETs. In their turn, METs interact with cancer cells, further increasing their motile, migratory and invasive potential.



Adipose tissues isolated from obese patients contain a high number of macrophages which are infiltrating around dead adipocytes and forming a macrophage trap-like structure (194, 195). This tissue structure is frequently associated with increased levels of inflammatory cytokines, such as tumor necrosis factor α (TNFα), IL1β, and COX2 (196, 197). Exposure of RAW 264.7 macrophages to TNFα increased the levels of PAD2 and extracellular chromatin scaffold formation, indicating that inflammatory mediators released from adipocytes may stimulate METosis in the mammary fat pad environment. Interestingly, NET-specific PAD4 was absent in METs in the mammary fat pad (198). Macrophage activation is often correlated with a bad prognosis in many cancer types, including breast cancer, implying inflammation, accelerated tumor progression and metastasis (199). Furthermore, adipose tissue inflammation and obesity are also associated with an increased risk of breast cancer recurrence. MET formation may possibly correlate with these pathological signs and the severity of breast cancer. Recently Xu et al., identified several sources of NETs and METs in tumor tissues isolated from patients with pancreatic neuroendocrine cancer (200). The patients with high levels of NETs and METs have a postoperative cancer recurrence (200), indicating that these ETs may generate anti-cancer resistance mechanisms, leading to the cancer relapse.

Recent studies demonstrated METs could enhance in vitro invasion of HCT16 and SW480 colon cancer cells (201). Interestingly, exposure of macrophages to the conditioned cancer cell culture medium induced MET formation in a PAD2-dependent manner, indicating a positive feedback mechanism between MET and colon cancer cells. After PAD2 inhibitor treatment, the reduced MET formation was observed and consequently, the number of liver metastases was also decreased in mice, highlighting the contribution of METs to the tumor metastasis (201). In line with this, increased levels of tumor-associated METs were observed in human colon cancer tissues, predicting the poorest prognosis for colon cancer patients (201). Further studies are required to investigate how METs may induce motility, migration and invasion of colon cancer cells thereby leading to tumor metastasis.

Besides several experimental pieces of evidence showed that METosis has similar features as NETosis (49, 180, 182, 202, 203). Pathogens (bacteria, protozoa, fungi) and also spermatozoa, induce both MoET and NET formations, triggered by IL8-mediated activation of monocyte or neutrophils, respectively (12, 187, 202–204). In line with this, exposure of intestinal cells to the crystals of sevelamer, polystyrene sulfonate or cholestyramine could induce dysfunction of the epithelial cell barrier, associated with MoETosis and NETosis (205). Imbalanced gut microbiota and disrupted epithelial barrier represent an early subclinical phase of colitis-associated cancer (206). It could be interesting to evaluate whether the presence of MoETs or METs in these pathological conditions may represent a prognostic and diagnostic marker, thereby helping an earlier intervention.



Mast Cell Extracellular Traps

Mast cells have limited phagocytic activity compared to other immune cell types, therefore, the anti-microbial and anti-bacterial activity of these cells is mainly ensured by degranulation and release of anti-microbial peptides, such as defensins, proteases and cathelicidins (207, 208). Following exposure to pathogens, mast cells degranulate and release mast cell-extracellular traps (MCETs) in a ROS-dependent manner (209). MCETs are composed of classical components of ETs, such as DNA and histones and had inhibitory effects on bacterial growth. In contrast to other ETs, MCETs contain unique components such as mast-cell granule proteins tryptase and cathelicidin-related anti-microbial peptide (CRAMP/LL-37), (Figure 6). Therefore, effective MCET degradation was possible using the mixture of DNAse I and tryptase-degrading enzymes (209). Interestingly, HIF1α can induce MCET formation thereby enhancing the anti-microbial activity of mast cells (210). During tumor growth, mast cells infiltrate into the growing tumors and remodel the tumor microenvironment by regulating immune and inflammatory reactions. In the melanoma cancer model, HIF1α together with histamine induces mast cell migration by increasing vascular endothelial growth factor (VEGF) production and consequent tumor angiogenesis (211). Tumor-infiltrating mast cells also potentiate tumor cell invasion and metastasis by interacting with cells in the tumor stroma (212–214). However, it is an open question whether mast cells can generate MCETs in response to the tumor microenvironment and how this process may influence cancer progression and metastasis.




Figure 6 | Molecular mechanisms of mast cell extracellular trap (MCET) formation and potential implication in cancer. Another type of myeloid cells, mast cells also form ETs (MCETs). This response can be induced by the pathogens (bacteria, fungi), PMA, H2O2, cytokines and chemokines and occurs in a ROS-dependent manner. Although MCETs contain DNA and histones (orange), these ETs also entail granule derived tryptase (green) and anti-microbial peptide CRAMP/LL-37 (grey). Potentially, MCETs could play a role in cancer, as mast cells infiltrate the tumor microenvironment and promote invasion and metastasis of tumors. Furthermore, enhanced histamine levels activate and increase mast cell HIF1α and VEGF activity, contributing to tumor angiogenesis. HIF1α has been reported to enhance MCET formation in response to appropriate stimuli. In line with this assumption, hypoxic conditions in the tumor microenvironment could increase HIF1α levels in mast cells, thereby contributing to the mast cell activation and MCET formation and possibly contributing to the tumor progression and metastasis.





Basophil Extracellular Traps

Basophils are associated with inflammation, infection, immune defense and allergic response. Human basophils synthesize several proinflammatory and proangiogenic factors such as VEGF, angiopoietin and cysteinyl leukotriene C (215). Basophils also release histamine and produce IL4 and IL13 when cocultured with A549 lung carcinoma cells (216). Basophils produce ROS and form ETs upon IL3 priming and activation of complement factor 5a receptor or FcγRI (217). Although basophil extracellular traps (BaETs) contain mitochondrial DNA but not nuclear DNA, ET formation in basophils occurs in a Nox-independent manner (218), (Figure 7). Basophils are present in the tumor microenvironment of human pancreatic and lung cancers and can induce inflammation-related skin tumor growth (219). Lung-resident basophils contribute to pulmonary development and promote M2 polarization of local macrophages (220). Besides their protumor functions, basophils located in melanoma cancer elicit anti-tumor properties by promoting tumor rejection via chemotaxis and infiltration of CD8+ T cells (221). Although these studies linked basophils to cancer development, the molecular mechanisms of BaET formation in cancer tissues and the consequent impact on tumor cell function have not been elucidated.




Figure 7 | Basophil extracellular traps (BaETs). Basophils synthesize several proinflammatory and proangiogenic factors such as VEGF, angiopoietin and cysteinyl leukotriene C. Basophils also produce inflammatory cytokines, such as IL3 and IL4 upon activation with cancer cells. Following activation with complement factor 5a receptor or FcγRI basophils release ROS and form ETs, which are composed of mitochondrial DNA and generated in a Nox-independent manner. Besides inflammation, basophils regulate T cell recruitment and anti-tumor immunity. Future studies are required to address the role of BaETs in several steps of tumor progression, including primary tumor growth, angiogenesis and tumor metastasis.





T Cell Extracellular Traps

Th17 cells belong to the CD4+ T-cell subset characterized by the production of IL17 and are considered an important mediator of inflammation, tissue homeostasis and cancer development (222, 223). Depending on their sensitivity to the microenvironmental stimuli, including cytokines and transcription factors, Th17 cells either enhance tumor growth and metastasis or promote anti-tumor immunity (224, 225). Like neutrophils, Th17 cells also play an important role in host defense against bacteria and pathogens (226). Recently, T cell extracellular trap (TCET) formation was observed, which was induced in this subset of activated T cells, releasing histone-rich TCETs in conjunction with anti-microbial proteins, thus trapping and killing bacteria (227), (Figure 8). When peripheral blood T cells were isolated from healthy individuals and stimulated with the serum of patients with systemic lupus erythematosus, ET formation was observed (228), as well as after stimulation with anti-CD3/ anti-CD28 of CD8+ cells (229). Future studies are important to evaluate whether T cells can also form TCETs in response to tumor cells and tumor microenvironment and how TCETs may influence tumor growth, progression and tumor immunity.




Figure 8 | T and B cell extracellular traps (TCETs and BCETs). Under certain experimental and pathophysiological conditions, ie stimulation with ionomycin or systemic lupus erythematosus patient serum, T cells can release ETs. A similar phenomenon was observed in CD8+ cells following the stimulation with anti-CD3/anti-CD28 antibodies, engaging T cell receptors. In presence of TGFβ and IL6, the naïve CD4+ T cells differentiate to the IL17 producing T cells (Th17 cells), which are associated with chronic inflammation and autoimmune diseases. In response to bacterial infection, this T cell population releases ETs, which are composed of DNA, histones and bactericidal proteins, leading to the entrapment of bacteria. Depending on the pathophysiological conditions Th17 cells can either promote or attenuate tumor development and metastasis. Further studies are required to understand whether cancer cells and tumor microenvironment may induce TET formation, which in turn can modulate tumor growth, metastasis and cancer immunity. B cells can release extracellular traps upon stimulation with PMA and ionomycin. BCETs were also observed after treatment with serum isolated from a systemic lupus erythematosus patient, indicating that soluble factors in the serum induce the DNA release and possibly BCETs could be involved in the pathogenesis of the disease. BCETs may serve as self-antigens that are recognized by other B cells, followed by autoantibody production and disease progression. Their role in cancer remains elusive.





B Cell Extracellular Traps

Only very limited results showed that B cells can also release extracellular traps (BCETs), (Figure 8). Similar to TCETs, B cells were stimulated with the serum from patients with systemic lupus erythematosus and BCET formation was detected (228). It was hypothesized that BCETs could be a constant source of self-antigens for autoreactive B cells stimulating the production of antibodies (230).



Other Sources of Extracellular DNA


Endothelial Cell-Derived Extracellular DNA

DNA structures extruded from endothelial cells were observed during arterio-arterial embolization, a pathological condition occurring following cholesterol crystal-induced embolism in the kidney (231). Cholesterol crystal embolism is mobilized from an atherosclerotic plaque, followed by vessel obstruction, ischemia and organ failure (232). Studies by Shi et al., showed that injection of cholesterol crystals into the artery of the mouse kidney generates a thromboinflammatory environment with the presence of intravascular thrombi, composed of platelets, fibrin, neutrophils and extracellular DNA (231). Using in vitro cell culture experiments, exposure of neutrophils to cholesterol crystals or the supernatant of cholesterol crystal-activated platelets induced neutrophil necrosis and the release of chromatin and DNA to the cell culture supernatant (231). Interestingly, exposure to increasing doses of cholesterol crystals also induced necrosis of glomerular endothelial cells and consequent DNA release (231).

The vasculature of metastatic organs is frequently damaged and metastases can induce cell death (233). Necroptic cell death and subsequent DNA release occur in endothelial cells, involving RIPK1, RIPK3 and MLKL cell death signaling pathways. Tumor cell-induced endothelial necroptosis was shown as an important mediator of tumor cell extravasation and subsequent tumor metastasis (234). Further experiments need to be performed whether under certain conditions endothelial cells may also undergo ETosis.



Platelet-Derived Extracellular DNA

Platelets lack nuclear DNA and the amount of mitochondrial DNA is very limited, due to the few numbers of mitochondria per platelet (235). Theoretically, accumulated platelets at the injury sites may release mitochondrial DNA upon platelet activation (236, 237). This extracellular DNA may be contributed to immune cell-derived ETs, and further amplify cancer-associated thrombosis, thromboinflammation and tumor progression. Further studies are important to establish the role of platelet-derived ETs in these processes.



Cardiomyocyte-Derived Extracellular DNA

Cancer is associated with cachexia, vascular and metabolic dysregulation of the heart (238, 239). Cardiomyocytes possibly are a major source of extracellular DNA in patients with myocardial infarction (240, 241). Microvesicles and exosomes released from cardiomyocytes also contain extracellular DNA (242). Due to the limited experimental evidence, further studies are necessary to investigate the role of cardiomyocyte-derived extracellular DNA, analyze metabolic and DNA contents in patients with cancer and establish the contribution of ETs in myocardial infarction and cancer-associated heart dysfunction.



Tumor Cell-Derived Extracellular DNA and Horizontal Transfer of DNA

The blood plasma levels of extracellular DNAs are increased in human patients with breast, melanoma, pancreatic and colon cancers, which are directly extruded by cancer cells (4, 10, 243). Circulating extracellular DNA can interact with several molecules, exposed on the surface of blood cells, leading to the penetration of DNA (244, 245). Histones and complement factors directly bind and capture DNA (246–248). DNA can also be transferred to the exosomes and microparticles and secreted to the circulation. Indeed, circulating microvesicles isolated from the blood cancer patients contain fragments of mutated genes, such as phosphatase and tensin homolog (PTEN), p53 and KRAS (249–251). Cai and colleagues found that BCR/ABL hybrid genes can be transferred from chronic myeloid leukemia cells to the HEK293 and neutrophils, increasing DNA coding mRNA and protein levels (252). Similar results were observed with vascular smooth muscle cells and leukocyte-derived extracellular vesicles delivering the angiotensin receptor type 1 (AT1R) gene DNA to HEK293 cells and sex-determining region Y (SRY) DNA into the endothelial cells (253, 254).



Endogenous DNAse

DNAse enzymes are divided into two major families, DNAse I and DNAse II. Although DNAse I is found in exocrine gland secretions and blood, DNAse II derives from lysosomes/phagolysosomes (255). Regarding the sources of circulating DNA, it was assumed that tumor cells in cancer patients shed and release DNA into the bloodstream and this correlated with the pathogenesis of the disease (5, 256). In line with this, DNAse I levels in cancer patients are elevated during remission, and after successful interventions and decreased during cancer progression and metastasis. Furthermore, failure of DNAse levels to increase in response to treatment was correlated with poor prognosis (257, 258). However, DNAse activity in the blood was found to differ between healthy subjects and cancer patients and also varies between cancer types and stages of cancer (257–261). Indeed, decreased DNAse activity was found in patients with malignant lymphoma, gastrointestinal and prostate cancer (260, 262, 263), while the levels of DNAse activity were higher in breast cancer patients compared to the control (264). The physiological relevance of DNAse function in NETosis was proved in knockout mouse models. Mice with DNAse I and DNAse I like-3 enzyme deficiencies developed NETosis with intravascular clots and obstructed blood vessels which resulted in tissue damages of vital organs, such as the lung, liver and kidney (265). In humans, genetic mutations of DNAse are associated with autoimmune diseases such as systemic lupus erythematosus (266). DNAse X/Apo10 antibodies were found in patients with oral squamous cell carcinoma, indicating gene inactivation of DNA X in this type of tumor (267). A therapeutic strategy based on the delivery of transgenic vectors expressing DNAses was proposed to target DNA destruction or apoptosis. In 2011, Karli Rosner suggested an anti-cancer therapeutic approach based on human recombinant DNAse I. According to his approach, the replacement of apoptosis-activated endogenous DNAses with human recombinant DNAse I might help to bypass cancer defense mechanisms, increasing the killing efficiency of chemo and radiotherapy-resistant tumor cells (268). Since the inactivation of endogenous DNAse X gene was found in many tumor cells types, the strategies to restore the levels of DNAse X in cancer cells could be an important targeted therapy (267, 269). Delivery of vectors encoding several DNAses under one common promoter into the cancer cells could successfully induce apoptosis (268, 269).

Based on these findings, gene therapy was developed in a mouse model of colorectal cancer in which an adeno-associated virus (AAV) vector was used to express DNAse I in the liver, thereby suppressing the development of hepatic metastases. After AAV-DNAse I treatment, NETosis was inhibited in the tumor tissues with restored local immune responses by increasing the percentage of CD8+ T cells (270).



Exogenous DNAse I

Recombinant DNAse I has been successfully used as an anti-cancer agent and studied as a prognostic/diagnostic marker during cancer therapy. In 1961, de Lamirande determined the effect of DNAse and RNAse in mice bearing Ehrlich ascites carcinoma for the first time (271). After tumor cell implantation, daily injection of DNAse I could increase the survival rate of treated mice, but RNAse treatment did not affect mouse survival. A hypothesis was proposed, which included the uptake of DNAse into cancer cells, followed by necrosis and digestion of nuclear DNA (271). In other studies, the daily injection of RNAse and DNAse alone or in combination could enhance nuclease activity of blood plasma of tumor-bearing mice, and decrease the levels of extracellular DNA, back to the levels of control animals. Degradation of DNAs in the blood plasma was associated with reduced metastasis of LLC and hepatoma A–1 (HA-1) cancer cells (272–274). In the model of LLC, exogenous DNAse treatment not only inhibited metastasis but also increased DNAse activity in the blood, destroying extracellular DNA in the circulation of tumor-bearing mice by targeting tumor-associated DNA fragments such as short and long interspersed retrotransposable elements (SINEs and LINEs) and also oncogenic sequences (274, 275). Furthermore, daily intramuscular injection of bovine pancreatic DNAse I in LLC tumor model could also strongly decrease metastasis (276). In mouse models of melanoma, lymphosarcoma or pancreatic cancer, DNAse I treatment had also strong anti-tumor and anti-metastatic effects by destroying extracellular DNA (275, 277, 278). Bovine pancreatic DNAse also displayed anti-metastatic effects inhibiting the number of lymph nodes and lung metastasis in mouse models of leukemia and lymphoma cancers. Although bovine pancreatic DNAse I could inhibit the proliferation of several cancer cell types (Calu-1, SK-MES-1, HeLa, HEp-2 and L-929), it did not affect the peripheral blood mononuclear cells and fibroblasts (279). Combined treatment of DNAse I with proteases such as papain, trypsin or chymotrypsin led to a significant decrease of DNA content in the blood serum of rats, and no anti-tumor effects were observed in mice treated with proteases alone (280).

Pancreatic cancers belong to the group of diseases which affect both the endocrine and exocrine functions of the pancreas (281). The tumor microenvironment is instrumental in pancreatic tumor growth and metastasis. Although some mechanisms reflect tumor cell-autonomous processes, most require the interaction of tumor cells with tumor microenvironment, including endothelial cells, fibroblasts, and immune cells (282). In addition, chronic inflammation, thromboembolism and hypercoagulability are known as key features of PDAC (283, 284). Interestingly, DNAse I treatment of pancreatic cancer cells could strongly decrease tumor cell adhesion and migration, although tumor cell proliferation was not affected. In the orthotopic pancreatic cancer model, DNAse I treatment also strongly inhibited tumor burden and tumor metastasis to the liver and diaphragm, confirming the important pathological role of extracellular DNA in pancreatic cancer. Elevated CXCL8 secretion was detected in the medium of pancreatic cancer cell lines derived from liver metastases, in comparison with immortalized pancreatic ductal epithelial cells. Furthermore, the treatment of pancreatic cancer cells with recombinant CXCL8 could strongly increase extracellular DNA production (285). CXCL8 also induces ET formation in neutrophils, thereby enhancing cancer malignancy (14, 44, 96). DNAse I treatment strongly reduces ETs, and also the percentage of polymorphonuclear neutrophils that released observable ETs (286). Pancreatic tumor-bearing mice had also increased levels of NETs, and more rapid thrombotic occlusion in the injury model of jugular vein. DNAse I did not affect thrombotic occlusion in control mice, but protected tumor-bearing mice from enhanced venous thrombosis (287). These results suggest that enhanced NETosis contributes to thrombosis in pancreatic cancer.

Interestingly, DNAse I can also inhibit thrombosis independently of neutrophils. In the mouse model of cholesterol crystal embolism, in vivo depletion of circulating neutrophils in the peripheral blood did not influence the severity of disease, but DNAse I treatment significantly inhibited the numbers of obstructed vessels, decreased ischemic organ failure and kidney infarction. Preincubation of washed platelets with DNAse I inhibited platelet activation, P-selectin exposure, aggregation response to collagen, collagen-related peptide or thrombin. In addition, DNAse I-treated platelets formed less fibrin. DNAse I treatment also reduces the levels of secreted adenosine triphosphate (ATP) in human and mouse platelets, which strongly inhibits platelet aggregation, and ATP-dependent neutrophil activation (231, 288). Earlier, it was proposed that neutrophils are required for thrombosis in the laser-induced arterial injury model (289). Although DNAse I treatment induced the hydrolysis of ATP and adenosine diphosphate (ADP), decreasing fibrin formation and inhibiting thrombosis, scanning electron microscopy did not reveal classical NET structure in this thrombosis model (288).

Polyphosphate (polyP) is synthesized enzymatically from ATP and this metabolic conversion is fully reversible. PolyP is stored in dense granules of platelets, and secreted upon platelet activation. Extracellular polyP accelerates the coagulation cascade by factor V activation, promotes factor XI activation through thrombin and blocks the anti-coagulant activity of tissue factor inhibitor (TFI), thereby enhancing blood clotting (290). Interestingly, DNAse I could decrease ATP and polyP levels in vitro (231, 288, 291), indicating that DNAse I may inhibit ATP metabolism, or enhance ATP degradation or conversion of ATP to adenosine monophosphate (AMP). Altogether, these results suggest that the anti-thrombotic effects of DNAse I treatment in platelets may occur in an ATP/polyP-dependent manner.

Several experimental studies using cancer and thrombosis mouse models suggested that targeting extracellular DNA with DNAse I may offer a potential anti-cancer and anti-thrombotic strategy (278, 280, 292). However, only limited clinical studies with DNAse I treatment have been reported so far. In patients with cystic fibrosis, nebulized recombinant human DNAse treatment could reduce sputum viscosity and improve pulmonary function (293, 294). Therefore, recombinant human DNAse treatment is recommended in patients with cystic fibrosis and also in patients with other moderate or severe suppurative lung diseases. Further investigation is necessary whether DNAse I treatment may be effective in cancer or cancer-associated thromboinflammation.




Other Pharmacological Approaches


Aspirin

Aberrant arachidonic acid metabolism is involved in the inflammatory and carcinogenic processes (295). Aspirin (acetylsalicylic acid) irreversibly acetylates and thus inhibits the enzymatic activity COXs, thereby blocking the conversion of arachidonic acid to thromboxane A2 (TxA2) (296). In mouse models, aspirin treatment prevents NET-induced injury of the lung endothelium by inhibiting platelet activation and NETosis (297). A higher bacteria count in the blood was detected in aspirin-treated mice after infection, indicating that aspirin may interfere with NET functionality. However, this action of aspirin may be independent of platelet-resident COX activity, since aspirin-treated neutrophils had impaired NETosis (297, 298).



Prostaglandin E2

Prostaglandin E2 (PGE2) is a prostanoid fatty acid metabolic product of arachidonic acid. PGE2 inhibits PMA-induced NETosis through prostanoid receptors of EP2 and EP4 (299). Studies by Domingo-Gonzalez et al., showed that murine bone marrow transplant neutrophils which overexpress COX2 induce defective bacteria clearance (300). When these neutrophils were stimulated with PMA or rapamycin, NETosis was strongly reduced compared to control. After bone marrow transfer, NET formation was rescued using COX inhibitors. The same effect was achieved via EP2 receptor antagonist (PF-04418948) or EP4 antagonist (AE3-208) in neutrophils from bone marrow transplant mice and hematopoietic stem cell transplant patients (300).

In mice and healthy donors, NETosis was also inhibited by exogenously injected PGE2 which was dependent on the cAMP-PKA pathway (299, 300). Consistently, incubation of neutrophils with cAMP analog dibutyryl-cAMP, rolipram or butaprost could also inhibit NETosis (299).



Chloroquine

Chloroquine and hydroxychloroquine are anti-malarial drugs, which appeared as promising treatments also for cancer (301). Chloroquine inhibits autophagy in different cell types including neutrophils (127). Several groups have shown that autophagy promotes NETosis (62, 118, 302–304). However, studies using pharmacological inhibitors of autophagosome acidification and neutrophil- and eosinophil-autophagy‐related 5 (ATG5) conditional knock-out mice could not confirm these results (146). Chloroquine treatment reduces the severity of acute pancreatitis in mice, thereby improving survival (305). In cell culture assays, chloroquine could not diminish NETosis, indicating an indirect mechanism (306). Hydroxychloroquine is also known as an anti-inflammatory drug, which can block TLR/COX2 pathway-dependent NET formation and consequent metastasis in hepatocellular carcinoma (2, 107, 307). In the mouse model of PDAC, chloroquine treatment reversed hypercoagulability by reducing NET-mediated platelet aggregation and the release of circulating TF. Patients treated with hydroxychloroquine on a randomized protocol of preoperative chemotherapy showed a reduction in pre-operative VTE rate (127). Although several clinical trials showed the benefits of chloroquine as an anti-tumor drug (308), the precise molecular mechanisms of chloroquine-mediated effects has not been established. It was proposed that chloroquine may influence autophagy (309). Chloroquine in combination with other chemotherapeutic drugs could increase the efficiency of drug treatment, although it can accelerate chemotherapy-associated organ injury (301). Therefore, it is important to further investigate the effects of chloroquine on cancer-induced NETosis, thromboinflammation and organ injury.



Staphylokinase

Bacterial infection of host tissues activates neutrophils and induces NET formation, thereby activating the innate immune system, including macrophage phagocytosis. Interestingly, Staphylococcus aureus can escape from NETs, thus converting NETs to deoxyadenosine, thereby inducing immune cell death by caspase-3-mediated mechanism. Staphylococcus aureus can secret nuclease and adenosine synthase which modifies the structure of NETs, thereby destroying the NET-mediated immune defense system (310). Staphylococcus aureus also produces a plasminogen activator staphylokinase, which is a fibrin-specific thrombolytic biomolecule (311). Staphylokinase was proposed for the therapy of stroke and myocardial infarction. However, it has a short life-time in the blood, which limits the clinical application. Strategies based on the PEGylation (attachment of polyethylene glycol) may prolong the half-life time of staphylokinase, thereby improving its bioactivity in disease conditions (312).



Peptidyl Arginine Deiminase Inhibitors

Cl-amidine and F-amidine target all peptidyl arginine deiminase (PAD) isoforms were actively applied in many preclinical models to study NETosis. Various tumors are associated with the overexpression of PAD and increased citrullination. In 1958, Rogers and Simmonds were the first to describe protein citrullination in an animal protein as the process of converting peptidyl arginine into peptidyl citrulline. Since citrulline cannot be encoded in vivo, it only occurs after translation (313). Peptidyl arginine deiminases (PADs, also called PADIs) are an enzyme family which can convert protein arginine residues to citrulline in a Ca2+-dependent manner. This enzyme family comprises 5 isoforms (including PAD1, 2, 3, 4 and 6) which are highly conserved, have tissue-specific distribution and target substrates respectively (314).

PAD2-mediated histone citrullination is proposed as a potential therapeutic target for prostate and colon cancer (201, 315). PAD2 also regulates genes expression related to lactation through histone citrullination (316). The gonadotropin-releasing hormone (GnRH) agonist can stimulate PAD2-mediated histone H3 citrullination which epigenetically regulates the expression of gonadotropin genes such as luteinizing hormone β (LHβ) and follicle-stimulating hormone β (FSHβ) in gonadotropes (317). Recent studies have identified that PAD2 inhibition can reduce inflammatory cytokine production and NET formation in endotoxemia (318). PAD4-mediated citrullination promotes chromatin decondensation and DNA fragmentation, thereby affecting chromatin structure. PAD4 is critical for NET-mediated anti-microbial function (319). Furthermore, PAD4 can also regulate the transcriptional activity of p53 in tumor progression (320). Additionally, PAD4 promotes the metastasis of gastric tumors by regulating the expression of CXCR2, keratin K14 (KRT14) and TNFβ, which can accelerate angiogenesis, cell proliferation, migration and tumor immune microenvironment establishment (321). Inhibition of PAD4-mediated NETosis was also possible using an antagonist miR-155, which inhibits PAD4 mRNA synthesis and NET formation in response to PMA (322). In the experimental model of systemic lupus erythematosus, Cl-amidine treatment strongly inhibits NET-induced vascular damages, endothelial dysfunction and kidney injury. Inhibition of PAD4 also strongly decreased the expression of IFNγ, reduced proteinuria and immune complex attachment to the kidney tissues and in addition, protected from skin disease (323). Interestingly, PAD4-deficient mice had accelerated diabetic wound healing compared to wild-type mice (324). Although these irreversible inhibitors inactivate Ca2+-bound PAD4, they lack specificity and also interact with other isoforms of the PAD-family. Lewis et al., generated two reversible inhibitors GSK199 and GSK484 which are highly specific for PAD4 and can inhibit NETosis in murine and human neutrophils (325). Removal of NETs with DNAse I or pharmacological inhibition of PAD4 with GSK484 inhibitor prevent cancer-associated kidney injury in mice (326). However, in recent studies, GSK484 also enhanced irradiation-induced damages in triple-negative breast cancer cells, which subsequently had inhibitory effects on cell proliferation, migration and invasion (327). In mouse models of sepsis, deficiency of PAD4 or DNAse I treatment strongly reduced intravascular thrombin activity, inhibited platelet aggregation and improved microvascular perfusion (328). Patients with acute thrombotic microangiopathies displayed low plasma levels of DNAse I compared to the healthy subjects (329). In mouse models of HIT, genetic deficiency or GSK484-mediated inhibition of PAD4 abolishes thrombus formation (135). In vitro, DNAse I/GSK484 strongly inhibited the epithelial-mesenchymal transition-promoting ability of NETs in gastric cell cultures (87), indicating multiple effects of exogenous DNAse I in cancer.

Other effects may also result from PAD-mediated inhibition of ET formation. PAD1 and PAD3 target keratin K1, filaggrin and myelin, thus playing a specific role in epidermis differentiation (330). PAD enzymes are also positively associated with diffuse inflammation in the brain (331). In macrophages, PAD2 becomes activated due to increased levels of Ca2+ and can induce apoptosis by citrullinating vimentin (332). PAD2 citrullinates many proteins such as actin and vimentin in dendritic cells and dendritic cell-derived osteoclasts and in brain tissues (333, 334). Furthermore, overexpression of PAD2 in T cell line was shown to induce vimentin citrullination and apoptosis (335). Recently, PAD3 was found to be necessary for apoptosis-inducing factor (AIF)-mediated apoptosis in human neural stem cells (336). In comparison to other PAD family members, PAD4 has more catalytic substrates. PAD4 is involved in cell apoptosis and differentiation and deiminates nonhistone proteins such as p300, nucleophosmin (NPM1), an inhibitor of growth protein 4 (ING4) and Lamin C, which are involved in cell apoptosis or DNA damage (337). Moreover, PAD4-mediated citrullination participates in the regulation of human 40S ribosomal protein S2 (RPS2) and ribosome assembly (338). PAD4 targets collagen and decreases the adhesion of synovial fibroblasts and mesenchymal stem cells (339). DNA methyltransferase DNMT3A can be citrullinated by PAD4, which provides a novel mechanism for controlling de novo DNA methylation (340).



Cyclosporine A

Cyclosporine A suppresses immunocompetent T cells reversibly and is applied for the treatment of autoimmune diseases such as rheumatoid arthritis, and further viral, fungal and parasitical infections (341). Cyclosporine A binds to cyclophilin, thereby downregulating the nuclear factor of activated T cells (NFAT) signaling, thus further inhibiting the calcineurin pathway (342). Efficient induction of NETosis requires cytoplasmic Ca2+ increase, linking the cyclosporine A-induced calcineurin pathway to NETosis. IL8-induced NETosis is reduced by combining treatment of ascomycin and cyclosporine A (343), suggesting a possibility to develop a therapeutic approach of NETosis.



Heparin

Heparin is an anti-coagulant, extensively used in different therapies for the prevention of blood clotting during heart surgery, kidney dialysis, as well as for the treatment of VTE, heart attacks and angina (344). Heparin also inhibits many hallmarks of cancer, such as cancer cell survival, angiogenesis and migration (345). Moreover, heparin treatment can induce HIT, which is a life-threatening process, based on a severe immune reaction to heparin, characterized by thrombocytopenia and severe thrombosis. In patients with HIT, antibodies are produced against heparin-platelet factor 4 (PF4) complexes. Interestingly, this immune complex can directly activate neutrophils and enhance NET formation, which is sufficient for the development of thrombosis (135). PF4 binds to NETs, which renders NETs more compact. The complex then binds HIT antibodies, thereby protecting NETs from DNAse degradation (346). In the mouse model of HIT, inhibition of NET formation through PAD4 inactivation can reduce venous thrombus formation but not thrombocytopenia (346), suggesting that other alternative molecular mechanisms are involved in this process. HIT-induced NETosis is further enhanced by ROS production and NE. Interestingly, heparin derivatives, such as low molecular weight heparin, fondaparinux and heparan sulfate cannot induce profound NETosis (347). Altogether these results suggest that heparin induces neutrophil activation and NETosis contributes to venous thrombosis in HIT, which is triggered by PF4-NET-HIT antibody complexes.

The effects of unfractionated heparin, low-molecular-weight heparin (LMWH), e.g., parnaparin and non-anti-coagulant heparin were studied in histone-induced diseases. Heparin was able to protect mice and rats from organ and tissue damage, as well as death by antagonizing histones in the blood (348–351). In a mouse model of sepsis, heparin pretreatment could significantly decrease the level of NETs in serum and lung tissues (352). NET formation promotes cancer cell migration, invasion and angiogenesis, which were inhibited by heparin or other histone-binding agents (16). NETs also contributed to a variety of cancer or cancer-associated thrombosis (97). LMWH is currently the preferred treatment for prophylaxis and cancer-associated thrombosis (353). However, more experimental evidence is necessary to understand the effects of heparin in NET formation of cancer patients. Heparin derivatives may be a promising tool to cure diseases with high levels of plasma histones, thereby potentially inhibiting NETosis without dramatic changes in hemostasis.



Metformin

Metformin was originally used in diabetic patients to normalize blood glucose levels. The anti-diabetic effects of metformin are due to the inhibition of hepatic gluconeogenesis, which is possibly associated with an insulin-mediated increase in glucose uptake in skeletal muscle cells (354). Metformin acts by inducing adenosine monophosphate-activated kinase (AMPK), an enzyme regulating energy metabolism through activation of glucose or oxidation of fatty acids (355). High glucose and hyperglycemia increase the release of NETs and circulating markers of NETosis, respectively (356). Although metformin inhibited NETosis in vitro by reducing proteinase-3, histones and extracellular DNA, it did not affect insulin synthesis. In neutrophils, metformin prevented membrane translocation of PKCβII and activation of Nox, thereby decreasing NETosis in response to PMA and Ca2+. In line with this, metformin also decreased NET components in the plasma of patients with type 2 diabetes before and after treatment with insulin or dapagliflozin (357).

Circulating neutrophil levels are often increased in patients with a polycystic ovarian syndrome which is associated with an increased risk to develop ovarian cancer (358–360). Ibanez et al., reported that metformin can reduce neutrophil count in polycystic ovarian disease (360). These studies support the idea that metformin can prevent the increased neutrophil levels and NETosis that are associated with aggressive forms of ovarian cancer.

NET-independent mechanisms of metformin have also been observed. Metformin could impair tumor growth when administered during fasting-induced hypoglycemia. The anti-tumor effects of metformin were mediated by glycogen synthase kinase 3β (GSK3β) activation and PP2A-B56δ complex formation (361). Metformin inhibited the growth of a variety of breast cancer cells by inducing cell cycle arrest and apoptosis (362). Similar to other cell lines, metformin also induces AMPK activation, reduced the phosphorylation of epidermal growth factor receptor (EGFR), mitogen activated protein kinases (MAPKs) and Src and lowered the levels of cyclins D1 and E in breast cancer cells (362). Metformin also inhibits signal transducer and activator of transcription 3 (STAT3) activation and thereby reduced cell proliferation (363). Furthermore, metformin also activates p53 by activating AMPK, ultimately stopping the cell cycle (357, 364).

Metformin inhibits the proliferation of breast cancer cells with aberrant expression of human epidermal growth factor receptor 2 (HER2). Translational suppression of HER2 expression was observed after metformin treatment and this effect was triggered by the inhibition of the mTOR-S6K1 signaling pathway (365). Besides breast cancer, metformin can inhibit the proliferation of prostate, endometrial and brain cancer cells. Similar effects induced by metformin, inducing cell cycle arrest and suppressing the mTOR signaling pathway (366–368). In vivo experimental conditions, metformin treatment significantly reduced the primary tumor size of mammary adenocarcinomas and prolonged the lifespan of MMTV–Her2/Neu mice (369). Heterozygote mice of the tumor suppressor gene PTEN develop tumors in different organs, and metformin delayed tumor onset by 25% (370).

Many inhibitory effects of metformin on tumor growth through AMPK and mTOR signalings were confirmed using different mouse models of cancer (371–375). Metformin was also effective in reducing the growth of intestinal polyps in tumor suppressor Apc-mutant mice (376) by reducing mTOR/S6K/S6 signaling in the epithelium of the intestine. Of note, in this intestinal tumorigenesis model, tumor growth was shown to be associated with increased neutrophil infiltration and NETosis (130), raising the possibility that metformin may also inhibit NET-dependent tumor growth.

Although numerous preclinical, clinical and epidemiological studies proposed that metformin treatment inhibits tumor growth compared to other hypoglycemic treatments, it is still an open question whether metformin can be a potential candidate for the treatments of cancers predisposing tumor microenvironment to the release of ETs.



Thrombomodulin/Activated Protein C Complex

Thrombomodulin is an endothelial receptor, playing an important role in vascular homeostasis and regulation of coagulation. Thrombomodulin forms a complex with thrombin, thereby inactivating the coagulant activity of thrombin which activates protein C and thrombin activatable fibrinolysis inhibitor (TAFI) (377). Besides thrombin, thrombomodulin also regulates the inactivation of complement 3b (378). Recombinant thrombomodulin is given to the patients with disseminated intravascular coagulation, thereby protecting them from tissue injury (379). Recombinant thrombomodulin neutralizes damage-associated molecular patterns (DAMPs), including histones and HMGB1, inhibits aberrant activation of the complement system, protecting the endothelium (380). Using in vitro platelet-neutrophil coculture models, Shimomura et al., demonstrated that recombinant thrombomodulin may inhibit LPS-induced NETosis (381). Later, Helms et al. found that treatment of rats with recombinant thrombomodulin during septic shock limits excessive neutrophil activation and rescues a balanced coagulation and immunothrombosis response (382). This promising therapeutic tool would be important to follow in the future using mouse models of cancer.

Activated protein C (APC) is a serine protease with anti-coagulant and anti-inflammatory effector functions. Activation of the blood coagulation cascade by TF induces thrombin generation and the formation of a fibrin network. In addition, thrombin binds to thrombomodulin, and activates protein C in complex with endothelial protein C receptor (EPCR). Zymogen protein C is cleaved by thrombin to generate functionally active APC. After protein cleavage, APC forms a complex with protein S, and inactivates coagulation factors (Va, VIIIa) and as a negative feedback loop, inhibits thrombin generation (383). Therefore, long-term APC treatment could potentially increase the risk of bleeding complications (384). Besides this function, APC binds and activates PAR1 thereby enhancing vascular barrier integrity through sphingosine-1-phosphate receptor 1 (S1P1)-VE-cadherin signaling (385, 386).

The anti-inflammatory effects of APC involve the inhibition of neutrophil activation, NET formation and cell death. APC can effectively inhibit PI3K-PKC-dependent NET formation and this process is strongly dependent on the functional crosstalk between the macrophage-1 antigen (Mac-1), EPCR, and protease-activated receptor 3 (PAR3). APC can cleave PAR3 at a different site than thrombin, thereby inhibiting NET formation. Consequently, antibodies of EPCR, PAR3 and Mac-1 can reverse APC-mediated inhibition of NETosis (387).

Due to the multiple roles of APC in hemostasis and inflammation, it is difficult to predict the positive or negative effects of APC treatment in cancer progression. Increased levels of APC in the blood may limit metastasis by protecting the vascular barrier through VE-cadherin, but it may stimulate the metastatic potential of cancer cells (386). It has been shown that APC signaling enhances cancer cell migration, invasion and angiogenesis and also inhibits apoptosis (386, 388, 389). APC treatment could enhance breast cancer cell invasion in a dose-dependent manner (389). Cancer patients require long-term APC treatment which may induce severe bleeding complications (386), due to the hemostatic effects of APC on thrombin generation and factor Va/VIIIa functions. Although APC has a strong anti-inflammatory potential for the treatment of human patients, it is necessary to test recombinant mutant forms of APC with selective anti-inflammatory function in experimental models of cancer, without affecting thrombin generation and hemostasis.



Diphenyleneiodonium Chloride

Diphenyleneiodonium chloride (DPIC) is a hypoglycemic agent, identified as an inhibitor of NADH/Nox with highly potent anti-microbial activity against Mycobacterium tuberculosis and Staphylococcus aureus (390, 391). However, DPIC can also inhibit nitric oxide synthase (392), xanthine oxidase (393) and NADPH cytochrome P450 oxidoreductase (394), thereby inhibiting ROS production. Furthermore, DPIC inhibits oxidative phosphorylation (OXPHOS) and consequently reduces ATP production, thereby switching energy production to the lactic acid energy system (390). DPIC treatment strongly inhibits mitochondria function, thus leading to metabolic senescence (395). Interestingly, the effects of short-term DPIC treatment on cancer cells were independent of p53. However, long-term treatment showed that p53 expression facilitates a prolonged cell cycle arrest and protects cancer cells from apoptosis, while p53 deficiency could induce apoptosis with poly ADP-ribose polymerase (PARP) cleavage and DNA fragmentation in cancer cells (396). Altogether, these results suggest that DPIC treatment can reduces tumor growth by the inhibition of cancer cell proliferation and activation of the immune system through factors secreted by senescent cancer cells.

DPIC inhibits extracellular DNA release in PMA-stimulated neutrophils, although the degree of DPIC-inhibited NET formation was strongly dependent on the dose of external stimuli (49, 80). In different lung epithelial cells, NET formation is significantly increased by the secretion of CXCL8, IL8 and IL6 and this process was inhibited by DPIC (397). In the model of in vitro cigarette smoke extract-induced NETosis, DPIC treatment also inhibited this process (398). In mice, tobacco smoke increases lung metastasis by sustaining lung inflammation and thereby inducing NETosis which subsequently awake dormant cancer cells (108). Further investigation is necessary to show the effects of DPIC in long-term treated tumors and tumor microenvironment in vivo, focusing on the context of mitochondria dysfunction and senescence, as well as the distribution of NETs in cancer and lung metastasis.



High Mobility Group box-1 Antagonists

High mobility group box-1 (HMGB1) is a nonhistone chromatin-associated protein, and as a nuclear cofactor in transcription regulation, interacting with many transcription factors and histones, supporting gene expression in the cells (399). However, HMGB1 is also secreted into the extracellular milieu, thereby initiating several interactions with receptors on the cell surface or with extruded DNA, triggering various signaling mechanisms and NETosis (399, 400). HMGB1 has a cytokine-like activity, thus regulating immune cell functions, including chemotaxis and immune modulation (401). In monocyte/macrophage-infiltrating disease conditions, HMGB1 facilitates macrophage reprogramming towards a proinflammatory phenotype through TLR4 activation (402). Interestingly, exposure to HMGB1 strongly increases the amount of extracellular DNA and citrullinated histone 3 in wild-type neutrophils, however, this effect was not observed in TLR4-deficient neutrophils (403). In mouse models treated with LPS, HMGB1 antibody treatment could decrease the levels of citrullination of histone 3 (403). Altogether, these results suggest that HMGB1 is a potential target for the development of anti-inflammatory therapies against TLR4-mediated NETosis.

Interestingly, metformin as a potential inhibitor of NETosis directly binds to the C-terminal tail of HMGB1 (357, 404). In the acute liver damage model, HMGB1 was released from damaged liver cells and metformin treatment could inhibit this process, protecting the liver cells (404). In another mouse model, metformin can significantly inhibit HMGB1 secretion and consequently reduce LPS-induced macrophage inflammatory responses, thereby improving the survival of endotoxemic mice (405). Altogether, these results suggest that metformin would be a potential drug to inhibit HMGB1-induced inflammation and NETosis.

Platelets are the major reservoirs of HMGB1, and it is released by activated platelets (400). HMGB1 binds TLR4 receptors on the platelet surface, thereby inducing recruitment of myeloid differentiation primary response 88 (Myd88) and guanylyl cyclase to the plasma membrane, leading to the activation of cGMP-dependent protein kinase I (400, 406). In a mouse model lacking HMGB1 in platelets, decreased thrombosis, lung inflammation and NETosis were observed indicating pleiotropic effects of HMGB1 in thromboinflammation (406).

Cancer cell-derived HMGB1 can modulate platelet-resident TLR4 receptors, thereby increasing platelet-dependent tumor metastasis. Although NETosis was not addressed in this study, blocking HMGB1 function in tumor cells was effective to inhibit tumor metastasis (407). HMGB1 is also expressed in keratinocytes. HMGB1-deficient keratinocytes displayed a marked reduction in NET formation, and subsequently delaying wound healing and promoting tumorigenesis in mice (408). Using anti-HMGB1 antibody treatment, HMGB1-mediated NETosis was strongly inhibited (403). It is tempting to investigate whether HGMB1 may also trigger DNA release from other inflammatory immune cells in proinflammatory tumor microenvironment.



Purinergic P2Y12 Receptor Blockers

Purinergic P2Y12 receptor (P2Y12) blockers (clopidogrel, ticagrelor, cangrelor, prasugrel) are widely used in patients with cerebrovascular, coronary artery, cerebrovascular and peripheral vascular diseases (409). The thienopyridine-derived metabolite irreversibly inhibits the binding of ADP to the receptor P2Y12, resulting in decreased platelet activation and aggregation responses, and reducing inside-out activation of platelet integrin αIIbβ3 integrin (410). Neutrophil-mediated platelet activation was suggested to be dependent on ADP (411, 412), therefore ADP blockers consequently attenuate platelet-neutrophil interactions and NETosis. In a mouse model of cholesterol crystal embolism, extracellular DNA has been exposed from NETs and damaged endothelium and activated platelets from emboli and vascular occlusion, leading to tissue infarction and kidney injury (231). In this model, P2Y12 blockade similarly to the DNAse I treatment strongly inhibited platelet function, consequently inhibiting extracellular DNA release and associated ischemia and organ injury (231).

In ST-elevation myocardial infarction (STEMI), the interaction between platelets and neutrophils results in the secretion of polyP in the presence of thrombin (413). In the infarct-related arteries, platelets release polyP, stimulating neutrophils to form thrombogenic/TF-bearing NETs (414, 415). Although ticagrelor significantly inhibited the NETotic effect of coronary stents in vitro, this did not rely on the P2Y12 receptor. These results indicated that ticagrelor may have pleiotropic effects on NETosis independently of platelets (415). The pancreatic cancer microenvironment is highly rich in tumor-associated neutrophils, platelets and NETs (416). Clopidogrel was shown to inhibit cancer growth and metastasis in PANC02 pancreatic cancer model (417). In the future, it will be important to analyse the effect of P2Y12 blockers on cancer-associated neutrophil activation and NETosis.



Disulfiram

Disulfiram inhibits aldehyde dehydrogenase and is used to treat alcohol dependence (418). Disulfiram is also a potent inhibitor of gasdermin D in mouse and human macrophages and neutrophils (419, 420). Gasdermin D is a pore-forming protein playing a pivotal role in inflammatory cell death (419). In macrophages, inflammasome activation by canonical and or non-canonical pathways induces the cleavage of gasdermin D, which translocates to the plasma membrane thereby forming pores and inducing pyroptosis (421). In neutrophils, cytoplasmic caspase was shown to be directly activated by LPS or gram-negative bacteria independently of TLR4 (422). A recent study by Silva et al., showed that during sepsis caspase-11 activation induces gasdermin D cleavage, resulting in NET formation (420). Besides these mechanisms, gasdermin D cleavage is also generated by NE, which is released from neutrophils upon activation (423). Interestingly, inhibition of gasdermin D with disulfiram abolished NET formation reducing multiple organ dysfunction and sepsis-associated lethality (420). These studies indicate that disulfiram could be an important therapeutic agent to target gasdermin D, thereby preventing organ injury.



Diethylcarbamazine

Diethylcarbamazine (DEC) is a derivate of piperazine, used as an anti-parasitic drug (424). Although at low doses DEC improves cytokine production, a high dose of this drug increases the respiratory burst in neutrophils (425). In vivo, DEC reduces the inflammatory granuloma formation in a bacterial infection model (426). DEC also decreases NET formation of neutrophils isolated from healthy subjects upon in vitro activation with PMA (427). In a follow-up study, DEC in both healthy donors and diabetes mellitus type 2 patients displayed an immunomodulatory effect inhibiting and delaying the tendency toward NET formation by their neutrophils (428). DEC in addition to inhibiting NETosis, also inhibits COX2, NF-kB activation, iNOS, TNFα and IL1β (429), indicating that the effects of DEC can be associated with many immunomodulatory pathways.



Glucuronoxylomannan

Glucuronoxylomannan (GXM), a polysaccharide, represents the main capsular content of the opportunistic yeast Cryptococcus neoformans, which has potent immunosuppressive properties. In a mouse model of rheumatoid arthritis triggered by collagen type II, GXM could improve the disease severity, by downregulating the cytokine and growth factor (TNFα, IL1β, IL6 and TGFβ) levels, thereby inhibiting Th17 cell differentiation and subsequent IL17 secretion (430). Furthermore, Rocha et al., showed that GXM treatment could abolish NET formation, independently of the agonist and stimuli (431). Future studies are required to validate whether GXM could be a potential therapeutic tool in ET-mediated thromboinflammation and cancer triggered by various cell types.



Anti-Citrullinated Antibodies

Anti-citrullinated protein antibodies (ACPAs), produced against citrullinated proteins, are diagnostic and prognostic markers of rheumatoid arthritis (432). Recent studies also provided evidence for circulating autoantibodies against citrullinated tumor-associated proteins in breast cancer patients (433). Anti-citrullinated proteins specifically targeting citrulline at histone 2A and 4 positions were proposed as a direct approach to inhibit murine and human NET formation (434).




Conclusion

Research studies during the last decade provided important progress on better understanding of the pathophysiological role of ETs (Table 1). Neutrophils release ETs in response to proinflammatory stimuli and tumor cell and tumor microenvironment. Cancer-mediated NETosis also induce thrombosis, which leads to multiple organ failure. Dissolution of NET structures by DNAse I may represent benefits, but side-effects of such treatment may also result in secondary immune responses and procoagulant environment triggered by disseminated NET fragments circulating in the body. Increasing experimental and clinical evidence indicates the multiple sources of ETs in different pathological contexts, such as intestinal inflammation, sepsis, thrombosis, autoimmune diseases and diabetes. The proinflammatory and proangiogenic landscape of tumor microenvironment can potentially trigger activatory signaling pathways of ET formation, in different immune cells, including eosinophils, dendritic cells, monocytes, macrophages, basophils and lymphocytes. So far, only limited experimental and clinical evidence is available to link non-neutrophil ETs to the cancer progression and response to the anti-cancer therapies. Therefore, studies evaluating localization of extracellular DNA and traps, including immunohistological detection of colocalized cell-lineage-derived proteins, citrullinated histones, detection of extracellular DNA and traps in serum and blood samples using flow cytometry are of paramount importance. The analysis of citrullinome signature associated with immune response and response to anti-cancer treatments may offer potential diagnostic and prognostic approaches. Understanding the underlying mechanisms of ETosis in cancer and grasping the impact of nucleases, anti-thrombotic, anti-diabetic, anti-malaria and immunosuppressive drugs on ETs may help to interconnect treatment strategies between several disease contexts and propose new therapeutic modalities for the prevention and treatment of cancer.


Table 1  |  Pathophysiological role of ETs in cancer.  





Author contributions

MM and EM-B wrote the manuscript. AP, CH and AB contributed to the writing and drafted the figures. H-JA and TG critically reviewed the manuscript and contributed to the writing. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Bayerisches Landesamt für Gesundheit und Lebensmittelsicherheit (BLGL), project number 15-25, Deutsche Forschungsgemeinschaft, CRC TRR152/P15, AN372/14-4 and AN372/30-1 and Förderprogramm für Forschung und Lehre (FöFoLe), LMU, Munich, Germany. MM, AP and CH were recipients of a fellowship from FöFoLe, 2020-2022, BLGL and CSC (China Scholarship Council), respectively.



References

1. Mandel, P, and Metais, P. Nuclear Acids In Human Blood Plasma. C R Seances Soc Biol Fil (1948) 142(3-4):241–3.

2. Thierry, AR, El Messaoudi, S, Gahan, PB, Anker, P, and Stroun, M. Origins, Structures, and Functions of Circulating DNA in Oncology. Cancer Metastasis Rev (2016) 35(3):347–76. doi: 10.1007/s10555-016-9629-x

3. Leon, SA, Shapiro, B, Sklaroff, DM, and Yaros, MJ. Free DNA in the Serum of Cancer Patients and the Effect of Therapy. Cancer Res (1977) 37(3):646–50.

4. Stroun, M, Anker, P, Lyautey, J, Lederrey, C, and Maurice, PA. Isolation and Characterization of DNA From the Plasma of Cancer Patients. Eur J Cancer Clin Oncol (1987) 23(6):707–12. doi: 10.1016/0277-5379(87)90266-5

5. Bettegowda, C, Sausen, M, Leary, RJ, Kinde, I, Wang, Y, Agrawal, N, et al. Detection of Circulating Tumor DNA in Early- and Late-Stage Human Malignancies. Sci Transl Med (2014) 6(224):224ra24. doi: 10.1158/1538-7445.AM2014-5606

6. Haber, DA, and Velculescu, VE. Blood-Based Analyses of Cancer: Circulating Tumor Cells and Circulating Tumor DNA. Cancer Discov (2014) 4(6):650–61. doi: 10.1158/2159-8290.CD-13-1014

7. Fernandez-Mercado, M, Manterola, L, Larrea, E, Goicoechea, I, Arestin, M, Armesto, M, et al. The Circulating Transcriptome as a Source of non-Invasive Cancer Biomarkers: Concepts and Controversies of non-Coding and Coding RNA in Body Fluids. J Cell Mol Med (2015) 19(10):2307–23. doi: 10.1111/jcmm.12625

8. Zhou, B, Xu, K, Zheng, X, Chen, T, Wang, J, Song, Y, et al. Application of Exosomes as Liquid Biopsy in Clinical Diagnosis. Signal Transduct Target Ther (2020) 5(1):144. doi: 10.1038/s41392-020-00258-9

9. Aucamp, J, Bronkhorst, AJ, Badenhorst, CPS, and Pretorius, PJ. The Diverse Origins of Circulating Cell-Free DNA in the Human Body: A Critical Re-Evaluation of the Literature. Biol Rev Camb Philos Soc (2018) 93(3):1649–83. doi: 10.1111/brv.12413

10. Jahr, S, Hentze, H, Englisch, S, Hardt, D, Fackelmayer, FO, Hesch, RD, et al. DNA Fragments in the Blood Plasma of Cancer Patients: Quantitations and Evidence for Their Origin From Apoptotic and Necrotic Cells. Cancer Res (2001) 61(4):1659–65.

11. Schwarzenbach, H, Hoon, DS, and Pantel, K. Cell-Free Nucleic Acids as Biomarkers in Cancer Patients. Nat Rev Cancer (2011) 11(6):426–37. doi: 10.1038/nrc3066

12. Brinkmann, V, Reichard, U, Goosmann, C, Fauler, B, Uhlemann, Y, Weiss, DS, et al. Neutrophil Extracellular Traps Kill Bacteria. Science (2004) 303(5663):1532–5. doi: 10.1126/science.1092385

13. Papayannopoulos, V. Neutrophil Extracellular Traps in Immunity and Disease. Nat Rev Immunol (2018) 18(2):134–47. doi: 10.1038/nri.2017.105

14. Park, J, Wysocki, RW, Amoozgar, Z, Maiorino, L, Fein, MR, Jorns, J, et al. Cancer Cells Induce Metastasis-Supporting Neutrophil Extracellular DNA Traps. Sci Transl Med (2016) 8(361):361ra138. doi: 10.1126/scitranslmed.aag1711

15. Seo, JD, Gu, JY, Jung, HS, Kim, YJ, and Kim, HK. Contact System Activation and Neutrophil Extracellular Trap Markers: Risk Factors for Portal Vein Thrombosis in Patients With Hepatocellular Carcinoma. Clin Appl Thromb Hemost (2019) 25:1076029618825310. doi: 10.1177/1076029618825310

16. Jung, HS, Gu, J, Kim, JE, Nam, Y, Song, JW, and Kim, HK. Cancer Cell-Induced Neutrophil Extracellular Traps Promote Both Hypercoagulability and Cancer Progression. PloS One (2019) 14(4):e0216055. doi: 10.1371/journal.pone.0216055

17. Li, Y, Yang, Y, Gan, T, Zhou, J, Hu, F, Hao, N, et al. Extracellular RNAs From Lung Cancer Cells Activate Epithelial Cells and Induce Neutrophil Extracellular Traps. Int J Oncol (2019) 55(1):69–80. doi: 10.3892/ijo.2019.4808

18. Yang, L, Liu, Q, Zhang, X, Liu, X, Zhou, B, Chen, J, et al. DNA of Neutrophil Extracellular Traps Promotes Cancer Metastasis via CCDC25. Nature (2020) 583(7814):133–8. doi: 10.1038/s41586-020-2394-6

19. Cools-Lartigue, J, Spicer, J, Najmeh, S, and Ferri, L. Neutrophil Extracellular Traps in Cancer Progression. Cell Mol Life Sci (2014) 71(21):4179–94. doi: 10.1007/s00018-014-1683-3

20. Lee, W, Ko, SY, Mohamed, MS, Kenny, HA, Lengyel, E, and Naora, H. Neutrophils Facilitate Ovarian Cancer Premetastatic Niche Formation in the Omentum. J Exp Med (2019) 216(1):176–94. doi: 10.1084/jem.20181170

21. Daniel, C, Leppkes, M, Munoz, LE, Schley, G, Schett, G, and Herrmann, M. Extracellular DNA Traps in Inflammation, Injury and Healing. Nat Rev Nephrol (2019) 15(9):559–75. doi: 10.1038/s41581-019-0163-2

22. Conceicao-Silva, F, Reis, CSM, De Luca, PM, Leite-Silva, J, Santiago, MA, Morrot, A, et al. The Immune System Throws Its Traps: Cells and Their Extracellular Traps in Disease and Protection. Cells (2021) 10(8):1891. doi: 10.3390/cells10081891

23. Mortaz, E, Alipoor, SD, Adcock, IM, Mumby, S, and Koenderman, L. Update on Neutrophil Function in Severe Inflammation. Front Immunol (2018) 9:2171. doi: 10.3389/fimmu.2018.02171

24. Borregaard, N. Neutrophils, From Marrow to Microbes. Immunity (2010) 33(5):657–70. doi: 10.1016/j.immuni.2010.11.011

25. Haus, E, and Smolensky, MH. Biologic Rhythms in the Immune System. Chronobiol Int (1999) 16(5):581–622. doi: 10.3109/07420529908998730

26. Nathan, C. Neutrophils and Immunity: Challenges and Opportunities. Nat Rev Immunol (2006) 6(3):173–82. doi: 10.1038/nri1785

27. Rabinovitch, M. Professional and non-Professional Phagocytes: An Introduction. Trends Cell Biol (1995) 5(3):85–7. doi: 10.1016/S0962-8924(00)88955-2

28. Cowland, JB, and Borregaard, N. Granulopoiesis and Granules of Human Neutrophils. Immunol Rev (2016) 273(1):11–28. doi: 10.1111/imr.12440

29. Paoliello-Paschoalato, AB, Marchi, LF, de Andrade, MF, Kabeya, LM, Donadi, EA, and Lucisano-Valim, YM. Fcgamma and Complement Receptors and Complement Proteins in Neutrophil Activation in Rheumatoid Arthritis: Contribution to Pathogenesis and Progression and Modulation by Natural Products. Evid Based Complement Alternat Med (2015) 2015:429878. doi: 10.1155/2015/429878

30. Futosi, K, Fodor, S, and Mocsai, A. Neutrophil Cell Surface Receptors and Their Intracellular Signal Transduction Pathways. Int Immunopharmacol (2013) 17(3):638–50. doi: 10.1016/j.intimp.2013.06.034

31. Campbell, MS, Lovell, MA, and Gorbsky, GJ. Stability of Nuclear Segments in Human Neutrophils and Evidence Against a Role for Microfilaments or Microtubules in Their Genesis During Differentiation of HL60 Myelocytes. J Leukoc Biol (1995) 58(6):659–66. doi: 10.1002/jlb.58.6.659

32. Manley, HR, Keightley, MC, and Lieschke, GJ. The Neutrophil Nucleus: An Important Influence on Neutrophil Migration and Function. Front Immunol (2018) 9:2867. doi: 10.3389/fimmu.2018.02867

33. Borregaard, N, and Cowland, JB. Granules of the Human Neutrophilic Polymorphonuclear Leukocyte. Blood (1997) 89(10):3503–21. doi: 10.1182/blood.V89.10.3503.3503_3503_3521

34. Spitznagel, JK, Dalldorf, FG, Leffell, MS, Folds, JD, Welsh, IR, Cooney, MH, et al. Character of Azurophil and Specific Granules Purified From Human Polymorphonuclear Leukocytes. Lab Invest (1974) 30(6):774–85.

35. Evans, TJ, Buttery, LD, Carpenter, A, Springall, DR, Polak, JM, and Cohen, J. Cytokine-Treated Human Neutrophils Contain Inducible Nitric Oxide Synthase That Produces Nitration of Ingested Bacteria. Proc Natl Acad Sci USA (1996) 93(18):9553–8. doi: 10.1073/pnas.93.18.9553

36. Murphy, G, Reynolds, JJ, Bretz, U, and Baggiolini, M. Collagenase Is a Component of the Specific Granules of Human Neutrophil Leucocytes. Biochem J (1977) 162(1):195–7. doi: 10.1042/bj1620195

37. Murphy, G, Bretz, U, Baggiolini, M, and Reynolds, JJ. The Latent Collagenase and Gelatinase of Human Polymorphonuclear Neutrophil Leucocytes. Biochem J (1980) 192(2):517–25. doi: 10.1042/bj1920517

38. Cowland, JB, Johnsen, AH, and Borregaard, N. hCAP-18, a Cathelin/Pro-Bactenecin-Like Protein of Human Neutrophil Specific Granules. FEBS Lett (1995) 368(1):173–6. doi: 10.1016/0014-5793(95)00634-L

39. Wright, HL, Moots, RJ, Bucknall, RC, and Edwards, SW. Neutrophil Function in Inflammation and Inflammatory Diseases. Rheumatol (Oxford) (2010) 49(9):1618–31. doi: 10.1093/rheumatology/keq045

40. Lukasova, E, Koristek, Z, Klabusay, M, Ondrej, V, Grigoryev, S, Bacikova, A, et al. Granulocyte Maturation Determines Ability to Release Chromatin NETs and Loss of DNA Damage Response; These Properties Are Absent in Immature AML Granulocytes. Biochim Biophys Acta (2013) 1833(3):767–79. doi: 10.1016/j.bbamcr.2012.12.012

41. Steinberg, BE, and Grinstein, S. Unconventional Roles of the NADPH Oxidase: Signaling, Ion Homeostasis, and Cell Death. Sci STKE (2007) 2007(379):pe11. doi: 10.1126/stke.3792007pe11

42. Guimaraes-Costa, AB, Nascimento, MT, Froment, GS, Soares, RP, Morgado, FN, Conceicao-Silva, F, et al. Leishmania Amazonensis Promastigotes Induce and are Killed by Neutrophil Extracellular Traps. Proc Natl Acad Sci USA (2009) 106(16):6748–53. doi: 10.1073/pnas.0900226106

43. Kobayashi, SD, Malachowa, N, and DeLeo, FR. Neutrophils and Bacterial Immune Evasion. J Innate Immun (2018) 10(5-6):432–41. doi: 10.1159/000487756

44. Gupta, AK, Joshi, MB, Philippova, M, Erne, P, Hasler, P, Hahn, S, et al. Activated Endothelial Cells Induce Neutrophil Extracellular Traps and are Susceptible to NETosis-Mediated Cell Death. FEBS Lett (2010) 584(14):3193–7. doi: 10.1016/j.febslet.2010.06.006

45. Margraf, S, Logters, T, Reipen, J, Altrichter, J, Scholz, M, and Windolf, J. Neutrophil-Derived Circulating Free DNA (Cf-DNA/NETs): A Potential Prognostic Marker for Posttraumatic Development of Inflammatory Second Hit and Sepsis. Shock (2008) 30(4):352–8. doi: 10.1097/SHK.0b013e31816a6bb1

46. Lefrancais, E, Mallavia, B, Zhuo, H, Calfee, CS, and Looney, MR. Maladaptive Role of Neutrophil Extracellular Traps in Pathogen-Induced Lung Injury. JCI Insight (2018) 3(3):e98178. doi: 10.1172/jci.insight.98178

47. Maruchi, Y, Tsuda, M, Mori, H, Takenaka, N, Gocho, T, Huq, MA, et al. Plasma Myeloperoxidase-Conjugated DNA Level Predicts Outcomes and Organ Dysfunction in Patients With Septic Shock. Crit Care (2018) 22(1):176. doi: 10.1186/s13054-018-2109-7

48. Clark, SR, Ma, AC, Tavener, SA, McDonald, B, Goodarzi, Z, Kelly, MM, et al. Platelet TLR4 Activates Neutrophil Extracellular Traps to Ensnare Bacteria in Septic Blood. Nat Med (2007) 13(4):463–9. doi: 10.1038/nm1565

49. Fuchs, TA, Abed, U, Goosmann, C, Hurwitz, R, Schulze, I, Wahn, V, et al. Novel Cell Death Program Leads to Neutrophil Extracellular Traps. J Cell Biol (2007) 176(2):231–41. doi: 10.1083/jcb.200606027

50. Chow, OA, von Kockritz-Blickwede, M, Bright, AT, Hensler, ME, Zinkernagel, AS, Cogen, AL, et al. Statins Enhance Formation of Phagocyte Extracellular Traps. Cell Host Microbe (2010) 8(5):445–54. doi: 10.1016/j.chom.2010.10.005

51. Kessenbrock, K, Krumbholz, M, Schonermarck, U, Back, W, Gross, WL, Werb, Z, et al. Netting Neutrophils in Autoimmune Small-Vessel Vasculitis. Nat Med (2009) 15(6):623–5. doi: 10.1038/nm.1959

52. Yousefi, S, Mihalache, C, Kozlowski, E, Schmid, I, and Simon, HU. Viable Neutrophils Release Mitochondrial DNA to Form Neutrophil Extracellular Traps. Cell Death Differ (2009) 16(11):1438–44. doi: 10.1038/cdd.2009.96

53. Pilsczek, FH, Salina, D, Poon, KK, Fahey, C, Yipp, BG, Sibley, CD, et al. A Novel Mechanism of Rapid Nuclear Neutrophil Extracellular Trap Formation in Response to Staphylococcus Aureus. J Immunol (2010) 185(12):7413–25. doi: 10.4049/jimmunol.1000675

54. Yipp, BG, Petri, B, Salina, D, Jenne, CN, Scott, BN, Zbytnuik, LD, et al. Infection-Induced NETosis Is a Dynamic Process Involving Neutrophil Multitasking In Vivo. Nat Med (2012) 18(9):1386–93. doi: 10.1038/nm.2847

55. Hakkim, A, Fuchs, TA, Martinez, NE, Hess, S, Prinz, H, Zychlinsky, A, et al. Activation of the Raf-MEK-ERK Pathway Is Required for Neutrophil Extracellular Trap Formation. Nat Chem Biol (2011) 7(2):75–7. doi: 10.1038/nchembio.496

56. Awasthi, D, Nagarkoti, S, Kumar, A, Dubey, M, Singh, AK, Pathak, P, et al. Oxidized LDL Induced Extracellular Trap Formation in Human Neutrophils via TLR-PKC-IRAK-MAPK and NADPH-Oxidase Activation. Free Radic Biol Med (2016) 93:190–203. doi: 10.1016/j.freeradbiomed.2016.01.004

57. Neeli, I, and Radic, M. Opposition Between PKC Isoforms Regulates Histone Deimination and Neutrophil Extracellular Chromatin Release. Front Immunol (2013) 4:38. doi: 10.3389/fimmu.2013.00038

58. DeSouza-Vieira, T, Guimaraes-Costa, A, Rochael, NC, Lira, MN, Nascimento, MT, Lima-Gomez, PS, et al. Neutrophil Extracellular Traps Release Induced by Leishmania: Role of PI3Kgamma, ERK, PI3Ksigma, PKC, and [Ca2+]. J Leukoc Biol (2016) 100(4):801–10. doi: 10.1189/jlb.4A0615-261RR

59. Douda, DN, Yip, L, Khan, MA, Grasemann, H, and Palaniyar, N. Akt is Essential to Induce NADPH-Dependent NETosis and to Switch the Neutrophil Death to Apoptosis. Blood (2014) 123(4):597–600. doi: 10.1182/blood-2013-09-526707

60. Martinelli, S, Urosevic, M, Daryadel, A, Oberholzer, PA, Baumann, C, Fey, MF, et al. Induction of Genes Mediating Interferon-Dependent Extracellular Trap Formation During Neutrophil Differentiation. J Biol Chem (2004) 279(42):44123–32. doi: 10.1074/jbc.M405883200

61. Keshari, RS, Jyoti, A, Dubey, M, Kothari, N, Kohli, M, Bogra, J, et al. Cytokines Induced Neutrophil Extracellular Traps Formation: Implication for the Inflammatory Disease Condition. PloS One (2012) 7(10):e48111. doi: 10.1371/journal.pone.0048111

62. Remijsen, Q, Vanden Berghe, T, Wirawan, E, Asselbergh, B, Parthoens, E, De Rycke, R, et al. Neutrophil Extracellular Trap Cell Death Requires Both Autophagy and Superoxide Generation. Cell Res (2011) 21(2):290–304. doi: 10.1038/cr.2010.150

63. Urban, CF, Reichard, U, Brinkmann, V, and Zychlinsky, A. Neutrophil Extracellular Traps Capture and Kill Candida Albicans Yeast and Hyphal Forms. Cell Microbiol (2006) 8(4):668–76. doi: 10.1111/j.1462-5822.2005.00659.x

64. Ramos-Kichik, V, Mondragon-Flores, R, Mondragon-Castelan, M, Gonzalez-Pozos, S, Muniz-Hernandez, S, Rojas-Espinosa, O, et al. Neutrophil Extracellular Traps Are Induced by Mycobacterium Tuberculosis. Tuberculosis (Edinb) (2009) 89(1):29–37. doi: 10.1016/j.tube.2008.09.009

65. Chen, K, Nishi, H, Travers, R, Tsuboi, N, Martinod, K, Wagner, DD, et al. Endocytosis of Soluble Immune Complexes Leads to Their Clearance by FcgammaRIIIB But Induces Neutrophil Extracellular Traps via FcgammaRIIA In Vivo. Blood (2012) 120(22):4421–31. doi: 10.1182/blood-2011-12-401133

66. Behnen, M, Leschczyk, C, Moller, S, Batel, T, Klinger, M, Solbach, W, et al. Immobilized Immune Complexes Induce Neutrophil Extracellular Trap Release by Human Neutrophil Granulocytes via FcgammaRIIIB and Mac-1. J Immunol (2014) 193(4):1954–65. doi: 10.4049/jimmunol.1400478

67. Amulic, B, Knackstedt, SL, Abu Abed, U, Deigendesch, N, Harbort, CJ, Caffrey, BE, et al. Cell-Cycle Proteins Control Production of Neutrophil Extracellular Traps. Dev Cell (2017) 43(4):449–62.e5. doi: 10.1016/j.devcel.2017.10.013

68. Touyz, RM, Chen, X, Tabet, F, Yao, G, He, G, Quinn, MT, et al. Expression of a Functionally Active Gp91phox-Containing Neutrophil-Type NAD(P)H Oxidase in Smooth Muscle Cells From Human Resistance Arteries: Regulation by Angiotensin II. Circ Res (2002) 90(11):1205–13. doi: 10.1161/01.RES.0000020404.01971.2F

69. Panday, A, Sahoo, MK, Osorio, D, and Batra, S. NADPH Oxidases: An Overview From Structure to Innate Immunity-Associated Pathologies. Cell Mol Immunol (2015) 12(1):5–23. doi: 10.1038/cmi.2014.89

70. Khan, MA, Philip, LM, Cheung, G, Vadakepeedika, S, Grasemann, H, Sweezey, N, et al. Regulating NETosis: Increasing pH Promotes NADPH Oxidase-Dependent NETosis. Front Med (Lausanne) (2018) 5:19. doi: 10.3389/fmed.2018.00019

71. Metzler, KD, Fuchs, TA, Nauseef, WM, Reumaux, D, Roesler, J, Schulze, I, et al. Myeloperoxidase is Required for Neutrophil Extracellular Trap Formation: Implications for Innate Immunity. Blood (2011) 117(3):953–9. doi: 10.1182/blood-2010-06-290171

72. Metzler, KD, Goosmann, C, Lubojemska, A, Zychlinsky, A, and Papayannopoulos, V. A Myeloperoxidase-Containing Complex Regulates Neutrophil Elastase Release and Actin Dynamics During NETosis. Cell Rep (2014) 8(3):883–96. doi: 10.1016/j.celrep.2014.06.044

73. Papayannopoulos, V, Metzler, KD, Hakkim, A, and Zychlinsky, A. Neutrophil Elastase and Myeloperoxidase Regulate the Formation of Neutrophil Extracellular Traps. J Cell Biol (2010) 191(3):677–91. doi: 10.1083/jcb.201006052

74. Sollberger, G, Tilley, DO, and Zychlinsky, A. Neutrophil Extracellular Traps: The Biology of Chromatin Externalization. Dev Cell (2018) 44(5):542–53. doi: 10.1016/j.devcel.2018.01.019

75. Desai, J, Kumar, SV, Mulay, SR, Konrad, L, Romoli, S, Schauer, C, et al. PMA and Crystal-Induced Neutrophil Extracellular Trap Formation Involves RIPK1-RIPK3-MLKL Signaling. Eur J Immunol (2016) 46(1):223–9. doi: 10.1002/eji.201545605

76. Desai, J, Mulay, SR, Nakazawa, D, and Anders, HJ. Matters of Life and Death. How Neutrophils Die or Survive Along NET Release and is “NETosis” = Necroptosis? Cell Mol Life Sci (2016) 73(11-12):2211–9. doi: 10.1007/s00018-016-2195-0

77. Desai, J, Foresto-Neto, O, Honarpisheh, M, Steiger, S, Nakazawa, D, Popper, B, et al. Particles of Different Sizes and Shapes Induce Neutrophil Necroptosis Followed by the Release of Neutrophil Extracellular Trap-Like Chromatin. Sci Rep (2017) 7(1):15003. doi: 10.1038/s41598-017-15106-0

78. Khan, MA, and Palaniyar, N. Transcriptional firing helps to drive NETosis. Sci Rep (2017) 7:41749. doi: 10.1038/srep417497:41749

79. Yang, H, Biermann, MH, Brauner, JM, Liu, Y, Zhao, Y, and Herrmann, M. New Insights into Neutrophil Extracellular Traps: Mechanisms of Formation and Role in Inflammation. Front Immunol (2016) 7(302). doi: 10.3389/fimmu.2016.00302.

80. Parker, H, Dragunow, M, Hampton, MB, Kettle, AJ, and Winterbourn, CC. Requirements for NADPH Oxidase and Myeloperoxidase in Neutrophil Extracellular Trap Formation Differ Depending on the Stimulus. J Leukoc Biol (2012) 92(4):841–9. doi: 10.1189/jlb.1211601

81. Vorobjeva, N, Galkin, I, Pletjushkina, O, Golyshev, S, Zinovkin, R, Prikhodko, A, et al. Mitochondrial Permeability Transition Pore is Involved in Oxidative Burst and NETosis of Human Neutrophils. Biochim Biophys Acta Mol Basis Dis (2020) 1866(5):165664. doi: 10.1016/j.bbadis.2020.165664

82. Douda, DN, Khan, MA, Grasemann, H, and Palaniyar, N. SK3 Channel and Mitochondrial ROS Mediate NADPH Oxidase-Independent NETosis Induced by Calcium Influx. Proc Natl Acad Sci USA (2015) 112(9):2817–22. doi: 10.1073/pnas.1414055112

83. Berger-Achituv, S, Brinkmann, V, Abed, UA, Kuhn, LI, Ben-Ezra, J, Elhasid, R, et al. A Proposed Role for Neutrophil Extracellular Traps in Cancer Immunoediting. Front Immunol (2013) 4:48. doi: 10.3389/fimmu.2013.00048

84. Oklu, R, Sheth, RA, Wong, KHK, Jahromi, AH, and Albadawi, H. Neutrophil Extracellular Traps Are Increased in Cancer Patients But Does Not Associate With Venous Thrombosis. Cardiovasc Diagn Ther (2017) 7(Suppl 3):S140–S9. doi: 10.21037/cdt.2017.08.01

85. Rayes, RF, Mouhanna, JG, Nicolau, I, Bourdeau, F, Giannias, B, Rousseau, S, et al. Primary Tumors Induce Neutrophil Extracellular Traps With Targetable Metastasis Promoting Effects. JCI Insight (2019) 5(16):e128008. doi: 10.1172/jci.insight.128008

86. Martins-Cardoso, K, Almeida, VH, Bagri, KM, Rossi, MID, Mermelstein, CS, Konig, S, et al. Neutrophil Extracellular Traps (NETs) Promote Pro-Metastatic Phenotype in Human Breast Cancer Cells Through Epithelial-Mesenchymal Transition. Cancers (Basel) (2020) 12(6):1542. doi: 10.3390/cancers12061542

87. Zhu, T, Zou, X, Yang, C, Li, L, Wang, B, Li, R, et al. Neutrophil Extracellular Traps Promote Gastric Cancer Metastasis by Inducing Epithelialmesenchymal Transition. Int J Mol Med (2021) 48(1):127. doi: 10.3892/ijmm.2021.4960

88. Jin, W, Yin, H, Li, H, Yu, XJ, Xu, HX, and Liu, L. Neutrophil Extracellular DNA Traps Promote Pancreatic Cancer Cells Migration and Invasion by Activating EGFR/ERK Pathway. J Cell Mol Med (2021) 25(12):5443–56. doi: 10.1111/jcmm.16555

89. Dvorak, HF. Tumors: wounds that do not heal. Similarities between tumor stroma generation and wound healing. N Engl J Med (1986) 315(26):1650–9. doi: 10.1056/NEJM198612253152606

90. Tohme, S, Yazdani, HO, Al-Khafaji, AB, Chidi, AP, Loughran, P, Mowen, K, et al. Neutrophil Extracellular Traps Promote the Development and Progression of Liver Metastases after Surgical Stress. Cancer Res (2016) 76(6):1367–80. doi: 10.1158/0008-5472.CAN-15-1591

91. Mahiddine, K, Blaisdell, A, Ma, S, Crequer-Grandhomme, A, Lowell, CA, and Erlebacher, A. Relief of Tumor Hypoxia Unleashes the Tumoricidal Potential of Neutrophils. J Clin Invest (2020) 130(1):389–403. doi: 10.1172/JCI130952

92. Kong, T, Eltzschig, HK, Karhausen, J, Colgan, SP, and Shelley, CS. Leukocyte Adhesion During Hypoxia is Mediated by HIF-1-Dependent Induction of Beta2 Integrin Gene Expression. Proc Natl Acad Sci USA (2004) 101(28):10440–5. doi: 10.1073/pnas.0401339101

93. McInturff, AM, Cody, MJ, Elliott, EA, Glenn, JW, Rowley, JW, Rondina, MT, et al. Mammalian Target of Rapamycin Regulates Neutrophil Extracellular Trap Formation via Induction of Hypoxia-Inducible Factor 1 Alpha. Blood (2012) 120(15):3118–25. doi: 10.1182/blood-2012-01-405993

94. Triner, D, Xue, X, Schwartz, AJ, Jung, I, Colacino, JA, and Shah, YM. Epithelial Hypoxia-Inducible Factor 2alpha Facilitates the Progression of Colon Tumors Through Recruiting Neutrophils. Mol Cell Biol (2017) 37(5):e00481–16. doi: 10.1128/MCB.00481-16

95. Xiao, Y, Cong, M, Li, J, He, D, Wu, Q, Tian, P, et al. Cathepsin C Promotes Breast Cancer Lung Metastasis by Modulating Neutrophil Infiltration and Neutrophil Extracellular Trap Formation. Cancer Cell (2021) 39(3):423–37 e7. doi: 10.1016/j.ccell.2020.12.012

96. Shang, A, Gu, C, Zhou, C, Yang, Y, Chen, C, Zeng, B, et al. Exosomal KRAS Mutation Promotes the Formation of Tumor-Associated Neutrophil Extracellular Traps and Causes Deterioration of Colorectal Cancer by Inducing IL-8 Expression. Cell Commun Signal (2020) 18(1):52. doi: 10.1186/s12964-020-0517-1

97. Demers, M, Krause, DS, Schatzberg, D, Martinod, K, Voorhees, JR, Fuchs, TA, et al. Cancers Predispose Neutrophils to Release Extracellular DNA Traps That Contribute to Cancer-Associated Thrombosis. Proc Natl Acad Sci USA (2012) 109(32):13076–81. doi: 10.1073/pnas.1200419109

98. Cedervall, J, Zhang, Y, Huang, H, Zhang, L, Femel, J, Dimberg, A, et al. Neutrophil Extracellular Traps Accumulate in Peripheral Blood Vessels and Compromise Organ Function in Tumor-Bearing Animals. Cancer Res (2015) 75(13):2653–62. doi: 10.1158/0008-5472.CAN-14-3299

99. Nierodzik, ML, Plotkin, A, Kajumo, F, and Karpatkin, S. Thrombin Stimulates Tumor-Platelet Adhesion In Vitro and Metastasis In Vivo. J Clin Invest (1991) 87(1):229–36. doi: 10.1172/JCI114976

100. Klepfish, A, Greco, MA, and Karpatkin, S. Thrombin Stimulates Melanoma Tumor-Cell Binding to Endothelial Cells and Subendothelial Matrix. Int J Cancer (1993) 53(6):978–82. doi: 10.1002/ijc.2910530620

101. Huang, YQ, Li, JJ, Hu, L, Lee, M, and Karpatkin, S. Thrombin Induces Increased Expression and Secretion of VEGF From Human FS4 Fibroblasts, DU145 Prostate Cells and CHRF Megakaryocytes. Thromb Haemost (2001) 86(4):1094–8. doi: 10.1055/s-0037-1616538

102. Najmeh, S, Cools-Lartigue, J, Rayes, RF, Gowing, S, Vourtzoumis, P, Bourdeau, F, et al. Neutrophil Extracellular Traps Sequester Circulating Tumor Cells via Beta1-Integrin Mediated Interactions. Int J Cancer (2017) 140(10):2321–30. doi: 10.1002/ijc.30635

103. Monti, M, De Rosa, V, Iommelli, F, Carriero, MV, Terlizzi, C, Camerlingo, R, et al. Neutrophil Extracellular Traps as an Adhesion Substrate for Different Tumor Cells Expressing RGD-Binding Integrins. Int J Mol Sci (2018) 19(8):2350. doi: 10.3390/ijms19082350

104. Deryugina, E, Carre, A, Ardi, V, Muramatsu, T, Schmidt, J, Pham, C, et al. Neutrophil Elastase Facilitates Tumor Cell Intravasation and Early Metastatic Events. iScience (2020) 23(12):101799. doi: 10.1016/j.isci.2020.101799

105. Teijeira, A, Garasa, S, Gato, M, Alfaro, C, Migueliz, I, Cirella, A, et al. CXCR1 and CXCR2 Chemokine Receptor Agonists Produced by Tumors Induce Neutrophil Extracellular Traps That Interfere With Immune Cytotoxicity. Immunity (2020) 52(5):856–71 e8. doi: 10.1016/j.immuni.2020.03.001

106. Yang, D, and Liu, J. Neutrophil Extracellular Traps: A New Player in Cancer Metastasis and Therapeutic Target. J Exp Clin Cancer Res (2021) 40(1):233. doi: 10.1186/s13046-021-02013-6

107. Yang, LY, Luo, Q, Lu, L, Zhu, WW, Sun, HT, Wei, R, et al. Increased Neutrophil Extracellular Traps Promote Metastasis Potential of Hepatocellular Carcinoma via Provoking Tumorous Inflammatory Response. J Hematol Oncol (2020) 13(1):3. doi: 10.1186/s13045-019-0836-0

108. Albrengues, J, Shields, MA, Ng, D, Park, CG, Ambrico, A, Poindexter, ME, et al. Neutrophil Extracellular Traps Produced During Inflammation Awaken Dormant Cancer Cells in Mice. Science (2018) 361(6409):eaao4227. doi: 10.1126/science.aao4227

109. Kaltenmeier, C, Yazdani, HO, Morder, K, Geller, DA, Simmons, RL, and Tohme, S. Neutrophil Extracellular Traps Promote T Cell Exhaustion in the Tumor Microenvironment. Front Immunol (2021) 12:785222. doi: 10.3389/fimmu.2021.785222

110. Wang, H, Zhang, H, Wang, Y, Brown, ZJ, Xia, Y, Huang, Z, et al. Regulatory T-Cell and Neutrophil Extracellular Trap Interaction Contributes to Carcinogenesis in Non-Alcoholic Steatohepatitis. J Hepatol (2021) 75(6):1271–83. doi: 10.1016/j.jhep.2021.07.032

111. Shinde-Jadhav, S, Mansure, JJ, Rayes, RF, Marcq, G, Ayoub, M, Skowronski, R, et al. Role of Neutrophil Extracellular Traps in Radiation Resistance of Invasive Bladder Cancer. Nat Commun (2021) 12(1):2776. doi: 10.1038/s41467-021-23086-z

112. Fuchs, TA, Brill, A, Duerschmied, D, Schatzberg, D, Monestier, M, Myers, DD Jr, et al. Extracellular DNA Traps Promote Thrombosis. Proc Natl Acad Sci USA (2010) 107(36):15880–5. doi: 10.1073/pnas.1005743107

113. Frampton, G, Perl, S, Bennett, A, and Cameron, JS. Platelet-Associated DNA and Anti-DNA Antibody in Systemic Lupus Erythematosus With Nephritis. Clin Exp Immunol (1986) 63(3):621–8.

114. Dvorak, HF, Van DeWater, L, Bitzer, AM, Dvorak, AM, Anderson, D, Harvey, VS, et al. Procoagulant Activity Associated With Plasma Membrane Vesicles Shed by Cultured Tumor Cells. Cancer Res (1983) 43(9):4434–42.

115. Bastida, E, Ordinas, A, Escolar, G, and Jamieson, GA. Tissue Factor in Microvesicles Shed From U87MG Human Glioblastoma Cells Induces Coagulation, Platelet Aggregation, and Thrombogenesis. Blood (1984) 64(1):177–84. doi: 10.1182/blood.V64.1.177.177

116. Etulain, J, Martinod, K, Wong, SL, Cifuni, SM, Schattner, M, and Wagner, DD. P-Selectin Promotes Neutrophil Extracellular Trap Formation in Mice. Blood (2015) 126(2):242–6. doi: 10.1182/blood-2015-01-624023

117. Carestia, A, Kaufman, T, Rivadeneyra, L, Landoni, VI, Pozner, RG, Negrotto, S, et al. Mediators and Molecular Pathways Involved in the Regulation of Neutrophil Extracellular Trap Formation Mediated by Activated Platelets. J Leukoc Biol (2016) 99(1):153–62. doi: 10.1189/jlb.3A0415-161R

118. Maugeri, N, Campana, L, Gavina, M, Covino, C, De Metrio, M, Panciroli, C, et al. Activated Platelets Present High Mobility Group Box 1 to Neutrophils, Inducing Autophagy and Promoting the Extrusion of Neutrophil Extracellular Traps. J Thromb Haemost (2014) 12(12):2074–88. doi: 10.1111/jth.12710

119. Ay, C, Simanek, R, Vormittag, R, Dunkler, D, Alguel, G, Koder, S, et al. High Plasma Levels of Soluble P-Selectin Are Predictive of Venous Thromboembolism in Cancer Patients: Results From the Vienna Cancer and Thrombosis Study (CATS). Blood (2008) 112(7):2703–8. doi: 10.1182/blood-2008-02-142422

120. Dyer, MR, Chen, Q, Haldeman, S, Yazdani, H, Hoffman, R, Loughran, P, et al. Deep Vein Thrombosis in Mice Is Regulated by Platelet HMGB1 Through Release of Neutrophil-Extracellular Traps and DNA. Sci Rep (2018) 8(1):2068. doi: 10.1038/s41598-018-20479-x

121. Nakazawa, D, Desai, J, Steiger, S, Muller, S, Devarapu, SK, Mulay, SR, et al. Activated Platelets Induce MLKL-Driven Neutrophil Necroptosis and Release of Neutrophil Extracellular Traps in Venous Thrombosis. Cell Death Discovery (2018) 4:6. doi: 10.1038/s41420-018-0073-2

122. Labelle, M, Begum, S, and Hynes, RO. Platelets Guide the Formation of Early Metastatic Niches. Proc Natl Acad Sci USA (2014) 111(30):E3053–61. doi: 10.1073/pnas.1411082111

123. Chen, Q, Zhang, L, Li, X, and Zhuo, W. Neutrophil Extracellular Traps in Tumor Metastasis: Pathological Functions and Clinical Applications. Cancers (Basel) (2021) 13(11):2832. doi: 10.3390/cancers13112832.

124. Mauracher, LM, Posch, F, Martinod, K, Grilz, E, Daullary, T, Hell, L, et al. Citrullinated Histone H3, a Biomarker of Neutrophil Extracellular Trap Formation, Predicts the Risk of Venous Thromboembolism in Cancer Patients. J Thromb Haemost (2018) 16(3):508–18. doi: 10.1111/jth.13951

125. Zhang, S, Guo, M, Liu, Q, Liu, J, and Cui, Y. Neutrophil Extracellular Traps Induce a Hypercoagulable State in Glioma. Immun Inflammation Dis (2021) 9(4):1383–93. doi: 10.1002/iid3.488

126. Gould, TJ, Vu, TT, Swystun, LL, Dwivedi, DJ, Mai, SH, Weitz, JI, et al. Neutrophil Extracellular Traps Promote Thrombin Generation Through Platelet-Dependent and Platelet-Independent Mechanisms. Arterioscler Thromb Vasc Biol (2014) 34(9):1977–84. doi: 10.1161/ATVBAHA.114.304114

127. Boone, BA, Murthy, P, Miller-Ocuin, J, Doerfler, WR, Ellis, JT, Liang, X, et al. Chloroquine Reduces Hypercoagulability in Pancreatic Cancer Through Inhibition of Neutrophil Extracellular Traps. BMC Cancer (2018) 18(1):678. doi: 10.1186/s12885-018-4584-2

128. Abdol Razak, N, Elaskalani, O, and Metharom, P. Pancreatic Cancer-Induced Neutrophil Extracellular Traps: A Potential Contributor to Cancer-Associated Thrombosis. Int J Mol Sci (2017) 18(3):487. doi: 10.3390/ijms18030487

129. Gillis, S, Furie, BC, and Furie, B. Interactions of Neutrophils and Coagulation Proteins. Semin Hematol (1997) 34(4):336–42.

130. Guglietta, S, Chiavelli, A, Zagato, E, Krieg, C, Gandini, S, Ravenda, PS, et al. Coagulation Induced by C3aR-Dependent NETosis Drives Protumorigenic Neutrophils During Small Intestinal Tumorigenesis. Nat Commun (2016) 7:11037. doi: 10.1038/ncomms11037

131. Moser, AR, Pitot, HC, and Dove, WF. A Dominant Mutation That Predisposes to Multiple Intestinal Neoplasia in the Mouse. Science (1990) 247(4940):322–4. doi: 10.1126/science.2296722

132. Wolach, O, Sellar, RS, Martinod, K, Cherpokova, D, McConkey, M, Chappell, RJ, et al. Increased Neutrophil Extracellular Trap Formation Promotes Thrombosis in Myeloproliferative Neoplasms. Sci Transl Med (2018) 10(436):eaan8292. doi: 10.1126/scitranslmed.aan8292

133. Gomes, T, Varady, CBS, Lourenco, AL, Mizurini, DM, Rondon, AMR, Leal, AC, et al. IL-1beta Blockade Attenuates Thrombosis in a Neutrophil Extracellular Trap-Dependent Breast Cancer Model. Front Immunol (2019) 10:2088. doi: 10.3389/fimmu.2019.02088

134. Thalin, C, Demers, M, Blomgren, B, Wong, SL, von Arbin, M, von Heijne, A, et al. NETosis Promotes Cancer-Associated Arterial Microthrombosis Presenting as Ischemic Stroke With Troponin Elevation. Thromb Res (2016) 139:56–64. doi: 10.1016/j.thromres.2016.01.009

135. Perdomo, J, Leung, HHL, Ahmadi, Z, Yan, F, Chong, JJH, Passam, FH, et al. Neutrophil Activation and NETosis are the Major Drivers of Thrombosis in Heparin-Induced Thrombocytopenia. Nat Commun (2019) 10(1):1322. doi: 10.1038/s41467-019-09160-7

136. Mysore, V, Cullere, X, Mears, J, Rosetti, F, Okubo, K, Liew, PX, et al. FcgammaR Engagement Reprograms Neutrophils Into Antigen Cross-Presenting Cells That Elicit Acquired Anti-Tumor Immunity. Nat Commun (2021) 12(1):4791. doi: 10.1038/s41467-021-24591-x

137. Ackermann, M, Anders, HJ, Bilyy, R, Bowlin, GL, Daniel, C, De Lorenzo, R, et al. Patients With COVID-19: In the Dark-NETs of Neutrophils. Cell Death Differ (2021) 28(11):3125–39. doi: 10.1038/s41418-021-00805-z

138. Arcanjo, A, Logullo, J, Menezes, CCB, de Souza Carvalho Giangiarulo, TC, Dos Reis, MC, de Castro, GMM, et al. The Emerging Role of Neutrophil Extracellular Traps in Severe Acute Respiratory Syndrome Coronavirus 2 (COVID-19). Sci Rep (2020) 10(1):19630. doi: 10.1038/s41598-020-76781-0

139. Uribe Echevarria, L, Leimgruber, C, Garcia Gonzalez, J, Nevado, A, Alvarez, R, Garcia, LN, et al. Evidence of Eosinophil Extracellular Trap Cell Death in COPD: Does it Represent the Trigger That Switches on the Disease? Int J Chron Obstruct Pulmon Dis (2017) 12:885–96. doi: 10.2147/COPD.S115969

140. Simon, D, Hoesli, S, Roth, N, Staedler, S, Yousefi, S, and Simon, HU. Eosinophil Extracellular DNA Traps in Skin Diseases. J Allergy Clin Immunol (2011) 127(1):194–9. doi: 10.1016/j.jaci.2010.11.002

141. Marx, C, Novotny, J, Salbeck, D, Zellner, KR, Nicolai, L, Pekayvaz, K, et al. Eosinophil-Platelet Interactions Promote Atherosclerosis and Stabilize Thrombosis With Eosinophil Extracellular Traps. Blood (2019) 134(21):1859–72. doi: 10.1182/blood.2019000518

142. Pertiwi, KR, de Boer, OJ, Mackaaij, C, Pabittei, DR, de Winter, RJ, Li, X, et al. Extracellular Traps Derived From Macrophages, Mast Cells, Eosinophils and Neutrophils are Generated in a Time-Dependent Manner During Atherothrombosis. J Pathol (2019) 247(4):505–12. doi: 10.1002/path.5212

143. Muniz, VS, Silva, JC, Braga, YAV, Melo, RCN, Ueki, S, Takeda, M, et al. Eosinophils Release Extracellular DNA Traps in Response to Aspergillus Fumigatus. J Allergy Clin Immunol (2018) 141(2):571–85.e7. doi: 10.1016/j.jaci.2017.07.048

144. Yousefi, S, Gold, JA, Andina, N, Lee, JJ, Kelly, AM, Kozlowski, E, et al. Catapult-Like Release of Mitochondrial DNA by Eosinophils Contributes to Antibacterial Defense. Nat Med (2008) 14(9):949–53. doi: 10.1038/nm.1855

145. Morshed, M, Yousefi, S, Stockle, C, Simon, HU, and Simon, D. Thymic Stromal Lymphopoietin Stimulates the Formation of Eosinophil Extracellular Traps. Allergy (2012) 67(9):1127–37. doi: 10.1111/j.1398-9995.2012.02868.x

146. Germic, N, Stojkov, D, Oberson, K, Yousefi, S, and Simon, HU. Neither Eosinophils Nor Neutrophils Require ATG5-Dependent Autophagy for Extracellular DNA Trap Formation. Immunology (2017) 152(3):517–25. doi: 10.1111/imm.12790

147. Ueki, S, Melo, RC, Ghiran, I, Spencer, LA, Dvorak, AM, and Weller, PF. Eosinophil Extracellular DNA Trap Cell Death Mediates Lytic Release of Free Secretion-Competent Eosinophil Granules in Humans. Blood (2013) 121(11):2074–83. doi: 10.1182/blood-2012-05-432088

148. Ueki, S, Konno, Y, Takeda, M, Moritoki, Y, Hirokawa, M, Matsuwaki, Y, et al. Eosinophil Extracellular Trap Cell Death-Derived DNA Traps: Their Presence in Secretions and Functional Attributes. J Allergy Clin Immunol (2016) 137(1):258–67. doi: 10.1016/j.jaci.2015.04.041

149. Kim, HJ, Sim, MS, Lee, DH, Kim, C, Choi, Y, Park, HS, et al. Lysophosphatidylserine Induces Eosinophil Extracellular Trap Formation and Degranulation: Implications in Severe Asthma. Allergy (2020) 75(12):3159–70. doi: 10.1111/all.14450

150. Rothenberg, ME, and Hogan, SP. The Eosinophil. Annu Rev Immunol (2006) 24:147–74. doi: 10.1146/annurev.immunol.24.021605.090720

151. Choi, Y, Le Pham, D, Lee, DH, Lee, SH, Kim, SH, and Park, HS. Biological Function of Eosinophil Extracellular Traps in Patients With Severe Eosinophilic Asthma. Exp Mol Med (2018) 50(8):1–8. doi: 10.1038/s12276-018-0136-8

152. Palframan, RT, Collins, PD, Severs, NJ, Rothery, S, Williams, TJ, and Rankin, SM. Mechanisms of Acute Eosinophil Mobilization From the Bone Marrow Stimulated by Interleukin 5: The Role of Specific Adhesion Molecules and Phosphatidylinositol 3-Kinase. J Exp Med (1998) 188(9):1621–32. doi: 10.1084/jem.188.9.1621

153. Lundahl, J, Sehmi, R, Hayes, L, Howie, K, and Denburg, JA. Selective Upregulation of a Functional Beta7 Integrin on Differentiating Eosinophils. Allergy (2000) 55(9):865–72. doi: 10.1034/j.1398-9995.2000.00574.x

154. Lundahl, J, Sehmi, R, Moshfegh, A, Hayes, L, Howie, K, Upham, J, et al. Distinct Phenotypic Adhesion Molecule Expression on Human Cord Blood Progenitors During Early Eosinophilic Commitment: Upregulation of Beta(7) Integrins. Scand J Immunol (2002) 56(2):161–7. doi: 10.1046/j.1365-3083.2002.01117.x

155. Gaspar-Elsas, MI, Queto, T, Vasconcelos, Z, Jones, CP, Lannes-Vieira, J, and Xavier-Elsas, P. Evidence for a Regulatory Role of Alpha 4-Integrins in the Maturation of Eosinophils Generated From the Bone Marrow in the Presence of Dexamethasone. Clin Exp Allergy (2009) 39(8):1187–98. doi: 10.1111/j.1365-2222.2009.03289.x

156. Chu, DK, Jimenez-Saiz, R, Verschoor, CP, Walker, TD, Goncharova, S, Llop-Guevara, A, et al. Indigenous Enteric Eosinophils Control DCs to Initiate a Primary Th2 Immune Response In Vivo. J Exp Med (2014) 211(8):1657–72. doi: 10.1084/jem.20131800

157. Mukherjee, M, Bulir, DC, Radford, K, Kjarsgaard, M, Huang, CM, Jacobsen, EA, et al. Sputum Autoantibodies in Patients With Severe Eosinophilic Asthma. J Allergy Clin Immunol (2018) 141(4):1269–79. doi: 10.1016/j.jaci.2017.06.033

158. Rohrbach, MS, Wheatley, CL, Slifman, NR, and Gleich, GJ. Activation of Platelets by Eosinophil Granule Proteins. J Exp Med (1990) 172(4):1271–4. doi: 10.1084/jem.172.4.1271

159. Moosbauer, C, Morgenstern, E, Cuvelier, SL, Manukyan, D, Bidzhekov, K, Albrecht, S, et al. Eosinophils Are a Major Intravascular Location for Tissue Factor Storage and Exposure. Blood (2007) 109(3):995–1002. doi: 10.1182/blood-2006-02-004945

160. Francischetti, IMB, Alejo, JC, Sivanandham, R, Davies-Hill, T, Fetsch, P, Pandrea, I, et al. Neutrophil and Eosinophil Extracellular Traps in Hodgkin Lymphoma. Hemasphere (2021) 5(9):e633. doi: 10.1097/HS9.0000000000000633

161. Enblad, G, Sundstrom, C, and Glimelius, B. Infiltration of Eosinophils in Hodgkin’s Disease Involved Lymph Nodes Predicts Prognosis. Hematol Oncol (1993) 11(4):187–93. doi: 10.1002/hon.2900110404

162. Sakkal, S, Miller, S, Apostolopoulos, V, and Nurgali, K. Eosinophils in Cancer: Favourable or Unfavourable? Curr Med Chem (2016) 23(7):650–66. doi: 10.2174/0929867323666160119094313

163. Reichman, H, Karo-Atar, D, and Munitz, A. Emerging Roles for Eosinophils in the Tumor Microenvironment. Trends Cancer (2016) 2(11):664–75. doi: 10.1016/j.trecan.2016.10.002

164. Menzies-Gow, A, Ying, S, Sabroe, I, Stubbs, VL, Soler, D, Williams, TJ, et al. Eotaxin (CCL11) and Eotaxin-2 (CCL24) Induce Recruitment of Eosinophils, Basophils, Neutrophils, and Macrophages as Well as Features of Early- and Late-Phase Allergic Reactions Following Cutaneous Injection in Human Atopic and Nonatopic Volunteers. J Immunol (2002) 169(5):2712–8. doi: 10.4049/jimmunol.169.5.2712

165. Cho, H, Lim, SJ, Won, KY, Bae, GE, Kim, GY, Min, JW, et al. Eosinophils in Colorectal Neoplasms Associated With Expression of CCL11 and CCL24. J Pathol Transl Med (2016) 50(1):45–51. doi: 10.4132/jptm.2015.10.16

166. Diny, NL, Hou, X, Barin, JG, Chen, G, Talor, MV, Schaub, J, et al. Macrophages and Cardiac Fibroblasts are the Main Producers of Eotaxins and Regulate Eosinophil Trafficking to the Heart. Eur J Immunol (2016) 46(12):2749–60. doi: 10.1002/eji.201646557

167. Aldinucci, D, Lorenzon, D, Cattaruzza, L, Pinto, A, Gloghini, A, Carbone, A, et al. Expression of CCR5 Receptors on Reed-Sternberg Cells and Hodgkin Lymphoma Cell Lines: Involvement of CCL5/Rantes in Tumor Cell Growth and Microenvironmental Interactions. Int J Cancer (2008) 122(4):769–76. doi: 10.1002/ijc.23119

168. da Silva, JM, Moreira Dos Santos, TP, Sobral, LM, Queiroz-Junior, CM, Rachid, MA, Proudfoot, AEI, et al. Relevance of CCL3/CCR5 Axis in Oral Carcinogenesis. Oncotarget (2017) 8(31):51024–36. doi: 10.18632/oncotarget.16882

169. Cherry, WB, Yoon, J, Bartemes, KR, Iijima, K, and Kita, H. A Novel IL-1 Family Cytokine, IL-33, Potently Activates Human Eosinophils. J Allergy Clin Immunol (2008) 121(6):1484–90. doi: 10.1016/j.jaci.2008.04.005

170. Curran, CS, and Bertics, PJ. Human Eosinophils Express RAGE, Produce RAGE Ligands, Exhibit PKC-Delta Phosphorylation and Enhanced Viability in Response to the RAGE Ligand, S100B. Int Immunol (2011) 23(12):713–28. doi: 10.1093/intimm/dxr083

171. Lucarini, V, Ziccheddu, G, Macchia, I, La Sorsa, V, Peschiaroli, F, Buccione, C, et al. IL-33 Restricts Tumor Growth and Inhibits Pulmonary Metastasis in Melanoma-Bearing Mice Through Eosinophils. Oncoimmunology (2017) 6(6):e1317420. doi: 10.1080/2162402X.2017.1317420

172. Dennis, KL, Wang, Y, Blatner, NR, Wang, S, Saadalla, A, Trudeau, E, et al. Adenomatous Polyps are Driven by Microbe-Instigated Focal Inflammation and are Controlled by IL-10-Producing T Cells. Cancer Res (2013) 73(19):5905–13. doi: 10.1158/0008-5472.CAN-13-1511

173. Loures, FV, Rohm, M, Lee, CK, Santos, E, Wang, JP, Specht, CA, et al. Recognition of Aspergillus Fumigatus Hyphae by Human Plasmacytoid Dendritic Cells Is Mediated by Dectin-2 and Results in Formation of Extracellular Traps. PloS Pathog (2015) 11(2):e1004643. doi: 10.1371/journal.ppat.1004643

174. Garcia-Romo, GS, Caielli, S, Vega, B, Connolly, J, Allantaz, F, Xu, Z, et al. Netting Neutrophils are Major Inducers of Type I IFN Production in Pediatric Systemic Lupus Erythematosus. Sci Transl Med (2011) 3(73):73ra20. doi: 10.1126/scitranslmed.3001201

175. Fu, C, and Jiang, A. Dendritic Cells and CD8 T Cell Immunity in Tumor Microenvironment. Front Immunol (2018) 9:3059. doi: 10.3389/fimmu.2018.03059

176. Parackova, Z, Zentsova, I, Vrabcova, P, Klocperk, A, Sumnik, Z, Pruhova, S, et al. Neutrophil Extracellular Trap Induced Dendritic Cell Activation Leads to Th1 Polarization in Type 1 Diabetes. Front Immunol (2020) 11:661. doi: 10.3389/fimmu.2020.00661

177. Parihar, A, Eubank, TD, and Doseff, AI. Monocytes and Macrophages Regulate Immunity Through Dynamic Networks of Survival and Cell Death. J Innate Immun (2010) 2(3):204–15. doi: 10.1159/000296507

178. Aulik, NA, Hellenbrand, KM, and Czuprynski, CJ. Mannheimia Haemolytica and its Leukotoxin Cause Macrophage Extracellular Trap Formation by Bovine Macrophages. Infect Immun (2012) 80(5):1923–33. doi: 10.1128/IAI.06120-11

179. Hellenbrand, KM, Forsythe, KM, Rivera-Rivas, JJ, Czuprynski, CJ, and Aulik, NA. Histophilus Somni Causes Extracellular Trap Formation by Bovine Neutrophils and Macrophages. Microb Pathog (2013) 54:67–75. doi: 10.1016/j.micpath.2012.09.007

180. Granger, V, Faille, D, Marani, V, Noel, B, Gallais, Y, Szely, N, et al. Human Blood Monocytes Are Able to Form Extracellular Traps. J Leukoc Biol (2017) 102(3):775–81. doi: 10.1189/jlb.3MA0916-411R

181. Jonsson, BE, Bylund, J, Johansson, BR, Telemo, E, and Wold, AE. Cord-Forming Mycobacteria Induce DNA Meshwork Formation by Human Peripheral Blood Mononuclear Cells. Pathog Dis (2013) 67(1):54–66. doi: 10.1111/2049-632X.12007

182. Wong, KW, and Jacobs, WR Jr. Mycobacterium Tuberculosis Exploits Human Interferon Gamma to Stimulate Macrophage Extracellular Trap Formation and Necrosis. J Infect Dis (2013) 208(1):109–19. doi: 10.1093/infdis/jit097

183. Agrawal, I, Sharma, N, Saxena, S, Arvind, S, Chakraborty, D, Chakraborty, DB, et al. Dopamine Induces Functional Extracellular Traps in Microglia. iScience (2021) 24(1):101968. doi: 10.1016/j.isci.2020.101968

184. Doster, RS, Sutton, JA, Rogers, LM, Aronoff, DM, and Gaddy, JA. Streptococcus Agalactiae Induces Placental Macrophages To Release Extracellular Traps Loaded With Tissue Remodeling Enzymes via an Oxidative Burst-Dependent Mechanism. mBio (2018) 9(6):e02084–18. doi: 10.1128/mBio.02084-18.


185. Okubo, K, Kurosawa, M, Kamiya, M, Urano, Y, Suzuki, A, Yamamoto, K, et al. Macrophage Extracellular Trap Formation Promoted by Platelet Activation Is a Key Mediator of Rhabdomyolysis-Induced Acute Kidney Injury. Nat Med (2018) 24(2):232–8. doi: 10.1038/nm.4462

186. O’Sullivan, KM, Lo, CY, Summers, SA, Elgass, KD, McMillan, PJ, Longano, A, et al. Renal Participation of Myeloperoxidase in Antineutrophil Cytoplasmic Antibody (ANCA)-Associated Glomerulonephritis. Kidney Int (2015) 88(5):1030–46. doi: 10.1038/ki.2015.202

187. Liu, P, Wu, X, Liao, C, Liu, X, Du, J, Shi, H, et al. Escherichia Coli and Candida Albicans Induced Macrophage Extracellular Trap-Like Structures With Limited Microbicidal Activity. PloS One (2014) 9(2):e90042. doi: 10.1371/journal.pone.0090042

188. Munoz-Caro, T, Silva, LM, Ritter, C, Taubert, A, and Hermosilla, C. Besnoitia Besnoiti Tachyzoites Induce Monocyte Extracellular Trap Formation. Parasitol Res (2014) 113(11):4189–97. doi: 10.1007/s00436-014-4094-3

189. Perez, D, Munoz, MC, Molina, JM, Munoz-Caro, T, Silva, LM, Taubert, A, et al. Eimeria Ninakohlyakimovae Induces NADPH Oxidase-Dependent Monocyte Extracellular Trap Formation and Upregulates IL-12 and TNF-Alpha, IL-6 and CCL2 Gene Transcription. Vet Parasitol (2016) 227:143–50. doi: 10.1016/j.vetpar.2016.07.028

190. King, PT, Sharma, R, O’Sullivan, KM, Callaghan, J, Dousha, L, Thomas, B, et al. Deoxyribonuclease 1 Reduces Pathogenic Effects of Cigarette Smoke Exposure in the Lung. Sci Rep (2017) 7(1):12128. doi: 10.1038/s41598-017-12474-5

191. Graca-Souza, AV, Arruda, MA, de Freitas, MS, Barja-Fidalgo, C, and Oliveira, PL. Neutrophil Activation by Heme: Implications for Inflammatory Processes. Blood (2002) 99(11):4160–5. doi: 10.1182/blood.V99.11.4160

192. Bourne, JH, Colicchia, M, Di, Y, Martin, E, Slater, A, Roumenina, LT, et al. Heme Induces Human and Mouse Platelet Activation Through C-Type-Lectin-Like Receptor-2. Haematologica (2021) 106(2):626–9. doi: 10.3324/haematol.2020.246488

193. Oishi, S, Tsukiji, N, Otake, S, Oishi, N, Sasaki, T, Shirai, T, et al. Heme Activates Platelets and Exacerbates Rhabdomyolysis-Induced Acute Kidney Injury via CLEC-2 and GPVI/FcRgamma. Blood Adv (2021) 5(7):2017–26. doi: 10.1182/bloodadvances.2020001698

194. Weisberg, SP, McCann, D, Desai, M, Rosenbaum, M, Leibel, RL, and Ferrante, AW Jr. Obesity is Associated With Macrophage Accumulation in Adipose Tissue. J Clin Invest (2003) 112(12):1796–808. doi: 10.1172/JCI200319246

195. Cinti, S, Mitchell, G, Barbatelli, G, Murano, I, Ceresi, E, Faloia, E, et al. Adipocyte Death Defines Macrophage Localization and Function in Adipose Tissue of Obese Mice and Humans. J Lipid Res (2005) 46(11):2347–55. doi: 10.1194/jlr.M500294-JLR200

196. Suganami, T, Nishida, J, and Ogawa, Y. A Paracrine Loop Between Adipocytes and Macrophages Aggravates Inflammatory Changes: Role of Free Fatty Acids and Tumor Necrosis Factor Alpha. Arterioscler Thromb Vasc Biol (2005) 25(10):2062–8. doi: 10.1161/01.ATV.0000183883.72263.13

197. Berthou, F, Ceppo, F, Dumas, K, Massa, F, Vergoni, B, Alemany, S, et al. The Tpl2 Kinase Regulates the COX-2/Prostaglandin E2 Axis in Adipocytes in Inflammatory Conditions. Mol Endocrinol (2015) 29(7):1025–36. doi: 10.1210/me.2015-1027

198. Mohanan, S, Horibata, S, McElwee, JL, Dannenberg, AJ, and Coonrod, SA. Identification of Macrophage Extracellular Trap-Like Structures in Mammary Gland Adipose Tissue: A Preliminary Study. Front Immunol (2013) 4:67. doi: 10.3389/fimmu.2013.00067

199. Qian, BZ, and Pollard, JW. Macrophage Diversity Enhances Tumor Progression and Metastasis. Cell (2010) 141(1):39–51. doi: 10.1016/j.cell.2010.03.014

200. Xu, SS, Li, H, Li, TJ, Li, S, Xia, HY, Long, J, et al. Neutrophil Extracellular Traps and Macrophage Extracellular Traps Predict Postoperative Recurrence in Resectable Nonfunctional Pancreatic Neuroendocrine Tumors. Front Immunol (2021) 12:577517. doi: 10.3389/fimmu.2021.577517

201. Chen, T, Wang, Y, Nan, Z, Wu, J, Li, A, Zhang, T, et al. Interaction Between Macrophage Extracellular Traps and Colon Cancer Cells Promotes Colon Cancer Invasion and Correlates With Unfavorable Prognosis. Front Immunol (2021) 12:779325. doi: 10.3389/fimmu.2021.779325

202. Halder, LD, Abdelfatah, MA, Jo, EA, Jacobsen, ID, Westermann, M, Beyersdorf, N, et al. Factor H Binds to Extracellular DNA Traps Released From Human Blood Monocytes in Response to Candida Albicans. Front Immunol (2016) 7:671. doi: 10.3389/fimmu.2016.00671

203. Je, S, Quan, H, Yoon, Y, Na, Y, Kim, BJ, and Seok, SH. Mycobacterium Massiliense Induces Macrophage Extracellular Traps With Facilitating Bacterial Growth. PloS One (2016) 11(5):e0155685. doi: 10.1371/journal.pone.0155685

204. Schulz, M, Zambrano, F, Schuppe, HC, Wagenlehner, F, Taubert, A, Gaertner, U, et al. Monocyte-Derived Extracellular Trap (MET) Formation Induces Aggregation and Affects Motility of Human Spermatozoa In Vitro. Syst Biol Reprod Med (2019) 65(5):357–66. doi: 10.1080/19396368.2019.1624873

205. Kim, T, de Oliveira Silva Lautenschlager, S, Ma, Q, Eller, K, Pollheimer, MJ, Lazarin-Bidoia, D, et al. Drug Crystal-Related Gastrointestinal Complications Involve Crystal-Induced Release of Neutrophil and Monocyte Extracellular Traps. Cells (2020) 9(11):2481. doi: 10.3390/cells9112481.

206. Barbara, G, Barbaro, MR, Fuschi, D, Palombo, M, Falangone, F, Cremon, C, et al. Inflammatory and Microbiota-Related Regulation of the Intestinal Epithelial Barrier. Front Nutr (2021) 8:718356. doi: 10.3389/fnut.2021.718356

207. Wernersson, S, and Pejler, G. Mast Cell Secretory Granules: Armed for Battle. Nat Rev Immunol (2014) 14(7):478–94. doi: 10.1038/nri3690

208. Moon, TC, Befus, AD, and Kulka, M. Mast Cell Mediators: Their Differential Release and the Secretory Pathways Involved. Front Immunol (2014) 5:569. doi: 10.3389/fimmu.2014.00569

209. von Kockritz-Blickwede, M, Goldmann, O, Thulin, P, Heinemann, K, Norrby-Teglund, A, Rohde, M, et al. Phagocytosis-Independent Antimicrobial Activity of Mast Cells by Means of Extracellular Trap Formation. Blood (2008) 111(6):3070–80. doi: 10.1182/blood-2007-07-104018

210. Branitzki-Heinemann, K, Okumura, CY, Vollger, L, Kawakami, Y, Kawakami, T, Naim, HY, et al. A Novel Role for the Transcription Factor HIF-1alpha in the Formation of Mast Cell Extracellular Traps. Biochem J (2012) 446(1):159–63. doi: 10.1042/BJ20120658

211. Jeong, HJ, Oh, HA, Nam, SY, Han, NR, Kim, YS, Kim, JH, et al. The Critical Role of Mast Cell-Derived Hypoxia-Inducible Factor-1alpha in Human and Mice Melanoma Growth. Int J Cancer (2013) 132(11):2492–501. doi: 10.1002/ijc.27937

212. Coussens, LM, Raymond, WW, Bergers, G, Laig-Webster, M, Behrendtsen, O, Werb, Z, et al. Inflammatory Mast Cells Up-Regulate Angiogenesis During Squamous Epithelial Carcinogenesis. Genes Dev (1999) 13(11):1382–97. doi: 10.1101/gad.13.11.1382

213. Lilla, JN, and Werb, Z. Mast Cells Contribute to the Stromal Microenvironment in Mammary Gland Branching Morphogenesis. Dev Biol (2010) 337(1):124–33. doi: 10.1016/j.ydbio.2009.10.021

214. Mangia, A, Malfettone, A, Rossi, R, Paradiso, A, Ranieri, G, Simone, G, et al. Tissue Remodelling in Breast Cancer: Human Mast Cell Tryptase as an Initiator of Myofibroblast Differentiation. Histopathology (2011) 58(7):1096–106. doi: 10.1111/j.1365-2559.2011.03842.x

215. Marone, G, Borriello, F, Varricchi, G, Genovese, A, and Granata, F. Basophils: Historical Reflections and Perspectives. Chem Immunol Allergy (2014) 100:172–92. doi: 10.1159/000358734

216. Schroeder, JT, and Bieneman, AP. Activation of Human Basophils by A549 Lung Epithelial Cells Reveals a Novel IgE-Dependent Response Independent of Allergen. J Immunol (2017) 199(3):855–65. doi: 10.4049/jimmunol.1700055

217. Brunner, T, de Weck, AL, and Dahinden, CA. Platelet-Activating Factor Induces Mediator Release by Human Basophils Primed With IL-3, Granulocyte-Macrophage Colony-Stimulating Factor, or IL-5. J Immunol (1991) 147(1):237–42.

218. Yousefi, S, Morshed, M, Amini, P, Stojkov, D, Simon, D, von Gunten, S, et al. Basophils Exhibit Antibacterial Activity Through Extracellular Trap Formation. Allergy (2015) 70(9):1184–8. doi: 10.1111/all.12662

219. Marone, G, Gambardella, AR, Mattei, F, Mancini, J, Schiavoni, G, and Varricchi, G. Basophils in Tumor Microenvironment and Surroundings. Adv Exp Med Biol (2020) 1224:21–34. doi: 10.1007/978-3-030-35723-8_2

220. Cohen, M, Giladi, A, Gorki, AD, Solodkin, DG, Zada, M, Hladik, A, et al. Lung Single-Cell Signaling Interaction Map Reveals Basophil Role in Macrophage Imprinting. Cell (2018) 175(4):1031–44 e18. doi: 10.1016/j.cell.2018.09.009

221. Sektioglu, IM, Carretero, R, Bulbuc, N, Bald, T, Tuting, T, Rudensky, AY, et al. Basophils Promote Tumor Rejection via Chemotaxis and Infiltration of CD8+ T Cells. Cancer Res (2017) 77(2):291–302. doi: 10.1158/0008-5472.CAN-16-0993

222. Damsker, JM, Hansen, AM, and Caspi, RR. Th1 and Th17 Cells: Adversaries and Collaborators. Ann N Y Acad Sci (2010) 1183:211–21. doi: 10.1111/j.1749-6632.2009.05133.x

223. Bailey, SR, Nelson, MH, Himes, RA, Li, Z, Mehrotra, S, and Paulos, CM. Th17 Cells in Cancer: The Ultimate Identity Crisis. Front Immunol (2014) 5:276. doi: 10.3389/fimmu.2014.00276

224. Ye, J, Livergood, RS, and Peng, G. The Role and Regulation of Human Th17 Cells in Tumor Immunity. Am J Pathol (2013) 182(1):10–20. doi: 10.1016/j.ajpath.2012.08.041

225. Do Thi, VA, Park, SM, Lee, H, and Kim, YS. The Membrane-Bound Form of IL-17a Promotes the Growth and Tumorigenicity of Colon Cancer Cells. Mol Cells (2016) 39(7):536–42. doi: 10.14348/molcells.2016.0048

226. Curtis, MM, and Way, SS. Interleukin-17 in Host Defence Against Bacterial, Mycobacterial and Fungal Pathogens. Immunology (2009) 126(2):177–85. doi: 10.1111/j.1365-2567.2008.03017.x

227. Agak, GW, Mouton, A, Teles, RM, Weston, T, Morselli, M, Andrade, PR, et al. Extracellular Traps Released by Antimicrobial TH17 Cells Contribute to Host Defense. J Clin Invest (2021) 131(2):e141594. doi: 10.1172/JCI141594

228. Rocha Arrieta, YC, Rojas, M, Vasquez, G, and Lopez, J. The Lymphocytes Stimulation Induced DNA Release, a Phenomenon Similar to NETosis. Scand J Immunol (2017) 86(4):229–38. doi: 10.1111/sji.12592

229. Koh, CC, Wardini, AB, Vieira, M, Passos, LSA, Martinelli, PM, Neves, EGA, et al. Human CD8+ T Cells Release Extracellular Traps Co-Localized With Cytotoxic Vesicles That Are Associated With Lesion Progression and Severity in Human Leishmaniasis. Front Immunol (2020) 11:594581. doi: 10.3389/fimmu.2020.594581

230. Conceição-Silva, F, Reis, CSM, De Luca, PM, Leite-Silva, J, Santiago, MA, Morrot, A, et al. The Immune System Throws Its Traps. Cells (2021) 10(8):1891. doi: 10.3390/cells10081891

231. Shi, C, Kim, T, Steiger, S, Mulay, SR, Klinkhammer, BM, Bauerle, T, et al. Crystal Clots as Therapeutic Target in Cholesterol Crystal Embolism. Circ Res (2020) 126(8):e37–52. doi: 10.1161/CIRCRESAHA.119.315625

232. Ghanem, F, Vodnala, D, Kalavakunta, JK, Durga, S, Thormeier, N, Subramaniyam, P, et al. Cholesterol Crystal Embolization Following Plaque Rupture: A Systemic Disease With Unusual Features. J BioMed Res (2017) 31(2):82–94. doi: 10.7555/JBR.31.20160100

233. McDonald, DM, and Baluk, P. Significance of Blood Vessel Leakiness in Cancer. Cancer Res (2002) 62(18):5381–5.

234. Strilic, B, Yang, L, Albarran-Juarez, J, Wachsmuth, L, Han, K, Muller, UC, et al. Tumour-Cell-Induced Endothelial Cell Necroptosis via Death Receptor 6 Promotes Metastasis. Nature (2016) 536(7615):215–8. doi: 10.1038/nature19076

235. Melchinger, H, Jain, K, Tyagi, T, and Hwa, J. Role of Platelet Mitochondria: Life in a Nucleus-Free Zone. Front Cardiovasc Med (2019) 6:153. doi: 10.3389/fcvm.2019.00153

236. Boudreau, LH, Duchez, AC, Cloutier, N, Soulet, D, Martin, N, Bollinger, J, et al. Platelets Release Mitochondria Serving as Substrate for Bactericidal Group IIA-Secreted Phospholipase A2 to Promote Inflammation. Blood (2014) 124(14):2173–83. doi: 10.1182/blood-2014-05-573543

237. Melki, I, Allaeys, I, Tessandier, N, Levesque, T, Cloutier, N, Laroche, A, et al. Platelets Release Mitochondrial Antigens in Systemic Lupus Erythematosus. Sci Transl Med (2021) 13(581):eaav5928. doi: 10.1126/scitranslmed.aav5928.

238. Finke, D, Heckmann, MB, Frey, N, and Lehmann, LH. Cancer-A Major Cardiac Comorbidity With Implications on Cardiovascular Metabolism. Front Physiol (2021) 12:729713. doi: 10.3389/fphys.2021.729713

239. Fearon, K, Strasser, F, Anker, SD, Bosaeus, I, Bruera, E, Fainsinger, RL, et al. Definition and Classification of Cancer Cachexia: An International Consensus. Lancet Oncol (2011) 12(5):489–95. doi: 10.1016/S1470-2045(10)70218-7

240. Shimony, A, Zahger, D, Gilutz, H, Goldstein, H, Orlov, G, Merkin, M, et al. Cell Free DNA Detected by a Novel Method in Acute ST-Elevation Myocardial Infarction Patients. Acute Card Care (2010) 12(3):109–11. doi: 10.3109/17482941.2010.513732

241. Khan, RS, Martinez, MD, Sy, JC, Pendergrass, KD, Che, PL, Brown, ME, et al. Targeting Extracellular DNA to Deliver IGF-1 to the Injured Heart. Sci Rep (2014) 4:4257. doi: 10.1038/srep04257

242. Waldenstrom, A, Genneback, N, Hellman, U, and Ronquist, G. Cardiomyocyte Microvesicles Contain DNA/RNA and Convey Biological Messages to Target Cells. PloS One (2012) 7(4):e34653. doi: 10.1371/journal.pone.0034653

243. Stroun, M, Anker, P, Maurice, P, Lyautey, J, Lederrey, C, and Beljanski, M. Neoplastic Characteristics of the DNA Found in the Plasma of Cancer Patients. Oncology (1989) 46(5):318–22. doi: 10.1159/000226740

244. Rykova, EY, Laktionov, PP, Skvortsova, TE, Starikov, AV, Kuznetsova, NP, and Vlassov, VV. Extracellular DNA in Breast Cancer: Cell-Surface-Bound, Tumor-Derived Extracellular DNA in Blood of Patients With Breast Cancer and Nonmalignant Tumors. Ann N Y Acad Sci (2004) 1022:217–20. doi: 10.1196/annals.1318.033

245. Skvortsova, TE, Vlassov, VV, and Laktionov, PP. Binding and Penetration of Methylated DNA Into Primary and Transformed Human Cells. Ann N Y Acad Sci (2008) 1137:36–40. doi: 10.1196/annals.1448.033

246. Koyama, M, and Kurumizaka, H. Structural Diversity of the Nucleosome. J Biochem (2018) 163(2):85–95. doi: 10.1093/jb/mvx081

247. Gardner, WD, Haselby, JA, and Hoch, SO. Identification of a Major Serum DNA-Binding Protein as Factor B of the Alternative Complement Pathway. J Immunol (1980) 124(6):2800–6.

248. Gardner, WD, White, PJ, and Hoch, SO. Identification of a Major Human Serum DNA-Binding Protein as Beta 1H of the Alternative Pathway of Complement Activation. Biochem Biophys Res Commun (1980) 94(1):61–7. doi: 10.1016/s0006-291x(80)80187-2

249. Kahlert, C, Melo, SA, Protopopov, A, Tang, J, Seth, S, Koch, M, et al. Identification of Double-Stranded Genomic DNA Spanning All Chromosomes With Mutated KRAS and P53 DNA in the Serum Exosomes of Patients With Pancreatic Cancer. J Biol Chem (2014) 289(7):3869–75. doi: 10.1074/jbc.C113.532267

250. Lazaro-Ibanez, E, Sanz-Garcia, A, Visakorpi, T, Escobedo-Lucea, C, Siljander, P, Ayuso-Sacido, A, et al. Different gDNA Content in the Subpopulations of Prostate Cancer Extracellular Vesicles: Apoptotic Bodies, Microvesicles, and Exosomes. Prostate (2014) 74(14):1379–90. doi: 10.1002/pros.22853

251. Vagner, T, Spinelli, C, Minciacchi, VR, Balaj, L, Zandian, M, Conley, A, et al. Large Extracellular Vesicles Carry Most of the Tumour DNA Circulating in Prostate Cancer Patient Plasma. J Extracell Vesicles (2018) 7(1):1505403. doi: 10.1080/20013078.2018.1505403

252. Cai, J, Wu, G, Tan, X, Han, Y, Chen, C, Li, C, et al. Transferred BCR/ABL DNA From K562 Extracellular Vesicles Causes Chronic Myeloid Leukemia in Immunodeficient Mice. PloS One (2014) 9(8):e105200. doi: 10.1371/journal.pone.0105200

253. Cai, J, Han, Y, Ren, H, Chen, C, He, D, Zhou, L, et al. Extracellular Vesicle-Mediated Transfer of Donor Genomic DNA to Recipient Cells is a Novel Mechanism for Genetic Influence Between Cells. J Mol Cell Biol (2013) 5(4):227–38. doi: 10.1093/jmcb/mjt011

254. Cai, J, Guan, W, Tan, X, Chen, C, Li, L, Wang, N, et al. SRY Gene Transferred by Extracellular Vesicles Accelerates Atherosclerosis by Promotion of Leucocyte Adherence to Endothelial Cells. Clin Sci (Lond) (2015) 129(3):259–69. doi: 10.1042/CS20140826

255. Keyel, PA. Dnases in Health and Disease. Dev Biol (2017) 429(1):1–11. doi: 10.1016/j.ydbio.2017.06.028

256. Cho, MS, Park, CH, Lee, S, and Park, HS. Clinicopathological Parameters for Circulating Tumor DNA Shedding in Surgically Resected non-Small Cell Lung Cancer With EGFR or KRAS Mutation. PloS One (2020) 15(3):e0230622. doi: 10.1371/journal.pone.0230622

257. Economidou-Karaoglou, A, Lans, M, Taper, H, Michaux, JL, and Roberfroid, M. Variations in Serum Alkaline DNase Activity: A New Means to Assess Early Detection of Relapse in Patients Treated for Acute Nonlymphoblastic Leukemia. Blood (1989) 74(8):2730–2. doi: 10.1182/blood.V74.8.2730.bloodjournal7482730

258. Patel, PS, Patel, BP, Rawal, RM, Raval, GN, Patel, MM, Patel, JB, et al. Evaluation of Serum Alkaline DNase Activity in Treatment Monitoring of Head and Neck Cancer Patients. Tumour Biol (2000) 21(2):82–9. doi: 10.1159/000030113

259. Wroblewski, F, and Bodansky, O. Presence of Desoxyribonuclease Activity in Human Serum. Proc Soc Exp Biol Med (1950) 74(2):443–5. doi: 10.3181/00379727-74-17933

260. Tamkovich, SN, Cherepanova, AV, Kolesnikova, EV, Rykova, EY, Pyshnyi, DV, Vlassov, VV, et al. Circulating DNA and DNase Activity in Human Blood. Ann NY Acad Sci (2006) 1075:191–6. doi: 10.1196/annals.1368.026

261. Cherepanova, AV, Tamkovich, SN, Bryzgunova, OE, Vlassov, VV, and Laktionov, PP. Deoxyribonuclease Activity and Circulating DNA Concentration in Blood Plasma of Patients With Prostate Tumors. Ann NY Acad Sci (2008) 1137:218–21. doi: 10.1196/annals.1448.016

262. Funakoshi, A, Wakasugi, H, and Ibayashi, H. Clinical Investigation of Serum Deoxyribonuclease: II. Clinical Studies of Serum Deoxyribonuclease Activity in Pancreatic Disease. Gastroenterol Jpn (1979) 14(5):436–40. doi: 10.1007/BF02773731

263. Economidou-Karaoglou, A, Lans, M, Taper, HS, Michaux, JL, and Roberfroid, M. Variations in Serum Alkaline DNase Activity. A New Means for Therapeutic Monitoring of Malignant Lymphomas. Cancer (1988) 61(9):1838–43. doi: 10.1002/1097-0142(19880501)61:9<1838::AID-CNCR2820610920>3.0.CO;2-R

264. Ramandanis, G, Agnantis, N, Garas, J, and Spandidos, DA. Correlation Between Serum and Tissue Deoxyribonuclease Levels in Breast Cancer Patients. Anticancer Res (1982) 2(4):213–8.

265. Jimenez-Alcazar, M, Rangaswamy, C, Panda, R, Bitterling, J, Simsek, YJ, Long, AT, et al. Host DNases Prevent Vascular Occlusion by Neutrophil Extracellular Traps. Science (2017) 358(6367):1202–6. doi: 10.1126/science.aam8897

266. Yasutomo, K, Horiuchi, T, Kagami, S, Tsukamoto, H, Hashimura, C, Urushihara, M, et al. Mutation of DNASE1 in People With Systemic Lupus Erythematosus. Nat Genet (2001) 28(4):313–4. doi: 10.1038/91070

267. Grimm, M, Schmitt, S, Teriete, P, Biegner, T, Stenzl, A, Hennenlotter, J, et al. A Biomarker Based Detection and Characterization of Carcinomas Exploiting Two Fundamental Biophysical Mechanisms in Mammalian Cells. BMC Cancer (2013) 13:569. doi: 10.1186/1471-2407-13-569

268. Rosner, K. DNase1: A New Personalized Therapy for Cancer? Expert Rev Anticancer Ther (2011) 11(7):981–4. doi: 10.1586/era.11.90

269. Alekseeva, L, and Mironova, N. Role of Cell-Free DNA and Deoxyribonucleases in Tumor Progression. Int J Mol Sci (2021) 22(22):12246. doi: 10.3390/ijms222212246

270. Xia, Y, He, J, Zhang, H, Wang, H, Tetz, G, Maguire, CA, et al. AAV-Mediated Gene Transfer of DNase I in the Liver of Mice With Colorectal Cancer Reduces Liver Metastasis and Restores Local Innate and Adaptive Immune Response. Mol Oncol (2020) 14(11):2920–35. doi: 10.1002/1878-0261.12787

271. De Lamirande, G. Action of Deoxyribonuclease and Ribonuclease on the Growth of Ehrlich Ascites Carcinoma in Mice. Nature (1961) 192:52–4. doi: 10.1038/192052a0

272. Shklyaeva, OA, Mironova, NL, Malkova, EM, Taranov, OS, Ryabchikova, EI, Zenkova, MA, et al. Cancer-Suppressive Effect of RNase A and DNase I. Dokl Biochem Biophys (2008) 420:108–11. doi: 10.1134/S1607672908030034

273. Patutina, OA, Mironova, NL, Ryabchikova, EI, Popova, NA, Nikolin, VP, Kaledin, VI, et al. Tumoricidal Activity of RNase A and DNase I. Acta Naturae (2010) 2(1):88–94. doi: 10.32607/actanaturae.10770

274. Patutina, O, Mironova, N, Ryabchikova, E, Popova, N, Nikolin, V, Kaledin, V, et al. Inhibition of Metastasis Development by Daily Administration of Ultralow Doses of RNase A and DNase I. Biochimie (2011) 93(4):689–96. doi: 10.1016/j.biochi.2010.12.011

275. Alekseeva, LA, Sen’kova, AV, Zenkova, MA, and Mironova, NL. Targeting Circulating SINEs and LINEs With DNase I Provides Metastases Inhibition in Experimental Tumor Models. Mol Ther Nucleic Acids (2020) 20:50–61. doi: 10.1016/j.omtn.2020.01.035

276. Alekseeva, LA, Mironova, NL, Brenner, EV, Kurilshikov, AM, Patutina, OA, and Zenkova, MA. Alteration of the exDNA Profile in Blood Serum of LLC-Bearing Mice Under the Decrease of Tumour Invasion Potential by Bovine Pancreatic DNase I Treatment. PloS One (2017) 12(2):e0171988. doi: 10.1371/journal.pone.0171988

277. Alexeeva, LA, Patutina, OA, Sen’kova, AV, Zenkova, MA, and Mironova, NL. Inhibition of Invasive Properties of Murine Melanoma by Bovine Pancreatic DNase I In Vitro and In Vivo. Mol Biol (Mosk) (2017) 51(4):637–46. doi: 10.1134/S0026893317040021

278. Alekseeva, L, Sen’kova, A, Savin, I, Zenkova, M, and Mironova, N. Human Recombinant DNase I (Pulmozyme((R))) Inhibits Lung Metastases in Murine Metastatic B16 Melanoma Model That Correlates With Restoration of the DNase Activity and the Decrease SINE/LINE and C-Myc Fragments in Blood Cell-Free DNA. Int J Mol Sci (2021) 22(21):12074. doi: 10.3390/ijms222112074

279. Sugihara, S, Yamamoto, T, Tanaka, H, Kambara, T, Hiraoka, T, and Miyauchi, Y. Deoxyribonuclease Treatment Prevents Blood-Borne Liver Metastasis of Cutaneously Transplanted Tumour Cells in Mice. Br J Cancer (1993) 67(1):66–70. doi: 10.1038/bjc.1993.10

280. Trejo-Becerril, C, Perez-Cardenas, E, Gutierrez-Diaz, B, de la Cruz-Siguenza, D, Taja-Chayeb, L, Gonzalez-Ballesteros, M, et al. Antitumor Effects of Systemic DNAse I and Proteases in an In Vivo Model. Integr Cancer Ther (2016) 15(4):NP35–43. doi: 10.1177/1534735416631102

281. Amundadottir, LT. Pancreatic Cancer Genetics. Int J Biol Sci (2016) 12(3):314–25. doi: 10.7150/ijbs.15001

282. Feig, C, Gopinathan, A, Neesse, A, Chan, DS, Cook, N, and Tuveson, DA. The Pancreas Cancer Microenvironment. Clin Cancer Res (2012) 18(16):4266–76. doi: 10.1158/1078-0432.CCR-11-3114

283. Hisada, Y, and Mackman, N. Cancer-Associated Pathways and Biomarkers of Venous Thrombosis. Blood (2017) 130(13):1499–506. doi: 10.1182/blood-2017-03-743211

284. Padoan, A, Plebani, M, and Basso, D. Inflammation and Pancreatic Cancer: Focus on Metabolism, Cytokines, and Immunity. Int J Mol Sci (2019) 20(3):676. doi: 10.3390/ijms20030676

285. Wen, F, Shen, A, Choi, A, Gerner, EW, and Shi, J. Extracellular DNA in Pancreatic Cancer Promotes Cell Invasion and Metastasis. Cancer Res (2013) 73(14):4256–66. doi: 10.1158/0008-5472.CAN-12-3287

286. Alvarez de Haro, N, Van, AP, Robb, CT, Rossi, AG, and Desbois, AP. Release of Chromatin Extracellular Traps by Phagocytes of Atlantic Salmon, Salmo Salar (Linnaeus, 1758). Fish Shellfish Immunol (2021) 119:209–19. doi: 10.1016/j.fsi.2021.08.023

287. Hisada, Y, Grover, SP, Maqsood, A, Houston, R, Ay, C, Noubouossie, DF, et al. Neutrophils and Neutrophil Extracellular Traps Enhance Venous Thrombosis in Mice Bearing Human Pancreatic Tumors. Haematologica (2020) 105(1):218–25. doi: 10.3324/haematol.2019.217083

288. Carminita, E, Crescence, L, Brouilly, N, Altie, A, Panicot-Dubois, L, and Dubois, C. DNAse-Dependent, NET-Independent Pathway of Thrombus Formation In Vivo. Proc Natl Acad Sci USA (2021) 118(28):e2100561118. doi: 10.1073/pnas.2100561118

289. Darbousset, R, Thomas, GM, Mezouar, S, Frere, C, Bonier, R, Mackman, N, et al. Tissue Factor-Positive Neutrophils Bind to Injured Endothelial Wall and Initiate Thrombus Formation. Blood (2012) 120(10):2133–43. doi: 10.1182/blood-2012-06-437772

290. Morrissey, JH, Choi, SH, and Smith, SA. Polyphosphate: An Ancient Molecule That Links Platelets, Coagulation, and Inflammation. Blood (2012) 119(25):5972–9. doi: 10.1182/blood-2012-03-306605

291. Gomez-Garcia, MR, and Kornberg, A. Formation of an Actin-Like Filament Concurrent With the Enzymatic Synthesis of Inorganic Polyphosphate. Proc Natl Acad Sci USA (2004) 101(45):15876–80. doi: 10.1073/pnas.0406923101

292. Thalin, C, Hisada, Y, Lundstrom, S, Mackman, N, and Wallen, H. Neutrophil Extracellular Traps: Villains and Targets in Arterial, Venous, and Cancer-Associated Thrombosis. Arterioscler Thromb Vasc Biol (2019) 39(9):1724–38. doi: 10.1161/ATVBAHA.119.312463

293. Shak, S, Capon, DJ, Hellmiss, R, Marsters, SA, and Baker, CL. Recombinant Human DNase I Reduces the Viscosity of Cystic Fibrosis Sputum. Proc Natl Acad Sci USA (1990) 87(23):9188–92. doi: 10.1073/pnas.87.23.9188

294. Fuchs, HJ, Borowitz, DS, Christiansen, DH, Morris, EM, Nash, ML, Ramsey, BW, et al. Effect of Aerosolized Recombinant Human DNase on Exacerbations of Respiratory Symptoms and on Pulmonary Function in Patients With Cystic Fibrosis. Pulmozyme Study Group N Engl J Med (1994) 331(10):637–42. doi: 10.1056/NEJM199409083311003

295. Wang, D, and Dubois, RN. Eicosanoids and Cancer. Nat Rev Cancer (2010) 10(3):181–93. doi: 10.1038/nrc2809

296. Vane, JR, and Botting, RM. The Mechanism of Action of Aspirin. Thromb Res (2003) 110(5-6):255–8. doi: 10.1016/S0049-3848(03)00379-7

297. Caudrillier, A, Kessenbrock, K, Gilliss, BM, Nguyen, JX, Marques, MB, Monestier, M, et al. Platelets Induce Neutrophil Extracellular Traps in Transfusion-Related Acute Lung Injury. J Clin Invest (2012) 122(7):2661–71. doi: 10.1172/JCI61303

298. Lapponi, MJ, Carestia, A, Landoni, VI, Rivadeneyra, L, Etulain, J, Negrotto, S, et al. Regulation of Neutrophil Extracellular Trap Formation by Anti-Inflammatory Drugs. J Pharmacol Exp Ther (2013) 345(3):430–7. doi: 10.1124/jpet.112.202879

299. Shishikura, K, Horiuchi, T, Sakata, N, Trinh, DA, Shirakawa, R, Kimura, T, et al. Prostaglandin E2 Inhibits Neutrophil Extracellular Trap Formation Through Production of Cyclic AMP. Br J Pharmacol (2016) 173(2):319–31. doi: 10.1111/bph.13373

300. Domingo-Gonzalez, R, Martinez-Colon, GJ, Smith, AJ, Smith, CK, Ballinger, MN, Xia, M, et al. Inhibition of Neutrophil Extracellular Trap Formation After Stem Cell Transplant by Prostaglandin E2. Am J Respir Crit Care Med (2016) 193(2):186–97. doi: 10.1164/rccm.201501-0161OC

301. Kimura, T, Takabatake, Y, Takahashi, A, and Isaka, Y. Chloroquine in Cancer Therapy: A Double-Edged Sword of Autophagy. Cancer Res (2013) 73(1):3–7. doi: 10.1158/0008-5472.CAN-12-2464

302. Chargui, A, Cesaro, A, Mimouna, S, Fareh, M, Brest, P, Naquet, P, et al. Subversion of Autophagy in Adherent Invasive Escherichia Coli-Infected Neutrophils Induces Inflammation and Cell Death. PloS One (2012) 7(12):e51727. doi: 10.1371/journal.pone.0051727

303. Itakura, A, and McCarty, OJ. Pivotal Role for the mTOR Pathway in the Formation of Neutrophil Extracellular Traps via Regulation of Autophagy. Am J Physiol Cell Physiol (2013) 305(3):C348–54. doi: 10.1152/ajpcell.00108.2013

304. Park, SY, Shrestha, S, Youn, YJ, Kim, JK, Kim, SY, Kim, HJ, et al. Autophagy Primes Neutrophils for Neutrophil Extracellular Trap Formation During Sepsis. Am J Respir Crit Care Med (2017) 196(5):577–89. doi: 10.1164/rccm.201603-0596OC

305. Murthy, P, Singhi, AD, Ross, MA, Loughran, P, Paragomi, P, Papachristou, GI, et al. Enhanced Neutrophil Extracellular Trap Formation in Acute Pancreatitis Contributes to Disease Severity and Is Reduced by Chloroquine. Front Immunol (2019) 10:28. doi: 10.3389/fimmu.2019.00028

306. Munir, H, Jones, JO, Janowitz, T, Hoffmann, M, Euler, M, Martins, CP, et al. Stromal-Driven and Amyloid Beta-Dependent Induction of Neutrophil Extracellular Traps Modulates Tumor Growth. Nat Commun (2021) 12(1):683. doi: 10.1038/s41467-021-20982-2

307. Kuznik, A, Bencina, M, Svajger, U, Jeras, M, Rozman, B, and Jerala, R. Mechanism of Endosomal TLR Inhibition by Antimalarial Drugs and Imidazoquinolines. J Immunol (2011) 186(8):4794–804. doi: 10.4049/jimmunol.1000702

308. Zhou, W, Wang, H, Yang, Y, Chen, ZS, Zou, C, and Zhang, J. Chloroquine Against Malaria, Cancers and Viral Diseases. Drug Discov Today (2020) 25(11):2012–22. doi: 10.1016/j.drudis.2020.09.010

309. Cai, Y, Cai, J, Ma, Q, Xu, Y, Zou, J, Xu, L, et al. Chloroquine Affects Autophagy to Achieve an Anticancer Effect in EC109 Esophageal Carcinoma Cells In Vitro. Oncol Lett (2018) 15(1):1143–8. doi: 10.3892/ol.2017.7415

310. Thammavongsa, V, Missiakas, DM, and Schneewind, O. Staphylococcus Aureus Degrades Neutrophil Extracellular Traps to Promote Immune Cell Death. Science (2013) 342(6160):863–6. doi: 10.1126/science.1242255

311. Collen, D, and Lijnen, HR. Staphylokinase, a Fibrin-Specific Plasminogen Activator With Therapeutic Potential? Blood (1994) 84(3):680–6. doi: 10.1182/blood.V84.3.680.680

312. Qi, F, Qi, J, Hu, C, Shen, L, Yu, W, and Hu, T. Conjugation of Staphylokinase With the Arabinogalactan-PEG Conjugate: Study on the Immunogenicity, In Vitro Bioactivity and Pharmacokinetics. Int J Biol Macromol (2019) 131:896–904. doi: 10.1016/j.ijbiomac.2019.03.046

313. Vossenaar, ER, Zendman, AJ, van Venrooij, WJ, and Pruijn, GJ. PAD, a Growing Family of Citrullinating Enzymes: Genes, Features and Involvement in Disease. Bioessays (2003) 25(11):1106–18. doi: 10.1002/bies.10357

314. Witalison, EE, Thompson, PR, and Hofseth, LJ. Protein Arginine Deiminases and Associated Citrullination: Physiological Functions and Diseases Associated With Dysregulation. Curr Drug Targets (2015) 16(7):700–10. doi: 10.2174/1389450116666150202160954

315. Wang, L, Song, G, Zhang, X, Feng, T, Pan, J, Chen, W, et al. PADI2-Mediated Citrullination Promotes Prostate Cancer Progression. Cancer Res (2017) 77(21):5755–68. doi: 10.1158/0008-5472.CAN-17-0150

316. Cherrington, BD, Morency, E, Struble, AM, Coonrod, SA, and Wakshlag, JJ. Potential Role for Peptidylarginine Deiminase 2 (PAD2) in Citrullination of Canine Mammary Epithelial Cell Histones. PloS One (2010) 5(7):e11768. doi: 10.1371/journal.pone.0011768

317. Khan, SA, Edwards, BS, Muth, A, Thompson, PR, Cherrington, BD, and Navratil, AM. GnRH Stimulates Peptidylarginine Deiminase Catalyzed Histone Citrullination in Gonadotrope Cells. Mol Endocrinol (2016) 30(10):1081–91. doi: 10.1210/me.2016-1085

318. Wu, Z, Deng, Q, Pan, B, Alam, HB, Tian, Y, Bhatti, UF, et al. Inhibition of PAD2 Improves Survival in a Mouse Model of Lethal LPS-Induced Endotoxic Shock. Inflammation (2020) 43(4):1436–45. doi: 10.1007/s10753-020-01221-0

319. Li, P, Li, M, Lindberg, MR, Kennett, MJ, Xiong, N, and Wang, Y. PAD4 Is Essential for Antibacterial Innate Immunity Mediated by Neutrophil Extracellular Traps. J Exp Med (2010) 207(9):1853–62. doi: 10.1084/jem.20100239

320. Tanikawa, C, Espinosa, M, Suzuki, A, Masuda, K, Yamamoto, K, Tsuchiya, E, et al. Regulation of Histone Modification and Chromatin Structure by the P53-PADI4 Pathway. Nat Commun (2012) 3:676. doi: 10.1038/ncomms1676

321. Zheng, Y, Zhao, G, Xu, B, Liu, C, Li, C, Zhang, X, et al. PADI4 has Genetic Susceptibility to Gastric Carcinoma and Upregulates CXCR2, KRT14 and TNF-Alpha Expression Levels. Oncotarget (2016) 7(38):62159–76. doi: 10.18632/oncotarget.11398

322. Hawez, A, Al-Haidari, A, Madhi, R, Rahman, M, and Thorlacius, H. MiR-155 Regulates PAD4-Dependent Formation of Neutrophil Extracellular Traps. Front Immunol (2019) 10:2462. doi: 10.3389/fimmu.2019.02462

323. Knight, JS, Subramanian, V, O’Dell, AA, Yalavarthi, S, Zhao, W, Smith, CK, et al. Peptidylarginine Deiminase Inhibition Disrupts NET Formation and Protects Against Kidney, Skin and Vascular Disease in Lupus-Prone MRL/lpr Mice. Ann Rheum Dis (2015) 74(12):2199–206. doi: 10.1136/annrheumdis-2014-205365

324. Wong, SL, Demers, M, Martinod, K, Gallant, M, Wang, Y, Goldfine, AB, et al. Diabetes Primes Neutrophils to Undergo NETosis, Which Impairs Wound Healing. Nat Med (2015) 21(7):815–9. doi: 10.1038/nm.3887

325. Lewis, HD, Liddle, J, Coote, JE, Atkinson, SJ, Barker, MD, Bax, BD, et al. Inhibition of PAD4 Activity is Sufficient to Disrupt Mouse and Human NET Formation. Nat Chem Biol (2015) 11(3):189–91. doi: 10.1038/nchembio.1735

326. Cedervall, J, Dragomir, A, Saupe, F, Zhang, Y, Arnlov, J, Larsson, E, et al. Pharmacological Targeting of Peptidylarginine Deiminase 4 Prevents Cancer-Associated Kidney Injury in Mice. Oncoimmunology (2017) 6(8):e1320009. doi: 10.1080/2162402X.2017.1320009

327. Wei, L, Wang, X, Luo, M, Wang, H, Chen, H, and Huang, C. The PAD4 Inhibitor GSK484 Enhances the Radiosensitivity of Triple-Negative Breast Cancer. Hum Exp Toxicol (2021) 40(7):1074–83. doi: 10.1177/0960327120979028

328. McDonald, B, Davis, RP, Kim, SJ, Tse, M, Esmon, CT, Kolaczkowska, E, et al. Platelets and Neutrophil Extracellular Traps Collaborate to Promote Intravascular Coagulation During Sepsis in Mice. Blood (2017) 129(10):1357–67. doi: 10.1182/blood-2016-09-741298

329. Jimenez-Alcazar, M, Napirei, M, Panda, R, Kohler, EC, Kremer Hovinga, JA, Mannherz, HG, et al. Impaired DNase1-Mediated Degradation of Neutrophil Extracellular Traps Is Associated With Acute Thrombotic Microangiopathies. J Thromb Haemost (2015) 13(5):732–42. doi: 10.1111/jth.12796

330. Nachat, R, Mechin, MC, Takahara, H, Chavanas, S, Charveron, M, Serre, G, et al. Peptidylarginine Deiminase Isoforms 1-3 are Expressed in the Epidermis and Involved in the Deimination of K1 and Filaggrin. J Invest Dermatol (2005) 124(2):384–93. doi: 10.1111/j.0022-202X.2004.23568.x

331. Yang, L, Tan, D, and Piao, H. Myelin Basic Protein Citrullination in Multiple Sclerosis: A Potential Therapeutic Target for the Pathology. Neurochem Res (2016) 41(8):1845–56. doi: 10.1007/s11064-016-1920-2

332. Lee, HJ, Joo, M, Abdolrasulnia, R, Young, DG, Choi, I, Ware, LB, et al. Peptidylarginine Deiminase 2 Suppresses Inhibitory {Kappa}B Kinase Activity in Lipopolysaccharide-Stimulated RAW 264. 7 Macrophages J Biol Chem (2010) 285(51):39655–62. doi: 10.1074/jbc.M110.170290

333. Krishnamurthy, A, Ytterberg, AJ, Sun, M, Sakuraba, K, Steen, J, Joshua, V, et al. Citrullination Controls Dendritic Cell Transdifferentiation Into Osteoclasts. J Immunol (2019) 202(11):3143–50. doi: 10.4049/jimmunol.1800534

334. Jang, B, Kim, MJ, Lee, YJ, Ishigami, A, Kim, YS, and Choi, EK. Vimentin Citrullination Probed by a Novel Monoclonal Antibody Serves as a Specific Indicator for Reactive Astrocytes in Neurodegeneration. Neuropathol Appl Neurobiol (2020) 46(7):751–69. doi: 10.1111/nan.12620

335. Hsu, PC, Liao, YF, Lin, CL, Lin, WH, Liu, GY, and Hung, HC. Vimentin is Involved in Peptidylarginine Deiminase 2-Induced Apoptosis of Activated Jurkat Cells. Mol Cells (2014) 37(5):426–34. doi: 10.14348/molcells.2014.2359

336. Kin P, U, Subramanian, V, Nicholas, AP, Thompson, PR, and Ferretti, P. Modulation of Calcium-Induced Cell Death in Human Neural Stem Cells by the Novel Peptidylarginine Deiminase-AIF Pathway. Biochim Biophys Acta (o
2014) 1843(6):1162–71. doi: 10.1016/j.bbamcr.2014.02.018

337. Zhai, Q, Wang, L, Zhao, P, and Li, T. Role of Citrullination Modification Catalyzed by Peptidylarginine Deiminase 4 in Gene Transcriptional Regulation. Acta Biochim Biophys Sin (Shanghai) (2017) 49(7):567–72. doi: 10.1093/abbs/gmx042

338. Guo, Q, Bedford, MT, and Fast, W. Discovery of Peptidylarginine Deiminase-4 Substrates by Protein Array: Antagonistic Citrullination and Methylation of Human Ribosomal Protein S2. Mol Biosyst (2011) 7(7):2286–95. doi: 10.1039/c1mb05089c

339. Sipila, K, Haag, S, Denessiouk, K, Kapyla, J, Peters, EC, Denesyuk, A, et al. Citrullination of Collagen II Affects Integrin-Mediated Cell Adhesion in a Receptor-Specific Manner. FASEB J (2014) 28(8):3758–68. doi: 10.1096/fj.13-247767

340. Deplus, R, Denis, H, Putmans, P, Calonne, E, Fourrez, M, Yamamoto, K, et al. Citrullination of DNMT3A by PADI4 Regulates its Stability and Controls DNA Methylation. Nucleic Acids Res (2014) 42(13):8285–96. doi: 10.1093/nar/gku522

341. Survase, SA, Kagliwal, LD, Annapure, US, and Singhal, RS. Cyclosporin A–a Review on Fermentative Production, Downstream Processing and Pharmacological Applications. Biotechnol Adv (2011) 29(4):418–35. doi: 10.1016/j.biotechadv.2011.03.004

342. Schreiber, SL, and Crabtree, GR. The Mechanism of Action of Cyclosporin A and FK506. Immunol Today (1992) 13(4):136–42. doi: 10.1016/0167-5699(92)90111-J

343. Gupta, AK, Giaglis, S, Hasler, P, and Hahn, S. Efficient Neutrophil Extracellular Trap Induction Requires Mobilization of Both Intracellular and Extracellular Calcium Pools and is Modulated by Cyclosporine a. PloS One (2014) 9(5):e97088. doi: 10.1371/journal.pone.0097088

344. Onishi, A, St Ange, K, Dordick, JS, and Linhardt, RJ. Heparin and Anticoagulation. Front Biosci (Landmark Ed) (2016) 21:1372–92. doi: 10.2741/4462

345. Ma, SN, Mao, ZX, Wu, Y, Liang, MX, Wang, DD, Chen, X, et al. The Anti-Cancer Properties of Heparin and Its Derivatives: A Review and Prospect. Cell Adh Migr (2020) 14(1):118–28. doi: 10.1080/19336918.2020.1767489

346. Gollomp, K, Kim, M, Johnston, I, Hayes, V, Welsh, J, Arepally, GM, et al. Neutrophil Accumulation and NET Release Contribute to Thrombosis in HIT. JCI Insight (2018) 3(18):e99445. doi: 10.1172/jci.insight.99445

347. Lelliott, PM, Momota, M, Shibahara, T, Lee, MSJ, Smith, NI, Ishii, KJ, et al. Heparin Induces Neutrophil Elastase-Dependent Vital and Lytic NET Formation. Int Immunol (2020) 32(5):359–68. doi: 10.1093/intimm/dxz084

348. Artico, M, Rigano, R, Buttari, B, Profumo, E, Ionta, B, Bosco, S, et al. Protective Role of Parnaparin in Reducing Systemic Inflammation and Atherosclerotic Plaque Formation in ApoE-/- Mice. Int J Mol Med (2011) 27(4):561–5. doi: 10.3892/ijmm.2011.606

349. Zhang, Y, Zhao, Z, Guan, L, Mao, L, Li, S, Guan, X, et al. N-Acetyl-Heparin Attenuates Acute Lung Injury Caused by Acid Aspiration Mainly by Antagonizing Histones in Mice. PloS One (2014) 9(5):e97074. doi: 10.1371/journal.pone.0097074

350. Wildhagen, KC, Garcia de Frutos, P, Reutelingsperger, CP, Schrijver, R, Areste, C, Ortega-Gomez, A, et al. Nonanticoagulant Heparin Prevents Histone-Mediated Cytotoxicity In Vitro and Improves Survival in Sepsis. Blood (2014) 123(7):1098–101. doi: 10.1182/blood-2013-07-514984

351. Iba, T, Hashiguchi, N, Nagaoka, I, Tabe, Y, Kadota, K, and Sato, K. Heparins Attenuated Histone-Mediated Cytotoxicity In Vitro and Improved the Survival in a Rat Model of Histone-Induced Organ Dysfunction. Intensive Care Med Exp (2015) 3(1):36. doi: 10.1186/s40635-015-0072-z

352. Jiang, J, Mu, S, Zhang, F, Qiao, Y, Wu, Y, Zhang, Z, et al. [Effect of Heparin Pretreatment on the Level of Neutrophil Extracellular Traps of Serum and Lung Tissue in Septic Mice]. Zhonghua Wei Zhong Bing Ji Jiu Yi Xue (2017) 29(4):337–41. doi: 10.3760/cma.j.issn.2095-4352.2017.04.010

353. Nishioka, J, and Goodin, S. Low-Molecular-Weight Heparin in Cancer-Associated Thrombosis: Treatment, Secondary Prevention, and Survival. J Oncol Pharm Pract (2007) 13(2):85–97. doi: 10.1177/1078155207079169

354. Wiernsperger, NF, and Bailey, CJ. The Antihyperglycaemic Effect of Metformin: Therapeutic and Cellular Mechanisms. Drugs (1999) 58(Suppl 1):31–9; discussion 75-82. doi: 10.2165/00003495-199958001-00009

355. Fryer, LG, Parbu-Patel, A, and Carling, D. The Anti-Diabetic Drugs Rosiglitazone and Metformin Stimulate AMP-Activated Protein Kinase Through Distinct Signaling Pathways. J Biol Chem (2002) 277(28):25226–32. doi: 10.1074/jbc.M202489200

356. Menegazzo, L, Ciciliot, S, Poncina, N, Mazzucato, M, Persano, M, Bonora, B, et al. NETosis Is Induced by High Glucose and Associated With Type 2 Diabetes. Acta Diabetol (2015) 52(3):497–503. doi: 10.1007/s00592-014-0676-x

357. Menegazzo, L, Scattolini, V, Cappellari, R, Bonora, BM, Albiero, M, Bortolozzi, M, et al. The Antidiabetic Drug Metformin Blunts NETosis In Vitro and Reduces Circulating NETosis Biomarkers In Vivo. Acta Diabetol (2018) 55(6):593–601. doi: 10.1007/s00592-018-1129-8

358. Zhang, J, Bao, Y, Zhou, X, and Zheng, L. Polycystic Ovary Syndrome and Mitochondrial Dysfunction. Reprod Biol Endocrinol (2019) 17(1):67. doi: 10.1186/s12958-019-0509-4

359. Orio, F Jr., Palomba, S, Cascella, T, Di Biase, S, Manguso, F, Tauchmanova, L, et al. The Increase of Leukocytes as a New Putative Marker of Low-Grade Chronic Inflammation and Early Cardiovascular Risk in Polycystic Ovary Syndrome. J Clin Endocrinol Metab (2005) 90(1):2–5. doi: 10.1210/jc.2004-0628

360. Ibanez, L, Jaramillo, AM, Ferrer, A, and de Zegher, F. High Neutrophil Count in Girls and Women With Hyperinsulinaemic Hyperandrogenism: Normalization With Metformin and Flutamide Overcomes the Aggravation by Oral Contraception. Hum Reprod (2005) 20(9):2457–62. doi: 10.1093/humrep/dei072

361. Elgendy, M, Ciro, M, Hosseini, A, Weiszmann, J, Mazzarella, L, Ferrari, E, et al. Combination of Hypoglycemia and Metformin Impairs Tumor Metabolic Plasticity and Growth by Modulating the PP2A-GSK3beta-MCL-1 Axis. Cancer Cell (2019) 35(5):798–815 e5. doi: 10.1016/j.ccell.2019.03.007

362. Liu, B, Fan, Z, Edgerton, SM, Deng, XS, Alimova, IN, Lind, SE, et al. Metformin Induces Unique Biological and Molecular Responses in Triple Negative Breast Cancer Cells. Cell Cycle (2009) 8(13):2031–40. doi: 10.4161/cc.8.13.8814

363. Deng, XS, Wang, S, Deng, A, Liu, B, Edgerton, SM, Lind, SE, et al. Metformin Targets Stat3 to Inhibit Cell Growth and Induce Apoptosis in Triple-Negative Breast Cancers. Cell Cycle (2012) 11(2):367–76. doi: 10.4161/cc.11.2.18813

364. Cai, X, Hu, X, Tan, X, Cheng, W, Wang, Q, Chen, X, et al. Metformin Induced AMPK Activation, G0/G1 Phase Cell Cycle Arrest and the Inhibition of Growth of Esophageal Squamous Cell Carcinomas In Vitro and In Vivo. PloS One (2015) 10(7):e0133349. doi: 10.1371/journal.pone.0133349

365. Vazquez-Martin, A, Oliveras-Ferraros, C, and Menendez, JA. The Antidiabetic Drug Metformin Suppresses HER2 (erbB-2) Oncoprotein Overexpression via Inhibition of the mTOR Effector P70s6k1 in Human Breast Carcinoma Cells. Cell Cycle (2009) 8(1):88–96. doi: 10.4161/cc.8.1.7499

366. Isakovic, A, Harhaji, L, Stevanovic, D, Markovic, Z, Sumarac-Dumanovic, M, Starcevic, V, et al. Dual Antiglioma Action of Metformin: Cell Cycle Arrest and Mitochondria-Dependent Apoptosis. Cell Mol Life Sci (2007) 64(10):1290–302. doi: 10.1007/s00018-007-7080-4

367. Ben Sahra, I, Laurent, K, Loubat, A, Giorgetti-Peraldi, S, Colosetti, P, Auberger, P, et al. The Antidiabetic Drug Metformin Exerts an Antitumoral Effect In Vitro and In Vivo Through a Decrease of Cyclin D1 Level. Oncogene (2008) 27(25):3576–86. doi: 10.1038/sj.onc.1211024

368. Cantrell, LA, Zhou, C, Mendivil, A, Malloy, KM, Gehrig, PA, and Bae-Jump, VL. Metformin is a Potent Inhibitor of Endometrial Cancer Cell Proliferation–Implications for a Novel Treatment Strategy. Gynecol Oncol (2010) 116(1):92–8. doi: 10.1016/j.ygyno.2009.09.024

369. Anisimov, VN, Berstein, LM, Egormin, PA, Piskunova, TS, Popovich, IG, Zabezhinski, MA, et al. Effect of Metformin on Life Span and on the Development of Spontaneous Mammary Tumors in HER-2/Neu Transgenic Mice. Exp Gerontol (2005) 40(8-9):685–93. doi: 10.1016/j.exger.2005.07.007

370. Huang, X, Wullschleger, S, Shpiro, N, McGuire, VA, Sakamoto, K, Woods, YL, et al. Important Role of the LKB1-AMPK Pathway in Suppressing Tumorigenesis in PTEN-Deficient Mice. Biochem J (2008) 412(2):211–21. doi: 10.1042/BJ20080557

371. Green, AS, Chapuis, N, Maciel, TT, Willems, L, Lambert, M, Arnoult, C, et al. The LKB1/AMPK Signaling Pathway has Tumor Suppressor Activity in Acute Myeloid Leukemia Through the Repression of mTOR-Dependent Oncogenic mRNA Translation. Blood (2010) 116(20):4262–73. doi: 10.1182/blood-2010-02-269837

372. Shi, WY, Xiao, D, Wang, L, Dong, LH, Yan, ZX, Shen, ZX, et al. Therapeutic Metformin/AMPK Activation Blocked Lymphoma Cell Growth via Inhibition of mTOR Pathway and Induction of Autophagy. Cell Death Dis (2012) 3:e275. doi: 10.1038/cddis.2012.13

373. Cerezo, M, Tichet, M, Abbe, P, Ohanna, M, Lehraiki, A, Rouaud, F, et al. Metformin Blocks Melanoma Invasion and Metastasis Development in AMPK/p53-Dependent Manner. Mol Cancer Ther (2013) 12(8):1605–15. doi: 10.1158/1535-7163.MCT-12-1226-T

374. Wang, Y, Xu, W, Yan, Z, Zhao, W, Mi, J, Li, J, et al. Metformin Induces Autophagy and G0/G1 Phase Cell Cycle Arrest in Myeloma by Targeting the AMPK/mTORC1 and Mtorc2 Pathways. J Exp Clin Cancer Res (2018) 37(1):63. doi: 10.1186/s13046-018-0731-5

375. Shi, B, Hu, X, He, H, and Fang, W. Metformin Suppresses Breast Cancer Growth via Inhibition of Cyclooxygenase-2. Oncol Lett (2021) 22(2):615. doi: 10.3892/ol.2021.12876

376. Tomimoto, A, Endo, H, Sugiyama, M, Fujisawa, T, Hosono, K, Takahashi, H, et al. Metformin Suppresses Intestinal Polyp Growth in ApcMin/+ Mice. Cancer Sci (2008) 99(11):2136–41. doi: 10.1111/j.1349-7006.2008.00933.x

377. Martin, FA, Murphy, RP, and Cummins, PM. Thrombomodulin and the Vascular Endothelium: Insights Into Functional, Regulatory, and Therapeutic Aspects. Am J Physiol Heart Circ Physiol (2013) 304(12):H1585–97. doi: 10.1152/ajpheart.00096.2013

378. Delvaeye, M, Noris, M, De Vriese, A, Esmon, CT, Esmon, NL, Ferrell, G, et al. Thrombomodulin Mutations in Atypical Hemolytic-Uremic Syndrome. N Engl J Med (2009) 361(4):345–57. doi: 10.1056/NEJMoa0810739

379. Yoshihara, M, Uno, K, Tano, S, Mayama, M, Ukai, M, Kondo, S, et al. The Efficacy of Recombinant Human Soluble Thrombomodulin for Obstetric Disseminated Intravascular Coagulation: A Retrospective Study. Crit Care (2015) 19:369. doi: 10.1186/s13054-015-1086-3

380. Watanabe-Kusunoki, K, Nakazawa, D, Ishizu, A, and Atsumi, T. Thrombomodulin as a Physiological Modulator of Intravascular Injury. Front Immunol (2020) 11:575890. doi: 10.3389/fimmu.2020.575890

381. Shimomura, Y, Suga, M, Kuriyama, N, Nakamura, T, Sakai, T, Kato, Y, et al. Recombinant Human Thrombomodulin Inhibits Neutrophil Extracellular Trap Formation In Vitro. J Intensive Care (2016) 4:48. doi: 10.1186/s40560-016-0177-9

382. Helms, J, Clere-Jehl, R, Bianchini, E, Le Borgne, P, Burban, M, Zobairi, F, et al. Thrombomodulin Favors Leukocyte Microvesicle Fibrinolytic Activity, Reduces NETosis and Prevents Septic Shock-Induced Coagulopathy in Rats. Ann Intensive Care (2017) 7(1):118. doi: 10.1186/s13613-017-0340-z

383. Dahlback, B, and Villoutreix, BO. Regulation of Blood Coagulation by the Protein C Anticoagulant Pathway: Novel Insights Into Structure-Function Relationships and Molecular Recognition. Arterioscler Thromb Vasc Biol (2005) 25(7):1311–20. doi: 10.1161/01.ATV.0000168421.13467.82

384. Kalil, AC, and LaRosa, SP. Effectiveness and Safety of Drotrecogin Alfa (Activated) for Severe Sepsis: A Meta-Analysis and Metaregression. Lancet Infect Dis (2012) 12(9):678–86. doi: 10.1016/S1473-3099(12)70157-3

385. Feistritzer, C, and Riewald, M. Endothelial Barrier Protection by Activated Protein C Through PAR1-Dependent Sphingosine 1-Phosphate Receptor-1 Crossactivation. Blood (2005) 105(8):3178–84. doi: 10.1182/blood-2004-10-3985

386. Van Sluis, GL, Niers, TM, Esmon, CT, Tigchelaar, W, Richel, DJ, Buller, HR, et al. Endogenous Activated Protein C Limits Cancer Cell Extravasation Through Sphingosine-1-Phosphate Receptor 1-Mediated Vascular Endothelial Barrier Enhancement. Blood (2009) 114(9):1968–73. doi: 10.1182/blood-2009-04-217679

387. Healy, LD, Puy, C, Fernandez, JA, Mitrugno, A, Keshari, RS, Taku, NA, et al. Activated Protein C Inhibits Neutrophil Extracellular Trap Formation In Vitro and Activation In Vivo. J Biol Chem (2017) 292(21):8616–29. doi: 10.1074/jbc.M116.768309

388. Uchiba, M, Okajima, K, Oike, Y, Ito, Y, Fukudome, K, Isobe, H, et al. Activated Protein C Induces Endothelial Cell Proliferation by Mitogen-Activated Protein Kinase Activation In Vitro and Angiogenesis In Vivo. Circ Res (2004) 95(1):34–41. doi: 10.1161/01.RES.0000133680.87668.FA

389. Beaulieu, LM, and Church, FC. Activated Protein C Promotes Breast Cancer Cell Migration Through Interactions With EPCR and PAR-1. Exp Cell Res (2007) 313(4):677–87. doi: 10.1016/j.yexcr.2006.11.019

390. Holland, PC, Clark, MG, Bloxham, DP, and Lardy, HA. Mechanism of Action of the Hypoglycemic Agent Diphenyleneiodonium. J Biol Chem (1973) 248(17):6050–6. doi: 10.1016/S0021-9258(19)43506-0

391. Pandey, M, Singh, AK, Thakare, R, Talwar, S, Karaulia, P, Dasgupta, A, et al. Diphenyleneiodonium Chloride (DPIC) Displays Broad-Spectrum Bactericidal Activity. Sci Rep (2017) 7(1):11521. doi: 10.1038/s41598-017-11575-5

392. Stuehr, DJ, Fasehun, OA, Kwon, NS, Gross, SS, Gonzalez, JA, Levi, R, et al. Inhibition of Macrophage and Endothelial Cell Nitric Oxide Synthase by Diphenyleneiodonium and its Analogs. FASEB J (1991) 5(1):98–103. doi: 10.1096/fasebj.5.1.1703974

393. Sanders, SA, Eisenthal, R, and Harrison, R. NADH Oxidase Activity of Human Xanthine Oxidoreductase–Generation of Superoxide Anion. Eur J Biochem (1997) 245(3):541–8. doi: 10.1111/j.1432-1033.1997.00541.x

394. Tew, DG. Inhibition of Cytochrome P450 Reductase by the Diphenyliodonium Cation. Kinetic Analysis and Covalent Modifications. Biochemistry (1993) 32(38):10209–15. doi: 10.1021/bi00089a042

395. Ozsvari, B, Bonuccelli, G, Sanchez-Alvarez, R, Foster, R, Sotgia, F, and Lisanti, MP. Targeting Flavin-Containing Enzymes Eliminates Cancer Stem Cells (CSCs), by Inhibiting Mitochondrial Respiration: Vitamin B2 (Riboflavin) in Cancer Therapy. Aging (Albany NY) (2017) 9(12):2610–28. doi: 10.18632/aging.101351

396. Piszczatowska, K, Przybylska, D, Sikora, E, and Mosieniak, G. Inhibition of NADPH Oxidases Activity by Diphenyleneiodonium Chloride as a Mechanism of Senescence Induction in Human Cancer Cells. Antioxid (Basel) (2020) 9(12):1248. doi: 10.3390/antiox9121248

397. Sabbione, F, Keitelman, IA, Iula, L, Ferrero, M, Giordano, MN, Baldi, P, et al. Neutrophil Extracellular Traps Stimulate Proinflammatory Responses in Human Airway Epithelial Cells. J Innate Immun (2017) 9(4):387–402. doi: 10.1159/000460293

398. Zhang, H, Qiu, SL, Tang, QY, Zhou, X, Zhang, JQ, He, ZY, et al. Erythromycin Suppresses Neutrophil Extracellular Traps in Smoking-Related Chronic Pulmonary Inflammation. Cell Death Dis (2019) 10(9):678. doi: 10.1038/s41419-019-1909-2

399. Mandke, P, and Vasquez, KM. Interactions of High Mobility Group Box Protein 1 (HMGB1) With Nucleic Acids: Implications in DNA Repair and Immune Responses. DNA Repair (Amst) (2019) 83:102701. doi: 10.1016/j.dnarep.2019.102701

400. Stark, K, Philippi, V, Stockhausen, S, Busse, J, Antonelli, A, Miller, M, et al. Disulfide HMGB1 Derived From Platelets Coordinates Venous Thrombosis in Mice. Blood (2016) 128(20):2435–49. doi: 10.1182/blood-2016-04-710632

401. Yang, H, Antoine, DJ, Andersson, U, and Tracey, KJ. The Many Faces of HMGB1: Molecular Structure-Functional Activity in Inflammation, Apoptosis, and Chemotaxis. J Leukoc Biol (2013) 93(6):865–73. doi: 10.1189/jlb.1212662

402. Su, Z, Zhang, P, Yu, Y, Lu, H, Liu, Y, Ni, P, et al. HMGB1 Facilitated Macrophage Reprogramming Towards a Proinflammatory M1-Like Phenotype in Experimental Autoimmune Myocarditis Development. Sci Rep (2016) 6:21884. doi: 10.1038/srep21884

403. Tadie, JM, Bae, HB, Jiang, S, Park, DW, Bell, CP, Yang, H, et al. HMGB1 Promotes Neutrophil Extracellular Trap Formation Through Interactions With Toll-Like Receptor 4. Am J Physiol Lung Cell Mol Physiol (2013) 304(5):L342–9. doi: 10.1152/ajplung.00151.2012

404. Horiuchi, T, Sakata, N, Narumi, Y, Kimura, T, Hayashi, T, Nagano, K, et al. Metformin Directly Binds the Alarmin HMGB1 and Inhibits its Proinflammatory Activity. J Biol Chem (2017) 292(20):8436–46. doi: 10.1074/jbc.M116.769380

405. Tsoyi, K, Jang, HJ, Nizamutdinova, IT, Kim, YM, Lee, YS, Kim, HJ, et al. Metformin Inhibits HMGB1 Release in LPS-Treated RAW 264.7 Cells and Increases Survival Rate of Endotoxaemic Mice. Br J Pharmacol (2011) 162(7):1498–508. doi: 10.1111/j.1476-5381.2010.01126.x

406. Vogel, S, Bodenstein, R, Chen, Q, Feil, S, Feil, R, Rheinlaender, J, et al. Platelet-Derived HMGB1 Is a Critical Mediator of Thrombosis. J Clin Invest (2015) 125(12):4638–54. doi: 10.1172/JCI81660

407. Yu, LX, Yan, L, Yang, W, Wu, FQ, Ling, Y, Chen, SZ, et al. Platelets Promote Tumour Metastasis via Interaction Between TLR4 and Tumour Cell-Released High-Mobility Group Box1 Protein. Nat Commun (2014) 5:5256. doi: 10.1038/ncomms6256

408. Hoste, E, Maueroder, C, van Hove, L, Catrysse, L, Vikkula, HK, Sze, M, et al. Epithelial HMGB1 Delays Skin Wound Healing and Drives Tumor Initiation by Priming Neutrophils for NET Formation. Cell Rep (2019) 29(9):2689–701.e4. doi: 10.1016/j.celrep.2019.10.104

409. Angiolillo, DJ, Rollini, F, Storey, RF, Bhatt, DL, James, S, Schneider, DJ, et al. International Expert Consensus on Switching Platelet P2Y12 Receptor-Inhibiting Therapies. Circulation (2017) 136(20):1955–75. doi: 10.1161/CIRCULATIONAHA.117.031164

410. Gachet, C. ADP Receptors of Platelets and Their Inhibition. Thromb Haemost (2001) 86(1):222–32. doi: 10.1055/s-0037-1616220

411. Elaskalani, O, Abdol Razak, NB, and Metharom, P. Neutrophil Extracellular Traps Induce Aggregation of Washed Human Platelets Independently of Extracellular DNA and Histones. Cell Commun Signal (2018) 16(1):24. doi: 10.1186/s12964-018-0235-0

412. Kaneider, NC, Egger, P, Dunzendorfer, S, and Wiedermann, CJ. Rho-GTPase-Dependent Platelet-Neutrophil Interaction Affected by HMG-CoA Reductase Inhibition With Altered Adenosine Nucleotide Release and Function. Arterioscler Thromb Vasc Biol (2002) 22(6):1029–35. doi: 10.1161/01.ATV.0000018306.68268.86

413. Chrysanthopoulou, A, Kambas, K, Stakos, D, Mitroulis, I, Mitsios, A, Vidali, V, et al. Interferon Lambda1/IL-29 and Inorganic Polyphosphate are Novel Regulators of Neutrophil-Driven Thromboinflammation. J Pathol (2017) 243(1):111–22. doi: 10.1002/path.4935

414. Stakos, DA, Kambas, K, Konstantinidis, T, Mitroulis, I, Apostolidou, E, Arelaki, S, et al. Expression of Functional Tissue Factor by Neutrophil Extracellular Traps in Culprit Artery of Acute Myocardial Infarction. Eur Heart J (2015) 36(22):1405–14. doi: 10.1093/eurheartj/ehv007

415. Mitsios, A, Chrysanthopoulou, A, Arampatzioglou, A, Angelidou, I, Vidali, V, Ritis, K, et al. Ticagrelor Exerts Immune-Modulatory Effect by Attenuating Neutrophil Extracellular Traps. Int J Mol Sci (2020) 21(10):3625. doi: 10.3390/ijms21103625

416. Jin, L, Kim, HS, and Shi, J. Neutrophil in the Pancreatic Tumor Microenvironment. Biomolecules (2021) 11(8):1170. doi: 10.3390/biom11081170

417. Palacios-Acedo, AL, Mezouar, S, Mege, D, Crescence, L, Dubois, C, and Panicot-Dubois, L. P2RY12-Inhibitors Reduce Cancer-Associated Thrombosis and Tumor Growth in Pancreatic Cancers. Front Oncol (2021) 11:704945. doi: 10.3389/fonc.2021.704945

418. Wright, C, and Moore, RD. Disulfiram Treatment of Alcoholism. Am J Med (1990) 88(6):647–55. doi: 10.1016/0002-9343(90)90534-K

419. Hu, JJ, Liu, X, Xia, S, Zhang, Z, Zhang, Y, Zhao, J, et al. FDA-Approved Disulfiram Inhibits Pyroptosis by Blocking Gasdermin D Pore Formation. Nat Immunol (2020) 21(7):736–45. doi: 10.1038/s41590-020-0669-6

420. Silva, CMS, Wanderley, CWS, Veras, FP, Sonego, F, Nascimento, DC, Goncalves, AV, et al. Gasdermin D Inhibition Prevents Multiple Organ Dysfunction During Sepsis by Blocking NET Formation. Blood (2021) 138(25):2702–13. doi: 10.1182/blood.2021011525

421. Sborgi, L, Ruhl, S, Mulvihill, E, Pipercevic, J, Heilig, R, Stahlberg, H, et al. GSDMD Membrane Pore Formation Constitutes the Mechanism of Pyroptotic Cell Death. EMBO J (2016) 35(16):1766–78. doi: 10.15252/embj.201694696

422. Hagar, JA, Powell, DA, Aachoui, Y, Ernst, RK, and Miao, EA. Cytoplasmic LPS Activates Caspase-11: Implications in TLR4-Independent Endotoxic Shock. Science (2013) 341(6151):1250–3. doi: 10.1126/science.1240988

423. Kambara, H, Liu, F, Zhang, X, Liu, P, Bajrami, B, Teng, Y, et al. Gasdermin D Exerts Anti-Inflammatory Effects by Promoting Neutrophil Death. Cell Rep (2018) 22(11):2924–36. doi: 10.1016/j.celrep.2018.02.067

424. Maizels, RM, and Denham, DA. Diethylcarbamazine (DEC): Immunopharmacological Interactions of an Anti-Filarial Drug. Parasitology (1992) 105(Suppl):S49–60. doi: 10.1017/S0031182000075351

425. Medina-De la Garza, CE, Guerrero-Ramirez, G, Garcia-Hernandez, M, Castro-Corona, MA, Torres-Lopez, E, Brattig, NW, et al. Immunomodulatory Activity of Diethylcarbamazine on Humoral, Cellular Cytokine Response and Respiratory Burst in BALB/c Mice. Immunopharmacol Immunotoxicol (2012) 34(3):477–83. doi: 10.3109/08923973.2011.630008

426. Garcia-Hernandez, M, Castro-Corona, MA, Segoviano-Ramirez, JC, Brattig, NW, and Medina-De la Garza, CE. Immunomodulatory Effect of Diethylcarbamazine in Mice Infected With Nocardia Brasiliensis. Int Immunopharmacol (2014) 23(1):113–20. doi: 10.1016/j.intimp.2014.08.004

427. Segoviano Ramirez, JC, de la Rosa Tamez, S, Garcia Juarez, J, de los Angeles Castro Corona, M, and Medina de la Garza, CE. Analysis of the Immunomodulatory Effect of Diethylcarbamazine (DEC) on New Mechanisms of Antiinfectious Response in Human Polymorphonuclear Cells, (Pilot Study). Histol Histopathol (2017) 32:50. doi: 10.1155/2020/4827641

428. Segoviano-Ramirez, JC, Lopez-Altamirano, DF, Garcia-Juarez, J, Aguirre-Garza, JES, Cardenas-Estrada, E, and Ancer-Rodriguez, J. The Diethylcarbamazine Delays and Decreases the NETosis of Polymorphonuclear Cells of Humans With DM Type 2. J Diabetes Res (2020) 2020:4827641. doi: 10.1155/2020/4827641

429. da Silva, BS, Rodrigues, GB, Rocha, SW, Ribeiro, EL, Gomes, FO, AK, ES, et al. Inhibition of NF-kappaB Activation by Diethylcarbamazine Prevents Alcohol-Induced Liver Injury in C57BL/6 Mice. Tissue Cell (2014) 46(5):363–71. doi: 10.1016/j.tice.2014.06.008

430. Monari, C, Bevilacqua, S, Piccioni, M, Pericolini, E, Perito, S, Calvitti, M, et al. A Microbial Polysaccharide Reduces the Severity of Rheumatoid Arthritis by Influencing Th17 Differentiation and Proinflammatory Cytokines Production. J Immunol (2009) 183(1):191–200. doi: 10.4049/jimmunol.0804144

431. Rocha, JD, Nascimento, MT, Decote-Ricardo, D, Corte-Real, S, Morrot, A, Heise, N, et al. Capsular Polysaccharides From Cryptococcus Neoformans Modulate Production of Neutrophil Extracellular Traps (NETs) by Human Neutrophils. Sci Rep (2015) 5:8008. doi: 10.1038/srep08008

432. Szekanecz, Z, Soos, L, Szabo, Z, Fekete, A, Kapitany, A, Vegvari, A, et al. Anti-Citrullinated Protein Antibodies in Rheumatoid Arthritis: As Good as it Gets? Clin Rev Allergy Immunol (2008) 34(1):26–31. doi: 10.1007/s12016-007-8022-5

433. Katayama, H, Kobayashi, M, Irajizad, E, Sevillarno, A, Patel, N, Mao, X, et al. Protein Citrullination as a Source of Cancer Neoantigens. J Immunother Cancer (2021) 9(6):e002549. doi: 10.1136/jitc-2021-002549

434. Chirivi, RGS, van Rosmalen, JWG, van der Linden, M, Euler, M, Schmets, G, Bogatkevich, G, et al. Therapeutic ACPA Inhibits NET Formation: A Potential Therapy for Neutrophil-Mediated Inflammatory Diseases. Cell Mol Immunol (2021) 18(6):1528–44. doi: 10.1038/s41423-020-0381-3




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Mamtimin, Pinarci, Han, Braun, Anders, Gudermann and Mammadova-Bach. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 23 May 2022

doi: 10.3389/fonc.2022.900496

[image: image2]


ERH Gene and Its Role in Cancer Cells


Kun Pang 1†, Mei-li Li 2,3†, Lin Hao 1, Zhen-duo Shi 1, Harry Feng 4, Bo Chen 1, Yu-yang Ma 5, Hao Xu 5, Deng Pan 5, Zhe-Sheng Chen 6* and Cong-hui Han 1*


1 Department of Urology, Xuzhou Central Hospital, Affiliated Central Hospital of Xuzhou Medical University, Xuzhou, China, 2 Department of Ophthalmology,  The Affiliated Xuzhou Municipal Hospital of Xuzhou Medical University, Xuzhou First People's Hospital, Xuzhou, China, 3 Department of Ophthalmology, Eye Disease Prevention and Treatment Institute of Xuzhou, Xuzhou, China, 4 STEM Academic Department, Wyoming Seminary, Kingston, PA, United States, 5 Graduate School, Bengbu Medical College, Bengbu, China, 6 College of Pharmacy and Health Sciences, St. John’s University, New York, NY, United States




Edited by: 

Fei Chen, Wayne State University, United States

Reviewed by: 

Yiran Qiu, Stony Brook University, United States

Chitra Thakur, Stony Brook University, United States

*Correspondence: 

Cong-hui Han
 479920288@qq.com 

Zhe-Sheng Chen
 chenz@stjohns.edu

†These authors have contributed equally to this work and share first authorship

Specialty section: 
 This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Oncology


Received: 20 March 2022

Accepted: 05 April 2022

Published: 23 May 2022

Citation:
Pang K, Li M-l, Hao L, Shi Z-d, Feng H, Chen B, Ma Y-y, Xu H, Pan D, Chen Z-S and Han C-h (2022) ERH Gene and Its Role in Cancer Cells. Front. Oncol. 12:900496. doi: 10.3389/fonc.2022.900496



Cancer is a major public health problem worldwide. Studies on oncogenes and tumor-targeted therapies have become an important part of cancer treatment development. In this review, we summarize and systematically introduce the gene enhancer of rudimentary homolog (ERH), which encodes a highly conserved small molecule protein. ERH mainly exists as a protein partner in human cells. It is involved in pyrimidine metabolism and protein complexes, acts as a transcriptional repressor, and participates in cell cycle regulation. Moreover, it is involved in DNA damage repair, mRNA splicing, the process of microRNA hairpins as well as erythroid differentiation. There are many related studies on the role of ERH in cancer cells; however, there are none on tumor-targeted therapeutic drugs or related therapies based on the expression of ERH. This study will provide possible directions for oncologists to further their research studies in this field.
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Cancer is a major public health problem worldwide and is the second leading cause of death in the United States: 1,918,030 new cancer cases and 609,360 cancer deaths are projected to occur in the United States in 2022 (1). However, with the advancement of cancer treatment strategies, cancer mortality has continued to decline since 1991 (2). There have been more and more studies on oncogenes, and tumor-targeted therapies have become an important part of many cancer treatment options (3). Targeted therapies have changed the systemic treatment options for cancer patients. To further prolong the survival time and improve the quality of life of cancer patients, studies on oncogenes for tumor-targeted therapies are ongoing. Recently, more and more studies have shown that the expression of enhancer of rudimentary homolog (ERH) gene is closely related to cancers (4, 5). In this review, we summarize and systematically introduce the ERH gene and its role in cancer cells.

In 2007, Jin T et al. first started to suspect and discover the relationship between ERH and malignant tumors (6). They found that the ERH protein was downregulated in von Hippel-Lindau (VHL) tumors with Y98H mutation, but ERH expression was upregulated in many other metastatic tumors. They did not clarify whether the difference in ERH expression was the cause or the result of the VHL tumor. In 2008, Zakrakas M et al. found in their study (7) that comparing with non-tumorigenic breast cancer and normal breast tissue samples, ERH expression is upregulated in tumorigenic cell lines. They also found in ovarian cancer cell lines that, ERH is clearly upregulated with tumor progression. They considered that ERH could be used clinically as a prognostic factor in breast and in ovarian cancers (7). ERH knockdown blocks the cell cycle procession in the G2/M phase (8); this is especially obvious in human Kirsten rat sarcoma viral oncogene homolog (KRAS) mutation-related tumors (such as colorectal, lung and pancreatic cancer) (9).

The normal-winged alleles of the rudimentary locus of Drosophila melanogaster encodes a protein possessing the first three enzymatic activities of the pyrimidine biosynthesis pathway (10). Mutations in the rudimentary gene are manifested in a characteristic truncation of the wings, and the severity of the wing truncation is thought to reflect the level of rudimentary gene expression (11). Drosophila enhancer of rudimentary (DROER) is the enhancer of rudimentary locus of Drosophila melanogaster. ERH gene, which was mapped to chromosome 1 band 7q34 by fluorescence in situ hybridization in humans, shares a high sequence identity with DROER (12). Corresponding gene and protein analogues of ERH can be found in various species (13), such as flowering plants (14, 15) (Arabidopsis thaliana), nematodes (Caenorhabditis elegans), and insects (Aedes aegypti). Lower vertebrates (Zebrafish), mammals (Mus musculus), and humans (Homo sapiens) also have a high degree of sequence conservation. ERH is not found in the fungi, except for the fission yeasts Schizosaccharomyces, S. pombe, S. octosporus, S. cryophilus, and S. japonicus (16, 17). It was named ERH in human, DROER in Drosophila, and Xenopus homologue of DROER (XERH) in Xenopus and erh in the other non-human species. In vertebrates, human and mouse erh proteins are exactly the same, and there is only one amino acid (isoleucine-valine) difference from zebrafish; DROER is 76% identical to human and mouse erh proteins, and is 49% similar to nematodes and 40% similar to flowering plants (13).


The Expression, Structure and Distribution of the ERH

ERH protein sequence is highly conserved. ERH protein has 25 hydrophobic amino acid positions, 27 in DROER, 23 in nematodes, and 20 in Arabidopsis. These hydrophobic amino acids are mostly present in 3 conservative α helices (Figure 1A), which is inferred to be an active domain (14). ERH monomeric structure comprises a single domain, and it presents a dimeric structure through 2 beta-sheet regions interacting in the crystal structure (Figures 1A, B) (18, 20). There are two conserved casein kinase II (CKII) phosphorylation sites in the ERH protein (Figure 1C) (13). It is speculated (20) that CKII can change the secondary structure of Enhancer of rudimentary (ER), thereby adjusting the activity of ER, which is confirmed in structural studies (Figure 1D). The overall topology of ERH protein is β1-310-β2-α1-α2-β3-β4-α3 (6).




Figure 1 | (A) Ribbon view of ERH monomer. The α-helices and the β-strands are shown in red and in yellow, respectively. (B) View of the main-chain structures in superimposition of the three ERH monomers in the asymmetric unit. Chains (A–C), are colored red, blue, and green, respectively. The superimposition was carried out with the program lsqkab (Kabsch 1976) in CCP4. (C) The conserved casein kinase II (CKII) phosphorylation sites (Thr18 and Ser24) are shown as a blue stick model. (D) Ribbon view of the interface of the ERH dimer. Cited Figures 1A–D (18, 61). This image was generated using PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.



The mRNA of ERH is expressed maternally, enriched in ectodermal derivatives during development and ubiquitously detectable in adults (21). The XERH is expressed ubiquitously in adult frogs, and the ER transcript is present in the egg and at an increased level during organogenesis; it has been detected in tissues derived from the ectoderm (22). The human ER transcript was found in many normal tissues, including the fetus (12). The XERH protein is distributed in the cytoplasm with only minute amounts in the nucleus (22), but another study (23) showed that the ERH protein can interact with nuclear protein FCP1 and distributed in nucleus, contrary to a previous XERH study. ERH was later shown to localize in both the nucleus and nucleolus in human cells (24).



ERH Plays a Role in Cancer

According to our review of relevant previous studies, the ERH gene is more expressed in bladder cancer than in normal bladder tissue, and promotes proliferation as well as inhibits cell death (25). Further study showed that ERH can regulate the expression of myelocytomatosis (MYC)gene to have an effect in the migration and invasion of T24 and 5637 bladder cancer cells (26). The study by Balic J et al. (27) showed that the combination of ERH and Pontin acts on signal transducer and activator of transcription-3 (STAT3) to enhance the transcriptional activation of its target genes in gastric cancer cells. Pontin is a highly conserved member of the ATPase family, which plays a vital role in the phosphorylation of tryptophan 2 and transcription extension of RNA Pol II (27). Activated STAT3 can interact with other transcription factors (such as STAT1, c-Jun/c-Fos), and can also induce the expression of other transcription factors (such as MYC) to indirectly affect cell transcription (28). STAT3 can combine with Nuclear Factor-κB (NF-κB) to drive unique transcription signals, including genes related to carcinogenesis and immunity (29). These results are consistent with our later studies (30). Our studies showed that ERH gene could affect the apoptosis of bladder cancer T24 cells through the toll-like receptor (TLR), NF-κB, tumor necrosis factor (TNF) or transforming growth factor-β (TGF-β) signaling pathways, and could be a regulator of kinase tyrosine receptor ligand (KITLG) and an activator of malignant tumors growth (31). In 2020, Zhang D et al. (32) found that ERH can regulate the epithelial-mesenchymal transition (EMT) to affect cell proliferation, apoptosis, invasion and migration in ovarian cancer cells.



ERH Acts as a Protein Partner in Cells


Dimerization Cofactor of Hepatocyte Nuclear Factor-1/Pterin-4α-Carbinolamine Dehydratase

Analyzed by Yeast Two-Hybrid (YTH) Assay, Pogge et al. (22) demonstrated that ERH is a protein partner of DCoH/PCD, which is related to the DNA-binding domain of galectin 4 (GAL4) transcription factor (33) and regulates cell growth (Figure 2). They found partial co-localization of ERH and DCoH/PCD proteins, and that ERH acts as a transcriptional repressor in a cell type-specific manner upon recruitment to the deoxyribonucleic acid (DNA) via its interaction partner DCoH/PCD or by the DNA-binding domain of the GAL4 transcription factor (22). But they did not delve into the specific sites where the two proteins bind, and the report lacked direct evidence of binding. As ERH is a partner of dimerization co-factor of HNF-1 and which is involved in the cell development and regulation in many kinds of cancers, ERH may become a therapeutic target to inhibit the HNF-1 expression.




Figure 2 | Schematic diagram of the role of ERH proteins as molecular partners in cells. The ERH protein, as a nuclear protein, can interact with many proteins such as DCoH/PCD, SPT5, PDIP46/SKAR, Ciz1, HOTS, SNRPD-3 and DEPDC1B, and involved in many cellular functions like “mRNA solicing”, “Tyrosine phosphorylation and enhanced Transcriptional activity”, “Transcription elongation”, “DNA damage repair”, etc.





Ty Homolog-5 (SPT5)

Analyzed by Co-Immunoprecipitation (Co-IP) and mass spectroscopy (MS), Kwak et al. found that ERH is associated with SPT5 elongation factor (Figure 2), which is the phosphorylation target of cyclin dependent kinase 9 (CDK9)/cyclin T1 and are important in regulating the elongation process (34). They further confirmed by co-immunoprecipitation that ERH can specifically bind to F-cell production 1 (FCP1), a phosphatase specific to the carboxyl-terminal domain of the large subunit of RNA polymerase II (RNAPII), stimulating transcription elongation (23, 34). However, the binding site has not been further confirmed. SPT5 is an overexpressing transcription elongation factors and stabilizes RNA polymerase II, orchestrates transcription cycles, and maintains the enhancer landscape (35, 36).



Polymerase Delta Interaction Protein 46/S6K1 Aly/REF-Like Target

Analyzed by YTH screening, Smyk et al. (37) demonstrated in 2006 that ERH interacted with polymerase δ interacting protein 46 or S6K1 Aly/REF-like target (PDIP46/SKAR, Figure 2), a protein partner of both the p50 subunit of DNA polymerase δ and p70 ribosomal protein S6 kinase 1 (S6K1). They examined the interaction between ERH and PDIP46/SKAR by glutathione S-transferase (GST) pull-down, co-IP, MS, and intracellular localizations assays. They further analyzed that 2 regions (274-368 and 379-421, C-terminal) of PDIP46/SKAR interact with ERH. They inferred that ERH connects PDIP46/SKAR with SPT5 and FCP1 and then play roles in coupling transcription to pre-mRNA processing. Blockade of binding to SPT-5 may become an entry point for ERH-targeted therapy.



Cyclin Dependent Kinase Inhibitor 1A Interacting Zinc Finger Protein 1 (Ciz1)

It is inferred that phosphorylation of CKII sites (Thr18 and Ser24) would disrupt the dimerization of ERH and then disrupt its interaction with other proteins (37). In 2008, using the YTH system, GST, and MS, Lukasik A et al. (38) found another molecular chaperone of ERH protein, the zinc finger protein 1 (Ciz1, Figure 2), that interacted with p21Cip1/Waf1. A region of 114 amino acids comprising residues 531–644 (contains a zine finger motif, 595-617) was shown to interact with ERH using YTH screening. They demonstrated by fluorescence co-localization assay that when Ciz1 and ERH are co-expressed in HeLa cells, Ciz1 could recruit ERH to the region of DNA replication. They indicated that ERH can block the action of Ciz1, and then reduce the expression of ERH inducted by DNA damage, which facilitates CDK-cyclinE-p21Cip1/Waf1 complex formation and enables the repair of DNA damage.



Histocompatibility 19 Opposite Tumor Suppressor

Analyzed by co-IP and MS in 2011, ERH was shown to interact with HOTS, a tumor growth inhibitor encoded by H19 antisense transcript (Figure 2) (24). Onyango et al. immunoprecipitated the HOTS- Green fluorescent protein (GFP) by ERH antibodies, demonstrating that native ERH interacts with HOTS protein in HEK293 cells. HOTS is a tumor growth inhibitor, and the overexpression of HOTS inhibits Wilms, rhabdoid, rhabdomyosarcoma, and choriocarcinoma tumor cell growth (24).



Small Nuclear Ribonucleoprotein D3 Polypeptide

ERH was shown using stable isotope labeling by amino acids in cell culture MS that it can interact with Sm protein SNRPD-3 (Figure 2) (9). Co-IP was used to confirm the interaction between ERH and SNRPD-3. ERH is required for the expression of mRNA splicing and the expression of centromere protein E (CENP-E). Xiao et al. (39) found that knockdown of ERH is cell cycle was blocked in the G1 phase in melanoma cells. This indicates that it might be a well target for cell cycle inhibition.



Dishevelled, EGL-10 and Pleckstrin Domain Containing 1B

In 2015, Wu et al. (40) found that ERH can specifically bond with DEP domain containing 1B (DEPDC1B, Figure 2) (36). The DEP domain is a protein motif composed of nearly 100 amino acids found in three proteins (Dishevelled, EGL-10 and Pleckstrin), with cell membrane positioning, signal transduction and other functions. ERH was shown to intact with Scaffold attachment factor B1 (SAFB1) to reverse the inhibitory effect on the splicing kinase named Ser/Arg (SR)-rich splicing factor (SRSF) protein kinase 1 (SRPK1) exerted by SAFB1 in mammalian cells (41). DEPDC1B regulates the Rac1/PAK1 signaling and has an effect on the cell proliferation in prostate and pancreatic cancer cells (42, 43).



Pontin

It has been proven that ERH can combine with Pontin, a highly conserved AAA+ adenosine-triphosphate enzyme (ATPase) family member, to have an effect on serine-phosphorylated STAT3, regulating canonical tyrosine phosphorylation and enhancing transcriptional activity in gastric cancers (27). ERH can interact with thyroid hormone receptor-associated protein 3 (THRAP3), DiGeorge Syndrome Critical Region 8 (DGCR8), protein arginine methyltransferase 1 (PRMT1) and chromatin target of PRMT1 (CHTOP) proteins to regulated mRNA splicing (Figure 2) (44).



Involved in PID-3, ERH-2, TOFU-6, and IFE-3 Small RNA Complex

ERH is involved in many protein complexes, as supported by many research studies. For instance, Perez-Borrajero et al. (45) found that ERH was involved in the complex PETISCO (PID-3, ERH-2, TOFU-6, and IFE-3 small RNA complex), which is required for 21U RNA biogenesis. Another study showed that ERH is involved in the complex PICS (piRNA biogenesis and chromosome segregation, contains TOFU-6, PID-1, PICS-1, TOST-1 and ERH-2), which is concentrated at the perinuclear granule zone and engages in piDNA processing and chromosome segregation (Figure 2) (46).



Others

ERH is reported to interact with some other proteins (47), such as mediator complex subunit 31/comparative gene identification protein 125 (MED31/CGI-125), tumor protein p53 (TP53), 70 kDa heat shock protein 8 (heat shock protein, HSPA8) in Li-Fraumeni syndrome, but these results have not been confirmed in experiments.




Functions of ERH Gene


Pyrimidine Metabolism

Literature has shown that ERH plays an important role in biological processes such as pyrimidine biosynthesis, cell cycle regulation, and transcription inhibition (6). Enhanced mutation can promote the expression of carbamoyl phosphate synthetase II (CPSase), aspartate transcarbamoylase (ATCase), and dihydroorotase (DHOase) (CAD), a multifunctional enzyme involved in de novo pyrimidine biosynthesis (16). Interestingly, as Smyk et al. (37) speculated, if ERH is indeed involved in cell growth control, mutations in ERH can increase the effect of rudimentary mutations, resulting in enhanced wing truncation without directly affecting pyrimidine metabolism (37). No further studies have found whether ERH is directly or indirectly related to pyrimidine metabolism (Figure 3).




Figure 3 | Schematic diagram of functions ERH protein involved in cells. ERH protein can affect many molecules like MYC, SAFB1/2, and some pathways to have an effect on some functions on “tumorigenesis”, “mRNA splicing and processing”, “pyrimidine metabolism” etc.





Transcriptional Repressor

ERH acts as a transcriptional repressor (33). ERH interacts with SAFB1 and alleviates the inhibition that the SAFB1/2 proteins exert on SRPK1, but it does not affect SAFB1/2 function in transcription (Figure 3).



Cell Cycle Regulation

As the ERH protein can be phosphorylated by CKII, which is a kinase required at the G1/S and G2/M transitions, it is suggested that ERH protein may be involved in cell cycle regulation (37). Analyzed by luciferase reporter assay, Ishikawa et al. (40) demonstrated that miR-574-3p can bind to and regulate ERH to have an effect on the repair of DNA damage. It has been reported that ERH can interact with CIZ1 to initiate the process of DNA replication (38). CIZ1 is a zinc finger protein that can interact with p21, an important CDK2 inhibitor. As centromere-associated protein E (CENP-E), who degraded on mitosis exit and resynthesized in the next S-phase, can be inhibited by the combination of ERH and SNRPD-3. ERH has been shown to regulate the cell cycle in G2/M-phase (8, 9, 48). Cells lacking ERH do not complete DNA replication after release from a replication block (44). ERH is only weakly expressed in undivided hepatocyte cell lines, while it is expressed in large amounts in fibroblasts and hepatocarcinoma cell lines, indicating that ERH may have functions necessary for cell proliferation (7, 13).



DNA Damage Repair

It was shown that loss of ERH attenuated UV-induced DNA damage repair in hepatocellular carcinoma (HCC) cells (49). Ishikawa et al. (40) discovered for the first time that in human lung adenocarcinoma, cerebral medulloblastoma, and astrocytoma cells, ERH is related to the repair of DNA damage when exposed to X-rays. ERH can control the expression of ATR (ataxia telangiectasia-mutated and Rad3-related) to regulate ATR-signaling pathway, which is a major mechanism by which cells respond to and repair replication-associated damage (44) (Figure 3).



mRNA Splicing

It is demonstrated that ERH regulates mRNA splicing of CENP-E mRNA through interaction with the splice protein SNRPD3 (9); other studies have demonstrated that ERH can interact with thyroid hormone receptor-associated protein 3 (THRAP3), DGCR8, CHTOP and PRMT1 proteins, and most of these proteins are involved in mRNA splicing and processing (48) (Figure 3).



MicroRNA Clustering Assists in Processing of Suboptimal MicroRNA Hairpins

It was reported in 2020 by Fang W et al. (50) that ERH protein is involved in the processing of suboptimal microRNA hairpin formation. SAFB can both dimerize and interact with ERH, and similarly, ERH can both dimerize and interact with Microprocessor. Together, these two proteins might mediate the association of two or more Microprocessors (50).



Meiosis

Some studies on the protein erh1 in yeast suggest some potential functions of ERH. Yamashita A et al. (51) found that S. pombe strains that are deficient in erh1 have significantly reduced tolerance to low temperature and participate in the Mmi1/DSR process, which causes the degradation of meiotic transcripts and is deleterious for meiosis (52, 53). In addition, Erh1 and its molecular chaperone can target and mediate histone 3 lysine 9 (H3K9) methyltransferase Clr4 to assemble facultative heterochromatin during meiosis (54, 55). Erh1 is proven to bind with protein Mmi1 to form a stoichiometric complex, called the Erh1-Mmi1 complex (EMC), to promote meiotic mRNA decay and facultative heterochromatin assembly (56). Mmi1 has a YTH domain, which can bind to target RNA, and the amino terminal end (95-122) of Mmi1 can bind to the processing complex of Erh1 and RNA, and finally form EMC (53), which is critical for nuclear retention of meiotic mRNAs (57).



Erythroid Differentiation

ERH gene was found (58) to be continuously regulated during erythropoiesis and its expression increased during differentiation, indicating that it plays an important role in red blood cell differentiation. But no further studies were conducted on this topic.




Molecules that Regulate ERH Expression

The expression of ERH is affected by many factors. In 2014, Ishikawa et al. (40) found that when some malignant cells are exposed to X-rays, they can induce the expression of miR-574-3p, which suppresses the production of the ERH protein, resulting in the inhibition of cell growth. It was demonstrated by Sutherland J et al. (59) that Musashi-1 has the function of upregulating ERH expression. ERH is highly conserved and stable in its structure. It is an ideal therapeutic target for tumor-targeted therapeutic drugs.



Is ERH a Good Target for Drug Design?

Many studies suggest that ERH may be a good target for tumor therapy, and there are a few drugs that have been found to already target ERH for cancer therapy. However, it might cause a lot of side effects to inhibit the expression of ERH since it fulfills so many different roles. In 2015, Weng et al. (49) used AZD7762 (a CHK1 inhibitor) to inhibit the ERH-ATR axis, and they found that AZD7762 induces S-phase arrest and sensitizes HCC cells to doxorubicin, a well-studied chemotherapy for treating HCC4. They also observed strong inhibition in the growth of HCC xenografts in mice treated with a combination of doxorubicin plus AZD7762 (49). In 2021, Park et al. (60) confirmed that ERH augmented anthocyanins isolated from Meoru (AIMs)-induced caspase-dependent apoptosis by activating caspase-3 and -9. They discussed the relationship between augmented expression of ERH and the therapeutic effects of AIM (60). Whether it is because of the side effects, or whether there is no drug that can inhibit ERH, still needs further confirmation. According to the existing research results, by affecting the CKII phosphorylation sites of ERH gene, it may affect the binding of ERH protein to its protein partners, thereby affecting the further functions to inhibit the development of malignancies.



Conclusion

The ERH gene encodes a nuclear protein that is highly conserved in animals and plants. Recent studies have shown that ERH plays an adjunct role in promoting tumorigenesis in a variety of malignancies. ERH protein can be combined with a variety of proteins, affecting cell proliferation, cell cycle, DNA repair and other functions of different directions. The ERH gene plays an important role in the occurrence and development of malignant tumors, however, there are only a few drugs that target and regulate the expression of ERH by now. For the treatment of the majority of cancer patients, more targeted drugs to inhibit ERH expression should be developed.
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Background

Diffuse large B-cell lymphoma (DLBCL) is a heterogeneous neoplasm and is characterized as the most common subtype of non-Hodgkin lymphoma (NHL). Despite 60–70% of all patients being cured with R-CHOP therapeutic regimen (Cyclophosphamide, doxorubicin, vincristine, and prednisone, combined with rituximab), remaining patients display aggressive disease. Therefore, there is an urgent need to develop novel diagnostic, prognostic, and predictive biomarkers. Recently, exosomal miRNAs have been approved as novel biomarkers in DLBCL due to their potential involvement in lymphomagenesis.



Material and Methods

We conducted an investigation on the potential role of exosomal miRNAs as diagnostic, prognostic, and predictive biomarkers in DLBCL in the PubMed, Scopus, and Web of Science search engines. We searched by using a combination of keywords, such as diffuse large B-cell lymphoma, DLBCL, miRNA, microRNA, miR, exosome, exosomes, exosomal, extracellular vesicles, EVs, and secretome. Then, search results were narrowed based on specific inclusion and exclusion criteria.



Results

Twelve articles were eligible for our systematic reviews. Among them, nine discussed diagnostic biomarkers, three considered prognostic significance, four evaluated therapeutic efficacy, two studies were conducted in vitro, and three assessed molecular pathways associated with these exosomal miRNAs in DLBCL.



Discussion

According to our systematic review, exosomal miRNAs are not only useful for diagnosis and prognosis in DLBCL but are also promising therapeutic tools and predictors of response to therapy. Although promising results so far, more research is required to develop innovative biomarkers.





Keywords: diffuse large B-cell lymphoma (DLBCL), exosome, miRNAs, diagnosis, prognosis, treatment



Introduction

Diffuse large B-cell lymphoma (DLBCL) is a heterogeneous group of lymphoma, accounting for approximately 30% of non-Hodgkin lymphoma (NHL) in the United States, which represents the most prevalent subtype of NHLs (1). Currently, the definitive diagnosis of DLBCL requires histopathology. Despite biopsies-based examination allowing detection of enlarged lymph nodes, it is an invasive procedure (2). Although more than 50% of cases with DLBCL are cured with R-CHOP (Cyclophosphamide, doxorubicin, vincristine, and prednisone, combined with rituximab), DLBCL is an aggressive disease in which relapsed or refractory patients have a poor prognosis (3).

Extracellular vesicles (EVs) can be divided into two categories based on their size: small extracellular vesicles (sEVs) and large extracellular vesicles (lEVs). Exosomes in 40–150 nm diameter are a special group of sEVs (4). Exosomes are secreted by diverse cell types, including cancer cells. Exosomes carry many important bioactive molecules including nucleic acids (DNA, mRNA, miRs), protein, and lipids (5). Tumor cell-derived exosomes communicate between exosome-originated cells within the tumor microenvironment (TME), which potentiates tumorigenesis. Hence the cancer-derived exosome is an applicable biomarker for cancer diagnosis, prognosis, and treatment (6). Exosomes influence different aspects of hematological malignancies (7). In lymphoma, exosomes participate in disease progression via bone marrow microenvironment modulation, enhancing angiogenic ability, suppressing the immune response, and contributing to drug resistance. Moreover, they can serve as drug delivery tools, and be used for therapeutic response prediction and therapeutic targets (8).

microRNAs (miRNAs) are unique content of cancer cell-derived exosomes and have crucial roles in lymphomagenesis. miRNAs impact lymphoma progression by controlling cell growth, proliferation, differentiation, survival, and apoptosis. Therefore, microRNA expression profiles can serve as prognostic, diagnostic, therapeutic, and predictive biomarkers in lymphoma (9). Of note, miRNAs have unique features including stability, detectability in many biological fluids, and relatively resistance to RNAase degradation, making them useful biomarkers (10, 11).

The high prevalence of DLBCL among NHLs and the challenges in diagnosis and treatment of this disease require the development of new approaches to manage this disease. Considering the key roles of exosomal miRNAs in lymphoma-associated molecular mechanisms can direct our attention to using these biomolecules as malignancy-related diagnostic, prognostic, and therapeutic markers. This study aimed to evaluate the potential role of exosomal miRNA as non-invasive biomarkers in DLBCL.



Material and Methods


Literature Search

The systematic review was conducted on December 2021 according to the Preferred Reporting Items. To perform this literature review, we searched in the following search engines: PubMed, Scopus, and Web of science to identify all available publications. The search strategy set was adopted utilizing a combination of keywords including: Diffuse large B-cell lymphoma, DLBCL, miRNA, microRNA, miR, exosome, exosomes, exosomal, extracellular vesicles, EVs, and secretome. The full details of the search strategy can be seen in Table 1.


Table 1 | Full details of the search strategy terms.





Study Selection

Initially, we excluded duplicate articles and articles without original data. Next, the abstracts were downloaded, and the list was narrowed based on inclusion or exclusion criteria. Subsequently, to verify eligibility, the full texts were evaluated. Further, reference lists of the identified publications were searched for additional relevant studies. The inclusion and exclusion criteria utilized are indicated in Table 2. Each eligible criterion was assessed independently by two researchers (S.Y and Z.H) and disagreements were resolved by consensus.


Table 2 | Inclusion and Exclusion Criteria.





Data Extraction and Quality Assessment

Two researchers independently extracted the following information from articles: first author, publication year, type of sample analyzed (tumor tissue, serum, or plasma), sample size (patient versus controls), exosomal miRNAs assessed, number of miRNAs studied, a chemotherapeutic drug, methodology (exosome isolation and miRNA profiling), the origin of exosome and recipient cell (in the case of in vitro studies), the list of specific exosomal miRNAs and their molecular characteristic which could be used for diagnosis, prognosis, and therapeutic response prediction in DLBCL.




Results


Search Results

The primary search identified 202 articles that may be related to the potential role of exosomal microRNA in DLBCL (PubMed: 78, Scopus: 81, WoS: 43). Among them, 141 duplicate articles were discarded. Next, after removing 29 records including 20 reviews, 4 systematic reviews, 1 editorial, and 4 articles without accessible full text, 32 records remained. Among them, 22 records were discarded after full-text evaluation (2 articles discussed EVs but have not identified them as exosomes). Additionally, 2 articles were further identified by searching through the reference list of relevant reviews. Finally, 12 articles met the inclusion criteria. The flowchart of the literature study and selection process was shown in Figure 1.




Figure 1 | Flowchart of study selection. *We also found two meeting abstracts but did not add them because of the similarity of data with the existing data.





Study Characteristics

Finally, 12 articles investigated the role of exosomal miRNAs in diagnosis, prognosis, and therapeutic response prediction in DLBCL. Of those, 9 articles (75%) discussed miRNAs as diagnostic biomarkers, 4 articles (33.33%) evaluated therapeutic efficacy, 3 articles (25%) provided prognostic biomarkers, 2 articles (16.66%) conducted experiments in vitro, and 3 articles (25%) evaluated molecular pathways associated with these exosomal miRNAs in DLBCL (Tables 3–7).


Table 3 | Exosomal miRNAs as diagnostic biomarkers in DLBCL.




Table 4 | Exosomal miRNAs as prognostic biomarkers in DLBCL.




Table 5 | Exosomal miRNAs as predictor biomarkers for therapeutic efficacy in DLBCL.




Table 6 | In vitro study of exosomal miRNA in DLBCL.




Table 7 | Molecular pathways associated with exosomal miRNAs in DLBCL.






Discussion

DLBCL is a clinically heterogeneous lymphoma comprising the most common NHL in adults (23). Diagnosis requires a pathological review of biopsy, which is invasive and can carry limitations for patients (2). Traditional DLBCL risk assessment relies on the International Prognostic Index (IPI) including age, lactate dehydrogenase (LDH) level in serum, disease stage, number of extranodal sites involved, and Eastern Cooperative Oncology Group (ECOG) performance status (24). Of note, the effectiveness of this index has markedly decreased as a result of the use of rituximab during chemotherapy (25). The R-CHOP immunotherapy is the frontline treatment for DLBCL. Even though this type of treatment works in more than half of the cases, about one-third of patients still relapse after treatment (26). On the other hand, DLBCL is an aggressive disease and the survival time of the untreated patient is less than one year (27).

There are many challenges in the DLBCL diagnosis, assessment of patient outcomes, treatment, and prediction of therapeutic response. Therefore, an alternative approach to address these challenges is needed. Based on the importance of miRNAs-derived exosomes, we investigated the literature to evaluate their effectiveness in this field.

miRNAs dysregulation plays a crucial role in the development of different types of cancers by affecting proliferation, apoptosis, cell cycle, angiogenesis, anticancer immune response, and sponge other non-coding RNAs. Considering their huge role in carcinogenesis, the miRNAs panel has great potential for cancer detection, prognosis, and treatment (28). Circulating miRNAs can be incorporated into membrane-coated vesicles, exosomes, or circulate as non-exosomal miRNAs (29). Two unique features of exosomal miRNA, i.e. the remarkable stability and the special function governed by exosomal miRNA (30, 31) render the miRNAs excellent candidates being effective biomarkers.

Evaluation of the implication of exosomal microRNAs profile in diagnosis in DLBCL has been analyzed by nine studies as can be seen in Table 3. Among the total miRNAs that have been identified, exosomal mir-451a was found in more than one study (14, 15). Based on the concordance finding of these studies, downregulation of exosomal mir-451a can be a useful biomarker. Of note, both of these two studies examined more than 59 DLBCL samples so their results are more reliable than other investigations (14, 15).

Intriguingly, abnormal expression of three isoforms of exosomal mir-181-5p has been reported in these studies. The results highlighted the down-expression of all isoforms (miR-181a-5p and miR-181b-5p and miR-181d-5p), so further investigation could clarify whether any isoform of exosomal mir-1815p is downregulated in DLBCL (11, 17).

Moreover, the search results revealed that exosomal miR-146a does not show significant differential expression between DLBCL patients and controls (18). It has been demonstrated that an increased level of miR-146a in DLBCL patient tissue compared with individuals with reactive hyperplasia lymphoid nodes (10). Also, studies clearly showed miR-146a upregulation in DLBCL patients (32). In the light that circulating miRNAs can be embedded in exosomes, there is a need for additional studies to confirm exosomal miR-146a diagnostic potential in DLBCL (29).

Regarding the suitability of exosomal miRNAs as prognostic indicators, three articles about four miRNAs were identified (Table 4). Among them, elevated levels of exosomal miR-125b-5p and miR-99a-5p were associated with shorter progression-free survival (PFS) while down-expression of exosomal miRNA-107 and miR-451a indicated poor prognosis in DLBCL (13, 14, 20). Despite none of these exosomal miRNAs having been reported in more than one study, analysis on circulating miRNAs can provide evidence that these results are more reliable. For instance, a study identified the prognostic significance of miR-125b-5p in 20 patients with DLBCL (33).

The utility of exosomal miRNAs as predictors for therapeutic efficacy in DLBCL has been identified in four studies (Table 5). A total of nine exosomal miRNAs were analyzed: miR-10a-5p, miR-10b-5p, miR-let-7i, and miR-146a did not show significant association with therapeutic efficacy (18, 20, 21). With other miRNAs, although upregulation of exosomal miR-125b-5p, miR-99a-5p, and miR-155 contribute to R-CHOP therapy resistance, downregulation of miR-let-7g was related to it (20, 21). A recent study illustrated high levels of exosomal miR-125b-5p as a chemoresistance-related indicator in DLBCL (20). Additionally, regarding the implication of exosomal miRNAs as predictive biomarkers of response to R-CHOP treatment, it is noteworthy that increasing the level of exosomal miR-451a following therapeutic regimens may implicate exosomal miR-451a as a suitable biomarker for predicting treatment response (15).

We also found two other studies which their finding provided more evidence related to the importance of exosomal miRNAs in DLBCL (Table 6). One of these studies evaluated miRNAs expression in DLBCL cell lines (20), while other demonstrated miRNAs transferred through DLBCL-derived exosomes could impacts NK cells function (22).

FInally, we evaluated the molecular pathways associated with exosomal miRNAs (Table 7). We hope this molecular characteristic will be used for a therapeutic approach. For example, it has been shown that miR-107 plays a role as a tumor suppressor by targeting 14-3-3 η which results in suppressing oncogenes such as FOXO1, PEPCK, CCND1, P27, BAD, and Bcl-2, so its downregulation is associated with shorter PFS in DLBCL (13). According to this pathway, miR-107/14-3-3 η axis may be a promising therapeutic target in DLBCL (13).



Conclusion

Taken together, despite the limited number of articles published on this topic, our systematic review demonstrated that exosomal miRNAs not only can be applied for diagnosis and prognosis in DLBCL but also may serve as promising tools for therapeutic interventions and predicting response to treatment. It is hopeful that future investigations will provide more reliable results regarding the clinical significance of exosomal miRNAs in DLBCL.
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β-Sitosterol (SIT), a white powdery organic substance with a molecular formula of C29H50O, is one of the most abundant naturally occurring phytosterols in plants. With a chemical composition similar to that of cholesterol, SIT is applied in various fields such as medicine, agriculture, and chemical industries, owing to its unique biological and physicochemical properties. Modern pharmacological studies have elucidated good anti-tumor therapeutic effect activity of SIT, which mainly manifests as pro-apoptotic, anti-proliferative, anti-metastatic, anti-invasive, and chemosensitizing on tumor cells. In addition, SIT exerts an anti-tumor effect on multiple malignant tumors such as breast, gastric, lung, kidney, pancreatic, prostate, and other cancers. Further, SIT derivatives with structural modifications are promising anti-tumor drugs with significant anti-tumor effects. This review article focuses on recent studies relevant to the anti-tumor effects of SIT and summarizes its anti-tumor mechanism to provide a reference for the clinical treatment of malignant tumors and the development of novel anti-tumor drugs.
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Introduction

Malignant tumors represent a global medical problem owing to their high incidence, difficult early diagnosis, variable biological characteristics, high recurrence and metastasis, and high mortality. Cancer is ranked as the second leading cause of death and morbidity worldwide (1). According to the World Health Organization, approximately 19.3 million patients were newly diagnosed with cancer and nearly 10 million patients died from cancer worldwide in 2020. Globally, 28.4 million new cases are estimated to occur by 2040, a 47% increase from 2020 (2). Cancer not only poses a serious threat to human life and health but also places a great burden on the public health system, resulting in a series of social problems. Therefore, the prevention and treatment of tumors have become the focus of medical research.

Phytosterols are natural bioactive compounds present in plant cell membranes, of which β-sitosterol (SIT) is the most abundant and broadly distributed in lipid-rich plant foods such as vegetables, nuts, seeds, grains, and olive oil (3–6). SIT has been experimentally demonstrated to exhibit multiple pharmacological properties, such as anti-diabetic (7), ameliorative effect on prostatic hyperplasia (8), anti-inflammatory (9), anti-atherosclerotic (10), lipid-lowering and hepatoprotective (11, 12), immune regulation (13), and protection against oxidative damage (14). Due to its efficacy, low toxicity, and good safety, SIT has attracted significant attention from researchers in recent years. With in-depth pharmacological investigation, SIT has been found to exhibit substantial anti-tumor activity and is a prospective drug for the treatment of malignant tumors. In this review, the research progress on the anti-tumor mechanism of SIT is summarized to provide new insights into solving the current problems of treatment with traditional anti-tumor drugs, such as poor efficacy, high toxicity, and drug resistance.



Induction of Tumor Cell Apoptosis After SIT Intervention

Apoptosis resistance is a common feature of human cancer cells and is generally correlated with resistance to anti-cancer therapy (15). Inhibiting the malignant growth of tumor cells and inducing tumor cell apoptosis are the main anti-tumor strategies. Apoptosis or programmed cell death is controlled by diverse signaling pathways involving various regulatory proteins, and the effect of SIT on these pathways has been demonstrated in several studies.


Tumor Suppressor Protein p53

p53 is a tumor-suppressive protein that strictly regulates cell growth by promoting apoptosis and DNA repair under specific conditions. Mutated p53 can lead to abnormal cell proliferation and tumor development due to loss of function (16). A study conducted by Rajavel et al. illustrated that the levels of p53, pSer15-p53, and p21 were remarkably upregulated in human lung cancer NCI-H460 cells after 72 h of SIT intervention (17). The authors suggested that p53 activation is an important process in SIT-mediated apoptosis of non-small cell lung adenocarcinoma (NSCLC) cells, and that SIT elicits ROS-dependent apoptosis in NSCLC cells via downregulating the thioredoxin(Trx)/thioredoxin reductase (TrxR1) signaling pathway. In another study, Zhu et al. revealed that SIT impeded the viability of human breast cancer cells (MCF-7 and MDA-MB-231) through regulation of the PI3K/Akt/mTOR pathway, possibly the primary mechanism of its anti-tumor activity. SIT could markedly reduce the phosphorylation levels of Akt, B cell lymphoma-2 (Bcl-2)-associated agonist of cell death (Bad), p53, p38, proline-rich Akt substrate of 40 kDa (PRAS40), and glycogen synthase kinase 3β (GSK-3β) (18). Further, Cheng et al. reported the anti-proliferative effect of SIT, which was associated with increased p53 mRNA levels and reduced E6 transcripts of human papillomavirus (HPV) (19). The expression patterns of both p53 and HPV E6 proteins were similar to the corresponding transcriptional levels. In a similar report, Andrea et al. showed that SIT exhibits an anti-proliferative effect on cervical cancer HeLa cells, linked to an elevated level of p53 mRNA and a reduced level of oncogenic HPV E6 following SIT treatment (20). It has also been shown that SIT alters the morphology of human cervical cancer cells (CaSki and HeLa). Electron microscopy revealed reduced surface microvilli in SIT-treated cells with increased electron density in the cell membrane and decreased organelles. SIT intervention has been suggested to gradually impede the malignant characteristics of CaSki and HeLa cells. These results also demonstrate that the expression of proliferating cell nuclear antigen (PCNA) is decreased in CaSki and HeLa cells after SIT treatment, indicative of an anti-proliferative property. Thus, it can be inferred that SIT may limit DNA synthesis in CaSki and HeLa cells, thereby suppressing cell proliferation. Another study by Baeka et al. indicated that SIT could effectively reduce the viability of p53-deficient human lung cancer Calu-6 cells (21).



B Cell Lymphoma-2 (Bcl-2) Protein Family

Bcl-2 is a member of the Bcl-2 apoptosis-modulating protein family, and its impairment has been associated with a variety of cancers (22). Rajavel et al. characterized the expression of Bcl-2 and Bcl-2-associated X protein (Bax) after 72 h of SIT exposure (17). The results clearly showed significant downregulation of the Bcl-2 protein with increased Bax expression. In another report, Wang Juan et al. suggested that SIT-dependent activation of p-extracellular signal-regulated kinase (ERK)1/2 and Bcl-2 can enhance the activity of human monocytes and strengthen their ability to kill gastric cancer SGC-7901 cells (23). Additionally, PARK et al. illustrated that increased apoptosis induced by SIT is associated with downregulation of Bcl-2, protein degradation of poly (ADP-ribose) polymerase (PARP) and phospholipase C-γ1, and activation of cysteine-containing aspartate proteolytic enzyme (caspase-3) (24). SIT does not alter the expression of Bcl-xL and Bax in leukemia cells (U937) but selectively downregulates Bcl-2. This suggests a correlation between SIT-evoked apoptosis and caspase-3 activation with Bcl-2 downregulation. Sharmila et al. indicated that SIT treatment led to a significant decrease in the expression of cyclin-D1, Bcl-2, and vascular endothelial growth factor (VEGF) along with a substantial increase in the expression of caspase and Bax, and also inhibited toxicity of N-diethylnitrosamine (DEN) and ferric nitrilotriacetate (Fe-NTA) (25). In another study, SIT could boost the apoptosis of U937 and HL60 cells via mediating the Bcl-2 and PI3K/Akt signaling pathways (26). Similarly, SIT stimulated apoptosis in breast cancer MDA-MB-231 cells by increasing the Bax/Bcl-2 ratio and promoting mitochondrial membrane depolarization (27). Further, SIT elevated the expression level of Bax, Bcl-2 antagonist/killer (Bak), caspase-3 and -9, and cytochrome C in ovarian cancer cells (ES2 and OV90) in a dose-dependent manner (28). This data indicates that SIT upregulates pro-apoptotic signals in ovarian cancer cells. Zhao et al. proposed that SIT strikingly delays the growth of human gastric cancer SGC-7901 cells and facilitates their apoptosis in vitro through a mechanism possibly linked to decreased Bcl-2/Bax ratio and DNA damage (29). Ma et al. provided additional data demonstrating that SIT treatment restrained tumor growth in mice (30). Mechanistically, SIT treatment reduced PI3K/Akt expression, Bad activation, Bcl-xL expression, and cytochrome C release, resulting in caspase-3 and -9 activation, PARP cleavage, and apoptosis. Zhao Xiuhong et al. proposed that SIT can trigger apoptosis in HepG2 cells with a suggested mechanism related to the activation of mitochondria-controlled endogenous apoptotic pathway and death receptor-controlled exogenous apoptotic pathway (31). Another study showed that SIT expedites SK-Hep-1 and HepG2 cell death in a concentration-dependent manner, and the pro-apoptotic mechanism may be associated with Bcl-2-related proteins (32).



Reactive Oxygen Species

ROS represent a set of short-lived, highly reactive, oxygen-containing molecules capable of eliciting DNA damage and affecting the DNA damage response. Increased ROS production has been detected in various cancers with multiple roles. For instance, ROS can activate pro-tumorigenic signals, enhance cell survival and proliferation, and drive DNA damage and genetic instability. They can also induce tumor cell death triggered by oxidative stress (33, 34). Recently, the role of antioxidants in carcinogenesis has attracted considerable attention. SIT is a relatively mild-to-moderate antioxidant that exerts beneficial effects in vitro by reducing ROS levels. A study evaluated the antioxidant potential of SIT in 1,2-dimethylhydrazine (DMH)-induced colon carcinogenesis and detected the contents of enzymatic and non-enzymatic antioxidants and lipid peroxides in the colon and liver tissues (35). ROS generation exceeded the endogenous antioxidant capacity of the body, resulting in a severe imbalance in the cellular antioxidant defense mechanism. SIT could effectively attenuate DMH-induced elevation of hepatic lipid peroxide levels. Additionally, it exhibited a protective effect against DMH-induced antioxidant depletion in the colon and liver tissues of experimental animals. The results suggest that SIT can effectively attenuate DMH-induced oxidative stress in rats owing to its antioxidant potential and may serve as an effective chemopreventive drug against colon carcinogenesis. In another study, Bae et al. pretreated cells with N-acetylcysteine (NAC) for 1 h before SIT treatment to assess the relationship between SIT-induced mitochondrial dysfunction and ROS production (28). The results showed that NAC could partially inhibit SIT-induced loss of mitochondrial membrane potential (MMP) in ovarian cancer cells (OV90), suggesting that SIT mainly exerted adverse effects on mitochondria and indirectly disrupted ROS homeostasis. In addition, SIT treatment enhanced ROS production and calcium influx via activation of the endoplasmic reticulum-mitochondrial axis leading to MMP reduction and mitochondrial dysfunction in the two ovarian cancer cell lines. Significantly, in this study, SIT inhibited tumor development by promoting ROS generation, which seems to contradict with the previous researching result, whose reason we speculate is that SIT may have different biological effects on different tumor types or tumor cells without any clear specific mechanism. In summary, these findings demonstrate that SIT stimulates oxidative stress and activates pro-apoptotic signals, thereby promoting apoptosis and limiting the proliferation of ovarian cancer cells.



Adenosine 5′-Monophosphate -Activated Protein Kinase Pathway

AMPK is a key molecule in regulating bioenergy metabolism and plays a significant role in tumor progression. It is closely associated with cancer drug resistance through interaction with multiple known chemoresistance mechanisms. Hence, targeting AMPK has become a new strategy for cancer prevention and treatment (36). Eun et al. reported that SIT, depending on its concentration, strengthens the phosphorylation level of AMPK, and the enhanced activity of AMPK after SIT intervention affects the growth and apoptosis of tumor cells (37). Specifically, SIT-elicited apoptosis in gastric cancer AGS cells was achieved through the AMPK activation-mediated expression of phosphatase and tensin homolog (PTEN) gene.




Inhibition of Tumor Cell Proliferation in Response to SIT

Tumor cells exhibit abnormalities in morphology, metabolism, and function, with varied impaired abilities to differentiate and mature. Tumor cell lines or strains cultured in vitro have the characteristics of unlimited passage and lack apoptosis. Therefore, inhibiting tumor cell proliferation is a vital part of anti-tumor therapy, and success with SIT treatment has been documented in various studies.


Cell Cycle Blockade

Abnormal cell cycle activity almost occurs in all tumor types and provokes tumor cell proliferation. Targeting individual cell cycle components can be an effective anti-cancer strategy (38). In vitro experiments have illustrated that SIT impedes the proliferation of gastric cancer AGS cells by stimulating apoptosis and cell cycle arrest in the S phase, which may be linked to modulation of the p53 pathway (39). Zhou et al. reported that SIT triggered cell cycle arrest in the G2/M phase and apoptotic death in human lung adenocarcinoma A549 cells (40). Further, LU et al. showed that SIT impaired the proliferation of A549 cells in a dose-dependent manner (41). In another report, SIT markedly repressed the proliferation of human cervical squamous cell carcinoma SiHa cells and elicited cell cycle arrest in the S phase (rather than the G2/M phase) and mitotic phase (42). Laser confocal analysis showed that SIT could downregulate the expression of microtubule-associated protein 2 and microtubule-associated protein α. Moreover, SIT reduced the aggregation ratio of the microtubules in a time-dependent manner. These findings suggested that the anti-microtubule properties of SIT could contribute to inhibiting the proliferation of SiHa cells. In addition, Pradhan et al. demonstrated that SIT and its tubulin isotype potentially correlate with drug resistance and SIT can act as a potential tubulin-targeted anti-cancer drug (43). Shiying et al. showed that a high concentration of SIT arrested human breast cancer T47D cells in the G0/G1 phase because it augmented the proportion of cells in the G0/G1 phase while reducing their proportion in the S phase, consequently decreasing proliferation index and suppressing cell proliferation (44). In a similar report, Vundru et al. illustrated that SIT treatment led to G1 arrest in human breast cancer MDA-MB-231 cells corresponding to reduced levels of cyclinD1 and cyclin-dependent kinase (CDK) and increased levels of p21/Cip1 and p27/Kip1 proteins involved in inhibiting the kinase activity of CDK (27). Therefore, down-regulation of CyclinD1 and CDK4 may be related to SIT-induced G1 arrest in breast cancer cells. Further, cyclinD1 and CDK2 downregulation with a proportional increase in the number of cells in the G1 phase validates that the anti-cancer effect of SIT correlates with cell cycle arrest and apoptosis (17). Wang et al. revealed that SIT arrested A549 cells in the G0/G1 phase and repressed cell autophagy and proliferation, and its mechanism might be linked to inhibition of the transforming growth factor-β (TGF-β)/p-Smad2/3/c-Myc signaling pathway (45).



Mitogen-Activated Protein Kinase Pathway

The MAPK pathway has been implicated in cancer progression with involvement in a wide range of cellular processes encompassing differentiation, proliferation, and survival, and it is frequently altered in diseases (46, 47). Sharmila et al. elucidated that Fe-NTA-induced proliferation of rat renal cancer cells was reduced after SIT treatment via a mechanism pertaining to MAPK downregulation and attenuated phosphorylation of p38, ERK, and c-Jun N-terminal kinase (JNK) (48). SIT potentially blocked the MAPK pathway by inhibiting the ATP binding site and acting as a competitive inhibitor of ATP to prevent the activation of ERK1/2. Simultaneously, SIT could reduce the elevated levels of c-fos and c-jun genes caused by renal carcinogens. These results suggest that SIT can block cell proliferation, thereby preventing tumor invasion and angiogenesis. Different studies have shown the growth-inhibitory effects of SIT on various cancer cell lines, including oral, prostate, breast, colon, blood, gastric, and lung cancers.



PCNA Protein Pathway

PCNA is an important protein that affects tumor cell proliferation and is involved in diverse DNA metabolic processes, such as DNA replication and repair, chromatin organization and transcription, and condensation of sister chromatids (49). PCNA serves as an excellent inhibitory target to block highly proliferative cells, thus, contributing to the development of broad-spectrum anti-cancer therapy (50). Baskar et al. elucidated that SIT triggers dose-dependent growth inhibition of human colon cancer COLO 320D cells by scavenging ROS, inducing apoptosis, and inhibiting the expression of β-catenin and PCNA antigens in human colon cancer cells (51). Sharmila et al. concluded that SIT could lead to significant reductions in the protein levels of cyclinD1, PCNA, Bcl-2, and VEGF, noticeable increases in the levels of caspase and Bax, and impaired toxic effects of DEN and Fe-NTA (25).




Inhibition of Tumor Cell Metastasis and Invasion in Response to SIT

Migration and invasion are two essential steps in the metastatic cascade of cancer cells, and metastatic tumors are one of the main causes of cancer-associated deaths globally (52, 53). Metastasis of cancer cells often indicates deterioration of the disease, which greatly increases the difficulty of treatment. Therefore, suppression of tumor cell metastasis and invasion is of great significance in treating tumors, and SIT has shown potential in suppressing tumors by employing different mechanisms.


VEGF

Angiogenesis is essential for the development and growth of cancer. VEGF is a key signal for cancer angiogenesis and can be upregulated by a variety of growth factors (54). Anti-angiogenesis therapy is regarded as an effective approach for the treatment of many tumors. Therefore, the downregulation of VEGF expression shows a positive significance in anti-tumor therapy. Sook et al. demonstrated that SIT could diminish the expression of cyclooxygenase-2 and VEGF in human multiple myeloma U266 cells (55). A study by Lin Mingzhu et al. suggested tumor-suppressive activity of SIT in H22 tumor-bearing mice with a possible mechanism wherein SIT decreased VEGF levels and raised interferon-gamma (IFN-γ) levels in the serum (56). In addition, SIT could inhibit the regeneration of rat aortic microvessels, the underlying mechanism of which was likely linked to the downregulated VEGF expression (57).



Epithelial-Mesenchymal Transition

EMT is associated with tumorigenesis, invasiveness, metastasis, and therapeutic resistance (58). It can confer migratory and invasive properties to cells that can be selected by cancer cells during metastasis. Following EMT induction, cancer cells exhibit strengthened aggressive stem-like features and resistance to apoptosis (59). Park et al. revealed that SIT could reverse EMT in human alveolar epithelial cells by disrupting the TGF-β1/Snail signaling pathway (60). Qicao et al. illustrated that SIT repressed the migration and invasion properties of MIA-PaCa-2 and BXPC-3 cells and downregulated EMT markers and AKT/GSK-3β signaling pathway in pancreatic cancer (61). Downregulation of E-cadherin (CDH1) and EMT is crucial for tumor invasion and metastasis (62). It has been reported that CDH1 expression is notably elevated in prostate cancer cells (PC-3 and DU-145) upon treatment with SIT; the initiation and development of cancer correlate with the decrease in CDH1 expression, and the loss of function of this gene enhances invasive and metastatic capabilities, which in turn expedites tumor progression (63). Additional experiments by Pradhan et al. suggested that SIT upregulates CDH1 expression and effectively impedes the migration of MCF-7 and MDA-MB-231 cells in human breast cancer (64) (see Table 1).


Table 1 | Effect of SIT on signaling pathways of apoptosis, cell cycle, and metastasis.






Anti-Tumor Effects of SIT-Related Derivatives/Compounds

Although SIT has significant anti-tumor activity, natural phytosterols undergo auto-oxidation or enzymatic oxidation stimulated by ROS (such as ozone), O2, light, heat, or enzymes (65), resulting in the formation of phytosterol oxidation products (POPs) or oxygenated phytosterols. The beneficial and detrimental side effects of these compounds on human health remain controversial (5), and their poor solubility in water limits their bioavailability and therapeutic effect (66, 67). Therefore, scientists believe that modifying the structure or changing the dosage forms of monomeric compounds is necessary to improve drug release, solubility, targeting, and bioavailability (68). It is essential to develop phytosterol derivatives with significant anti-tumor effects as anti-tumor drugs.

Raj et al. assessed the cytotoxic potential of β-sitosterol-assisted silver nanoparticles (BSS-SNPs) in HepG2 cells, and the results showed that BSS-SNPs remarkably impaired the proliferation of HepG2 cells and augmented ROS levels (69). Treatment with BSS-SNPs induced upregulation of pro-apoptotic markers, such as Bax, p53, cytochrome c, caspase-3, and caspase-9, and downregulation of Bcl-2 expression along with apoptosis-relevant morphological changes. These findings support a theoretical hypothesis suggesting BSS-SNPs as potential drug candidates for hepatocellular carcinoma. Likewise, Shathviha et al. revealed that SIT-silver nanoparticles could effectively induce toxicity and early apoptosis in human colon cancer cells by enhancing p53 protein expression (70).

Tasyriq et al. demonstrated the biological activity of 7α-hydroxy-β-sitosterol in multiple tumor cell lines (71). The compound triggered G0/G1 cell cycle arrest by regulating the Bax/Bcl-2 imbalance and inactivating ERK1/2 and significantly restricted the proliferation of MCF-7 cells in other cancer cell lines.

Kha et al. suggested that SIT-glucoside could restrain the growth of hepatoma cells by stimulating the activity of caspase-3 and -9 via activating their pathways to induce cell apoptosis (72). In a similar report, Dolai et al. illustrated the apoptosis-inducing activity of SIT-glucoside in Ehrlich ascites cancer cells (73). Dose-dependent induction of DNA damage was observed after treatment with SIT-glucoside, and the expression of the apoptotic proteins p53 and p21 was enhanced, which constitute multiple downstream factors of the pro-apoptotic pathway. The increased caspase-3 and -9 activities suggest that caspases are key mediators of the SIT-glucoside-induced apoptosis pathway.

Maiyo et al. revealed significant cytotoxicity of β-sitosterol-3-O-glucoside against colon adenocarcinoma Caco-2 cells and its dose-dependent cytotoxicity in various cancer cell lines (74). The apoptosis experiments showed that, unlike untreated controls, cells treated with β-sitosterol-3-O-glucoside exhibited apoptotic characteristics, whereas no apoptosis was observed in non-cancer HEK293 cells. The results indicate the selective cytotoxic and pro-apoptotic activities of this compound.

Imanaka et al. showed that the metastatic rate of melanoma B16BL6 cells was significantly reduced following liposomal SIT treatment. Oral administration of liposomal SIT exerted a chemopreventive effect on tumor metastasis, potentially enhancing the host defense against metastatic tumor cells (75). The oral administration of liposomal SIT has been suggested to enhance mucosal immunity and strengthen the natural killer cell activity through the induction of interleukin (IL)-18 and IL-12.

Tilahun et al. synthesized stable, redox-sensitive, and bioreducible heparin-β-sitosterol (bHSC) conjugate micelles using heparin, SIT, and cysteamine, and confirmed their anti-metastatic effect (76). Given the advantages of high stability, low toxicity, good hemocompatibility, and high drug-loading capacity, bHSC micelles serve as a good candidate drug delivery system for the treatment of metastatic cancers.

Andima et al. prepared SIT-loaded poly(lactide-co-glycolic acid) nanoparticles using emulsification technology and experimentally verified the anti-proliferative effect of the particles (66). They suggested that the strength of nanoparticle formulations can be easily concentrated at disease sites.

Nisha et al. formulated SIT-loaded PEGylated (SIT-PEG) polymersomes which exhibited stronger in vitro anti-tumor activity than SIT in the cytotoxicity experiments (77). Further, estimation of apoptosis markers, such as caspase-3 and -9, using an enzyme-linked immunosorbent assay showed that the levels of caspase-3 and -9 markedly increased and returned to normal after SIT-PEG treatment. The polymer has been suggested to regulate the expression of caspase-3 and -9 at liver-specific cancer sites.

A newly isolated phytosterol, β-Sitosterol-D-glucoside (β-SDG), derived from sweet potato, may have strong anti-cancer activity. Xu et al. explored the effect of β-SDG on two breast cancer cell lines (MCF7 and MDA-MB-231) and MCF7 tumor-bearing nude mice (78). The results demonstrated the cytotoxic activity of β-SDG against MCF7 and MDA-MB-231 cells due to induced apoptosis and activated caspase proteases in these cells. In vivo experiments revealed that β-SDG regulated the expression of PI3K, p-Akt, Bcl-2 family members, and other factors involved in the PI3K/Akt-mediated mitochondrial pathway by up-regulating the expression of tumor suppressor miR-10a. These findings suggest that β-SDG inhibits tumor growth by disrupting the PI3K/Akt signaling pathway and can be developed as a potential therapeutic agent against MCF7 cell-associated breast cancer (illustrated in Table 2).


Table 2 | Anti-tumor effects of SIT-related derivatives/compounds.





Effect of SIT on Other Factors Affecting Tumor Growth


Interleukin Family

Interleukins are key cytokines that affect immune cell function (79). Hao et al. observed a favorable in vivo anti-tumor effect of SIT on an established HepG2 tumor-bearing mouse model (80). SIT treatment remarkably suppressed the growth of solid tumors and enhanced immunity by increasing the thymus and spleen indices. In addition, the increased IL-2 and decreased IL-10 levels following SIT treatment suggest that SIT can also achieve anti-tumor effects by increasing the production of anti-tumor cytokines and reducing the release of immunosuppressive factors in the body.



Metabolic Reprogramming

Metabolic reprogramming can ensure continuous energy supply to tumor cells, and metabolic intermediates can participate in the generation of macromolecular substances in tumor cells. Therefore, targeting metabolic reprogramming has been a research hotspot for the prevention and treatment of tumors. Melanoma brain metastasis is known to be associated with mitochondrial complex I (CI). Terje et al. illustrated that SIT-targeted inhibition of CI resulted in inhibition of mitochondrial electron chain transmission and increased ROS generation, thus inducing melanoma cell apoptosis and repressing their brain metastasis (81). This process occurs only in tumor cells and does not affect normal cells. The resistance of melanoma cells to BRAF inhibitors can also be CI reversed by gene knockout or intervention with SIT. This suggests a clear therapeutic rationale for the application of SIT as a promising drug against melanoma metastasis. In vitro experiments revealed that SIT treatment suppressed the phosphorylation of many proteins related to tumorigenesis, such as AMPK, Akt, GSK, P38, and ERK1/2. It has been suggested that SIT may disrupt fundamental cellular functions such as energy metabolism and cell survival to restrain tumor cell growth, which is absent in normal melanocytes.



Enhanced Sensitivity to Chemotherapy

PLX4720 combined with SIT treatment notably decelerated tumor growth (81). In a similar report, Bae et al. treated human ovarian cancer cells (ES2 and OV90 cancer cells) with SIT alone or in combination with cisplatin or paclitaxel. SIT treatment could further enhance cisplatin- and paclitaxel-induced growth inhibition of cancer cells (28). Another study experimentally demonstrated that SIT combined with cyclophosphamide could effectively enhance anti-tumor effects (80). The nuclear factor kappa-B (NF-κB) signal transduction mechanism is involved in the progression of multiple cancers (82) and is essential for maintaining cell health by controlling fundamental cellular processes such as cell differentiation, growth, and survival (83). A recent study indicated that SIT positively modulates the NF-κB signaling pathway (84). Ziyuan et al. revealed that SIT could activate p53 by disrupting the p53-MDM2 interaction, resulting in increased nuclear translocation of p53 and blockade of the NF-κB pathway (85). This suggested that SIT mediated the p53/NF-κB/breast cancer resistance protein axis to modulate the response of colorectal cancer (CRC) cells to chemotherapy. Oxaliplatin (OXA) and SIT have shown synergistic tumor-suppressive effects in vivo, and the combined application of SIT and OXA may potentially improve CRC treatment. Atif et al. evaluated the effects of SIT and the anti-estrogen drug tamoxifen (TAM) on the growth and ceramide (CER) metabolism of MCF-7 and MDA-MB-231 cells in human breast cancer (86). Their study demonstrated that the combination of SIT and TAM suppressed the growth of both cell lines, and suppression was most pronounced in MDA-MB-231 cells. CER is a pro-apoptotic signal, and its level was augmented in both cell lines after treatment with SIT or TAM alone; however, the combined treatment induced a more significant increase in the cellular CER content. In addition, SIT and TAM increased CER levels in different ways. SIT efficiently activated de novo synthesis of CER in MCF-7 and MDA-MB-231 cells by stimulating serine palmitoyltransferase activity, whereas TAM promoted CER accumulation in the two cell lines by repressing CER glycosylation. These findings support the potential of a combined regimen of dietary SIT and TAM chemotherapy as an effective treatment for breast cancer. Gemcitabine (GEM) is one of the first-line drugs for the treatment of pancreatic cancer; however, its therapeutic effect is not durable due to long-term resistance. In a study by Qicao et al., SIT effectively limited the growth of pancreatic cancer cells through suppression of proliferation, promotion of G0/G1 phase arrest and apoptosis, inhibition of NF-κB activity, upregulation of Bax protein expression, and downregulation of Bcl-2 (87). Furthermore, SIT and GEM exhibited a significant synergistic effect in MIAPaCa-2 and BXPC-3 cells. More importantly, the combined treatment with SIT and GEM noticeably repressed the growth of pancreatic cancer xenografts (see Table 3).


Table 3 | SIT acts synergically with other chemotherapeutic drugs.






Conclusion and Perspective

Plant-derived phytosterols have various beneficial physiological effects, including anti-hypercholesterolemic, anti-inflammatory, and anti-fungal activity. Considerable attention has been paid to the anti-cancer activity of these natural products with a low risk of side effects and anti-tumor resistance (28). Unlike currently available cancer chemotherapeutics, phytosterols are generally considered safe for human consumption and can be widely added to food matrices.

SIT is the most abundant phytosterol and has a broad spectrum of anti-tumor effects against lung cancer, breast cancer, prostate cancer, colorectal cancer, and leukemia. The anti-tumor effect of SIT is mainly achieved by promoting the apoptosis of tumor cells, inhibiting the malignant proliferation of tumors, and influencing the cell cycle. SIT regulates the malignant behavior of tumor cells through diverse pathways, as illustrated in Figure 1.




Figure 1 | Main anti-cancer molecular pathways mediated by SIT.



SITs are also usually considered non-toxic, with high safety observed in acute toxicity experiments, and this fact should not be ignored (88–92). Despite its well-tolerance and safety, most existing studies on SIT have focused on in vitro cell experiments, and there are very few in vivo studies. However, existing studies have confirmed that SIT has an in vivo antitumor effect (48, 56). Although many studies have suggested that SIT is harmless, some researchers believe it can affect cholesterol metabolism, and cholesterol plays a pivotal role in synapse formation, cell-cell interactions, and intracellular signaling. Meanwhile phytosterols can affect neuroinflammation, neurodegeneration, and disease progression in experimental animal models for different central nervous system disorders (93). But whether SIT has a similar effect is unclear. In many cases, good anti-cancer activity is observed; however, the mechanism of action has not been clearly explained. In addition, the low stability, poor water solubility, and short half-life of SIT also limit its bioavailability.

In summary, SIT has great potential for tumor inhibition, especially its derivatives after structural modification, which are prospective new anti-tumor drugs. It is believed that the anti-tumor pharmacological mechanism of SIT will be further developed and verified in the future.
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Glossary

SIT β-sitosterol

NSCLC No-small cell lung adenocarcinoma

Trx Thioredoxin

TrxR1 Thioredoxin reductase

HPV Human papillomavirus

PCNA Proliferating cell nuclear antigen

Bcl-2 B cell lymphoma-2

Bad Bcl-2-associated associated agonist of cell death

Bak Bcl-2 antagonist/killer

Bax Bcl-2-associated X

PRAS40 Proline-rich Akt substrate of 40 kDa

GSK-3β, Glycogen synthase kinase 3β

DEN Diethylnitrosamine

Fe-NTA Ferric nitrilotriacetate

PARP Poly (ADP-ribose) polymerase

ROS Reactive oxygen species

VEGF Vascular endothelial growth factor

DMH Dimethylhydrazine

NAC N-acetylcysteine

MMP Mitochondrial membrane potential

AMPK Adenosine 5′-monophosphate (AMP)-activated, protein kinase

PTEN Phosphatase and tensin homolog

CDK Cyclin-dependent kinase

TGF-β Transforming growth factor-β

MAPK Mitogen-activated protein kinase

ERK Extracellular signal-regulated kinase

JNK c-Jun N-terminal kinase

IFN-γ Interferon-gamma

EMT Epithelial-mesenchymal transition

CDH1 E-cadherin

POPs Phytosterol oxidation products

BSS-SNP β-sitosterol-assisted silver nanoparticles

IL Interleukin

DHSC Heparin-β-sitosterol conjugate

β-SDG β-sitosterol-D-glucoside

Interleukin CI

Complex I NF-κB

Nuclear factor kappa-B OXA

Oxaliplatin CRC

Colorectal cancer TAM

Tamoxifen CER

Ceramide GEM

Gemcitabine: 
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A wide range of microRNAs (miRNAs) are coded for in the human genome and contribute to the regulation of gene expression. MiRNAs are able to degrade mRNAs and/or prevent the RNA transcript from being translated through complementary binding of the miRNA seed region (nucleotide 2-8) to the 3’-untranslated regions of many mRNAs. Although miRNAs are involved in almost all processes of normal human cells, they are also involved in the abnormal functions of cancer cells. MiRNAs can play dual regulatory roles in cancer, acting either as tumor suppressors or as tumor promoters, depending on the target, tumor type, and stage. In the current review, we discuss the present status of miRNA modulation in the setting of lysophosphatidic acid (LPA) signaling. LPA is produced from lysophosphatidylcholine by the enzyme autotaxin and signals via a range of G protein-coupled receptors to affect cellular processes, which ultimately causes changes in cell morphology, survival, proliferation, differentiation, migration, and adhesion. Several studies have identified miRNAs that are over-expressed in response to stimulation by LPA, but their functional roles have not yet been fully clarified. Since RNA-based treatments hold tremendous promise in the area of personalized medicne, many efforts have been made to bring miRNAs into clinical trials, and this field is evolving at an increasing pace.
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Introduction

Gene regulation is critical for maintaining homeostasis, and both embryonic development and adult functioning depend on its appropriate function. Gene regulation ensures that appropriate genes are translated at the appropriate time. Gene regulation is a complex process, and various mechanisms are involved (1). MicroRNAs (miRNAs) are one of the most important mediators of gene regulation (2–5). MiRNAs were first discovered in Caenorhabditis elegans, a worm from the nematode phylum (6). Further investigations showed that miRNAs were present in almost every eukaryotic species, including human cells (7). MiRNAs are small, evolutionarily conserved RNA sequences that inhibit protein production by binding to their target mRNA. The evolutionary conservation of many miRNAs underlines their importance in biological functions (8). MiRNAs can regulate at least 30% of protein-coding genes (9, 10). “The majority of miRNAs are transcribed from DNA sequences into primary miRNAs and processed into precursor miRNAs, and finally mature miRNAs (11). In most cases, miRNAs interact with the 3′ untranslated region (3′ UTR) of target mRNAs to induce mRNA degradation and translational repression (12). However, the interaction of miRNAs with other regions, including the 5′ UTR, coding sequence, and gene promoters, has also been reported. Under certain conditions, miRNAs can also activate translation or regulate transcription” (13). Due to their effect on protein production, they are essential in cell signaling and cell proliferation, and in diseases like cancer, they can act as a tumor-suppressor and prevent cancer, or act as an oncomiR and promote cancer progression (14). In addition to being present inside cells, they are also found in extracellular fluids like cerebrospinal fluid (CSF) and blood and can be used as biological markers for some diseases or disease states (15). Also, recent studies have suggested that extracellular miRNA can serve as intercellular signaling molecules and as facilitator molecules for viral entry into cells (16). Secretion of extracellular miRNAs from cancer cells can alter the translational profile of normal cells and promote tumor progression (17).

Phospholipids are the principal components of the cell membrane. They play a crucial role in cell signaling, inflammation, endocytosis, exocytosis, etc. (18–21). Lysophosphatidic acid (LPA, 1-acyl-sn-glycerol-3-phosphate) is a phospholipid derivative with a glycerol backbone, a free phosphate group, and a single fatty acyl chain. Unlike other phospholipids, it is water-soluble (22) and acts as a potent inducer of platelet aggregation, smooth muscle contraction, and changes in blood pressure (23–25). Despite these discoveries, its primary function was not revealed until several years later. In the 1990s, scientists showed that LPA could act as a growth factor by interacting with specific G-protein receptors (26). LPA was then the subject of much more research, and additional functions for this molecule were discovered. One discovery concerned the role of LPA in cancers. The interaction of LPA with G-protein coupled receptors provides signaling inputs for cell growth and proliferation and therefore has a prominent role in cancer progression and development (22). Autotaxin (ATX) (also known as ectonucleotide pyrophosphatase/phosphodiesterase 2) produces LPA, which acts as a facilitator for tumor invasion, neovascularization, and metastasis (27). This review aims to discuss the interactions between LPA, its receptors, signaling pathways, and miRNAs and the possible role of this interaction in the development of diseases, especially cancer. This will help us better understand cancer pathogenesis and develop improved therapies involving miRNAs against various diseases.



Lysophosphatidic Acid Structure and Biological Function

Lysophosphatidic acid (LPA, mono-acylglycerol-3-phosphate) is a phospholipid containing glycerol, a single fatty acid chain, and phosphate in its structure. Despite its relatively simple structure, it can cause significant changes within cells (28). It can be produced in two ways. Firstly, diacylglycerol can be phosphorylated by the action of diacylglycerol kinase to form phosphatidic acid (PA). Alternatively, phosphatidylcholine can be cleaved by the action of phospholipase D also to form PA. PA is converted to LPA in the next step by phospholipase A (29). This pathway is used chiefly for intracellular LPA production (30). Secondly, phospholipids are converted to lysophospholipids by phospholipase A2, and then lysophospholipase D cleaves it to LPA. This pathway is mainly used for extracellular LPA production (31).

Initially, the biological effects of LPA were not considered particularly important, with limited effects on smooth muscle contraction, platelet aggregation, and regulating blood pressure. Some of the LPA functions were rapid, like gap-junction closure, cell motility, or morphological changes, while others were more long-term, including wound healing, increased cell viability, etc. However, in the 1990s, scientists discovered that the LPA could behave as a growth factor molecule and trigger signaling via members of a specific type of G-coupled protein receptor family (22, 32). Also, LPA is a major serum component (but not plasma) and can increase cell survival and migration. Additionally, LPA is found in follicular fluid, saliva, and seminal fluid (22, 33–35). LPA concentrations are correlated with some types of cancers. For example, the Serum levels of LPA in pancreatic cancer patients were substantially higher than in healthy control (36). There are several studies indicating that plasma LPA is a promising diagnostic marker for ovarian cancer (37, 38). Autotaxin (ATX, ectonucleotide pyrophosphatase/phosphodiesterase 2, NPP2, or ENPP2) is an essential enzyme with several biological roles (Figure 1). Tanaka et al. showed the essential role of ATX in blood vessel formation (42). Another physiological role of ATX is in regulating immunity. ATX is expressed in the high endothelial cells (HEC) of high endothelial venules (HEV). Chemokine-activated lymphocytes bind to ATX, leading to LPA formation, which probably affects chemokinesis (43, 44). In addition to the essential physiological role of ATX in the body, several studies have confirmed its involvement in tumor progression, tumor invasion, and metastasis (32). Because ATX produces LPA from lysophosphatidylcholine, this was considered to explain the involvement of ATX in cancer (45, 46). LPA signaling takes place through G-coupled protein receptors as first reported in 1989 (26). Since then, six separate receptors that are specific for LPA signaling have been recognized (LPAR1-LPAR6). Each of these different receptors has its own tissue distribution and particular role and triggers different pathways. For example, LPAR2 has the highest expression in leukocytes. While the expression of LPAR5 is maximal in the spleen and in the same time it is not expressed in the liver (47). However, all the functions of some of these receptors have not been fully identified. LPAR1 is necessary for brain development, cancer metastasis, renal and lung fibrosis, etc. (48–50). LPAR2 is involved in smooth muscle cell migration, the progression of colorectal cancer, etc. (51–53). LPAR3 takes part in embryonic implantation (54–56). LPAR4 is probably involved in the pathogenesis of diseases like ovarian cysts. LPAR5 seems involved in thyroid malignancies (57–59), while LPAR6 is involved in hair growth (60, 61). In another study on pancreatic cancer, receptors of LPA (LPAR1, LPAR2, and LPAR3) are reported to be expressed significantly in PANC-1 cells. Following LPA treatment, focal adhesion kinase (FAK) and paxillin are tyrosine phosphorylated. Moreover, LPA can also increase the motility of PANC-1 cells through affecting the translocation of paxillin and FAK from cytoplasm to the adhesions of cell periphery (62). Leve et al. has reported while 10 μM of LPA cannot change the pattern of invasion, migration, and growth, it can affect cell cycle progression and proliferation in HCT-116 cells. Furthermore, LPA can increase the activation of STAT3 and Rho. Meanwhile, inhibition of STAT3 and ROCK promotes the LPA-induced expression of cyclins B1, E1, and A2 (63).




Figure 1 | In vivo functions of the ATX/LPA axis. LPA produced by ATX has been implicated in blood vessel formation, neuropathic pain, lymphocyte homing, and tumor growth and metastasis. Autotaxin-produced lysophosphatidic acid is involved in tumor development, angiogenesis, metastasis, lymphocyte homing, and neuropathic pain [39–41]. While LPAR1 is known to promote tumor metastasis and neuropathic pain, the exact LPA receptors contributing to other processes are unknown.





MicroRNAs and Lysophosphatidic Acid in Various Cancers

Table 1 lists various miRNAs involved with LPA and its signaling pathways in various cancers. Cancer is a significant cause of morbidity and mortality. According to the WHO, cancer has the most considerable effect on Disability-Adjusted Life Years (DALYs) among the top 20 causes of disease. Moreover, cancer imposes a tremendous cost on health care systems and is the second leading cause of death. Several mechanisms have been described to explain cancer initiation and progression, and many environmental and genetic factors are involved in its pathogenesis. One factor that has been recently studied is the role of miRNAs in cancer. miRNAs can alter the expression of oncogenes and tumor suppressor genes and thus can either promote or suppress cancer. Because, as mentioned above, LPA and its signaling pathway are important in cancer development, researchers have tried to discover the role of LPA in different cancers. Taken together, miRNAs, LPA, and their interactions could represent a potential target for cancer therapy.


Table 1 | Various miRNAs have been reported to be involved with LPA and its signaling pathways in various cancers.



Sudeepti et al. showed that miR-489-3p could suppress MEK1 (mitogen-activated protein kinase), an enzyme that phosphorylates and activates mitogen-activated protein kinase encouraging tumor development and progression. Ironically, adding miR-489-3p to the cells that express ATX continuously increased the MEK1 activity. These results suggest that ATX can alter the function of miR-489-3p (70). Wang et al. investigated the role of miR-101-3p in cancer development. Their results suggested that miR-101-3p inhibited the expression of ATX, which is a critical factor in cancer progression. Additionally, they showed that adding LPA could abrogate this miRNA’s tumor suppressor activity (71).


Breast Cancer

Excluding non-melanoma skin cancer, breast cancer (BrCA) is the most common cancer in women and has significant mortality (74, 75). Several pathophysiological risk factors, such as estrogen, progesterone, hormone receptors, etc., affect the patient’s prognosis and the tendency to metastasize (76–78). LPA and miRNAs are also involved in the pathophysiology of this cancer. LPA activates LPAR1, which activates 74 different genes that are important in tumor progression, invasion, and metastasis, for example, vimentin (VIM) (69, 79). In their study, David and his colleagues figured out that the LPA induced early gene expression in three kinds of unrelated cancer cell lines expressing various types of LPA receptors (79). Through the genes which were upregulated via LPA, only in the cells where LPAR1 was expressed, they proved by ELISA and q-PCR that Ki16425 and Debio0719 (LPAR1-3 antagonists) impeded the HB-EGF (heparin-binding EGF like growth factor) up-regulation. The HB-EGF mRNA upregulation and downregulation were evaluated by the human breast cancer cell lines MDA-B02/LPAR1 and MDA-B02/shLPAR1, respectively. Clinically, they measured the HB-EGF and LPAR1 levels through q-PCR in the primary tumors of 234 breast cancer patients who participated in a cohort study, and also found that their breast tumors significantly expressed high levels of HB-EGF. In their study, they evaluated the expression of HB-EGF mRNA in xenograft prostate tumors in mice injected with PC-3 cells and then went under five days of treatment with Ki1645. Their data revealed that HB-EGF could be utilized as a novel factor to demonstrate the LPAR1 activations in patients who were administered by anti-LPAR1 agents (79).

Sahay et al., by evaluating the 1488 human breast tumor data, revealed that the most correlated gene with LPAR-1 [encoding LPAR1] was the transcription factor ZEB1. Their data from three different basal cell lines proved that LPA induced the expression of ZEB1 and its modulation via the LPAR1/PI3K (Phosphatidylinositol-3-Kinase) pathway. Further analysis by RT-PCR and DNA microarray also showed that LPA, through the LPA1/PI3K/ZEB1-dependent mechanism, increased the expression of miR-21, one of the most well-known oncomiRs. Interestingly, utilizing the miR-21 inhibitor or silencing LPAR1 or ZEB-1 completely prevented the LPA-induced cell migration and also prevented invasion and tumor cell bone colonization entirely in vitro and in vivo, respectively. Finally, their results showed a new LPA-induced molecular pathway that targets LPAR1 in basal breast cancer patients (69).



Ovarian Cancer

Ovarian cancer is another common malignancy and the eighth cause of cancer mortality among women (80). Ovarian cancer has several subtypes, each related to a specific type of cell resident within the ovary. These cell types include epithelial, serous, endometroid, clear cell, and mucinous. Recent investigations have shown that miRNAs, in common with many other cancers, are involved in ovarian cancer. MiR-15b is a member of the miR-15/16 family and is involved in cancers such as ovarian, gastric, glioma, and cerebral ischemic disease (81–83). MiR-15b regulates apoptosis by binding to the B cell lymphoma-2 (Bcl-2) 3’-UTR, which is highly expressed in cancer cells, hepatic cells, and mesenchymal stem cells (MSC) (84–86). In addition, miR-15b can interact with LPAR3 and the PI3K/Akt pathway. However, the effect of this miRNA is different from other miRNAs discussed above. MiR-15b can repress proliferation, migration, and invasion of ovarian cancer cells by binding to LPAR3 mRNA and inhibiting Bcl-2 and the PI3K/Akt pathway. Thus, this miRNA exerts an anti-tumorigenic effect (87).

MiR-30c-2-3p is another miRNA involved in ovarian cancer through LPA signaling and is increased in ovarian and renal cancer cells (66, 88). The lysophosphatidic acid signaling induces miR-30c-2-3p, which is correlated with the down-regulation of oncogenic mRNA like the BCL-9 transcript, and it could be so valuable in ovarian cancer (65).

ATF3 is a member of the molecular hub that belongs to the ATF/CREB (cyclic AMP response element-binding) family that plays an integral role in inducing the proliferation abilities of malignant cells. ATF3 expression is low, but the genotoxic agents, physiological stresses, and cytokines can increase its expression (89). The assessment of primary ovarian tumor gene expression revealed that the expression of ATF3 mRNA is directly correlated with symptoms of depression in patients suffering from ovarian carcinoma (90, 91). So these findings reveal the functional role of ATF3 in primary ovarian carcinoma (92). However, ATF3 has paradoxical effects on the different kinds of cancer. It has pro-tumorigenic effects, and on the other hand, it also has anti-tumorigenic effects. For instance, the role of ATF3 in bladder cancer is to suppress the metastasis abilities, but in cutaneous squamous cell carcinoma, it provokes the oncogenic effects (93). Moreover, in some types of ovarian cancer, ATF3 promotes the apoptosis mechanism, but in others, it is associated with poor prognosis outcomes (94).

According to the findings, miR-30c-2-3p inhibited the expression of transcription factors such as BCL9, Cyclin E1, X-box binding protein-1, and HIF2A, as well as the NF-kB signaling pathway and an adaptor protein (65, 95, 96). Part of the transcription repression mechanism for ATF3 is correlated with histone deacetylases and miR-494. However, it still needs more studies to explain the complete mechanism and elements involved with ATF3 regulation (97, 98).

The findings indicate that miR-30c-2-3p targets ATF3 mRNA. The bioinformatics techniques, luciferase assays, qRT-PCR, and immunoblotting revealed the supervisory pathway between the miR-30c-2-3p and ATF3. Lysophosphatidic acids can stimulate ATF3 and miR-30c-2-3p expression, as the highest expression rate occurs after one hour and disappears after 8 hours in ovarian cancer cells. Specific mutations introduced into the predicted interaction site between miR-30c-2-3p and the ATF3 3´-UTR diminish the luciferase signal. Additionally, after lysophosphatidic acid stimulation, the existence of anti-miR-30c-2-3p enhanced ATF3 mRNA and protein. These findings indicated that the expression of miR-30c-2-3p was increased in the presence of LPA, leading to increased proliferation in malignant cells (66). They also showed that miR-30c-2-3p could bind to ATF3 mRNA and inhibit its translation.



Gastric Cancer

Gastric cancer is the fifth most common cancer in men and the third most common cause of cancer (99). Like other cancers, several pathophysiologic factors are essential in the progression of gastric cancer, such as inflammation, nuclear factor-κB (NF-κB) activation, immune suppression, etc. NF-κB is involved in cell proliferation and can be activated by G-protein coupled receptors (GPCR). Caspase recruitment domain-containing protein 10 (CARD10) and COP9 signalosome complex subunit 8 (COPS8) are two proteins involved in GPCR-mediated activation of NF-κB. LPA can activate the NF-κB pathway via these proteins and cause tumor progression. However, CARD10 and COPS8 are direct targets of miR-146a, and over-expression of this miRNA can inhibit the activation of NF-κB via LPA, reduce cytokine and growth factor secretion and inhibit monocyte attraction. MiR-146a probably has an essential role in NF-κB regulation as it is increased in most gastric cancers (72).

MiR-501-5p is another miRNA involved in the progression of gastric cancer (64).Ma et al. propose the study to evaluate the role of miR-501-5p in GC cell lines and explore its function and expression in human gastric cancer cell lines (64). By qRT-PCR, their data revealed that miR-501-5p expression increased in GC cell lines and carcinoma tissues. Their further analysis by cell migration assay and cell counting Kit-8 colony formation showed a direct correlation between the miR-501-5p downregulation and alleviated the GC cell migration and proliferation abilities. Moreover, they figured out that by silencing the miR-501-5p expression in GC cell lines, the cell cycle arrest in G2 and its apoptosis mechanism were provoked. The extra analysis by dual-luciferase reporter gene assay and Western blot analysis showed that the target of miR-501-5p was lysophosphatidic acid reporter-1 and reduced its expression in GC cell lines. Authors suggested that miR-501-5p down-regulated LPAR1 expression could promote cell proliferation and migration (64).



Osteosarcoma

Osteosarcoma is the most common primary malignant bone tumor among children and adolescents (100). Despite its frequency, the precise mechanisms of osteosarcoma cell proliferation remain obscure. Different miRNAs are involved in osteosarcoma. Over-expression of miR-34a repressed tumor growth and metastasis of osteosarcoma, probably via c-Met down-regulation (101). A similar effect was caused by miR-125b, but this time through suppression of STAT3 (102). Mir-199a-3p is a regulator of cell proliferation and migration and is down-regulated in osteosarcoma (103). Mir-143 is involved in osteosarcoma by reducing cell viability, increasing apoptosis, and repressing tumorigenicity through targeting Bcl-2 (104). LPA is another molecular factor involved in osteosarcoma. Some studies have suggested that the increased expression of lysophosphatidic acid acyltransferase b (LPAATβ) promotes osteosarcoma proliferation. One of the targets of miR-24 is LPAATβ, which reduces the expression of LPA (73).

Song et al. discovered a link between osteosarcoma cell proliferation and increased LPAAT-expression levels. The increased expression of miR-24 in osteosarcoma cells resulted in the downregulation of LPAAT-expression. Overexpression of miR-24 reduced osteosarcoma cell proliferation while increasing LPAAT-activity in osteosarcoma cells (73). The other microRNA whose expression was reduced in osteosarcoma was miR-340-5p. MiR-340-5p functions similarly to miR-24 in that it targets LPAATβ. An additional study from Song et al. showed that miR-340-5p powered the cisplatin (CDDP)-induced cell death mechanisms. MiR-340-5p overexpression led to a decline of the IC50 of CDDP and induced the apoptosis of CDDP-resistant MG-63 and Saos-2 cells. Also, miR-340-5p reduced the MDR-1 and MRP-1 levels. They dug deeper into the mechanism of action of miR-340-5p in CDDP-induced cell death. Further evaluation and analysis through the online program Targetscan detected the miR-340-3p potential target in lysophosphatidic acid acyltransferase (LPAATβ). According to luciferase reporter experiments, miR-340-5p binds to the 3′UTR of LPAATβ and stimulates its degradation in both MG-63 and Saos-2 cells. Silencing LPAATβ decreased the IC50 of CDDP and increased apoptosis in CDDP-resistant MG-63 and Saos-2 cells, confirming miR-340’s influence on CDDP-induced cell death. Finally, their findings revealed that miR-340-5p increased CDDP sensitivity via LPAATβ targeting (67).



Kaposi Sarcoma Virus

Kaposi’s sarcoma-associated herpesvirus (KSHV, human herpesvirus 8) is a herpes virus family member and induces a low-grade vascular tumor called Kaposi’s sarcoma. Usually, these lesions are found in mucocutaneous sites like the mouth. However, the disease can also occur in internal organs. This virus can express miRNAs (which is rare among viruses), and these miRNAs may be necessary for the suppression of the immune system (105). Previous research has shown that ROCK2 is involved in a pro-inflammatory pathway induced by lysophosphatidic acid (LPA), which results in the up-regulation of intercellular adhesion molecule 1 (ICAM1) on the surface of endothelial cells (106). ICAM1 binds to lymphocyte function-associated antigen 1 (LFA-1) and promotes leukocyte recruitment and transmigration. Interestingly, ICAM1 is downregulated from the cell surface and destroyed by the KSHV lytic protein, K5, in a well-described process, which might reduce helper T cell recruitment (107–109). As well as a reduction in ICAM1 expression during latent de novo endothelial cell infection (110). Gallaher et al. showed that the LPA- induced intercellular adhesion molecule 1 (ICAM1), which is vital for the proper function of the immune system against pathogens, was decreased by KSHV miRNAs, including miR-K4-3p and miR-K10a (68).




Conclusion

The role of miRNAs in different diseases and normal bodily functions is now widely appreciated. MiRNAs affect gene expression, and thus they can change the fundamental phenotype of the cell. LPA signaling is important in many diseases and for the body’s normal functioning. Both of these molecules (LPA and miRNAs) can interact, and the inhibition of one can affect the others. LPA, LPA receptors, and their related signaling pathways have become a primary target for drug discovery efforts (111, 112).

Similarly, microRNA-based therapeutics are under broad investigation by pharmaceutical companies, and several candidates have entered clinical trials (113). Therefore the emerging interactions between these two important classes of biomolecules should be considered an important part of these pharmaceutical studies. Understanding the role of each of these molecules in turn, with an emphasis on how they can each affect the other, is becoming more vital to future efforts in drug development, especially for cancer but also for other diseases.
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For over a century, cells within other cells have been detected by pathologists as common histopathological findings in tumors, being generally identified as “cell-in-cell” structures. Despite their characteristic morphology, these structures can originate from various processes, such as cannibalism, entosis and emperipolesis. However, only in the last few decades has more attention been given to these events due to their importance in tumor development. In cancers such as oral squamous cell carcinoma, cell-in-cell events have been linked to aggressiveness, metastasis, and therapeutic resistance. This review aims to summarize relevant information about the occurrence of various cell-in-cell phenomena in the context of oral squamous cell carcinoma, addressing their causes and consequences in cancer. The lack of a standard terminology in diagnosing these events makes it difficult to classify the existing cases and to map the behavior and impacts of these structures. Despite being frequently reported in oral squamous cell carcinoma and other cancers, their impacts on carcinogenesis aren’t fully understood. Cell-in-cell formation is seen as a survival mechanism in the face of a lack of nutritional availability, an acid microenvironment and potential harm from immune cell defense. In this deadly form of competition, cells that engulf other cells establish themselves as winners, taking over as the predominant and more malignant cell population. Understanding the link between these structures and more aggressive behavior in oral squamous cell carcinoma is of paramount importance for their incorporation as part of a therapeutic strategy.
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1 Introduction

Cell-in-cell (CIC) structures are commonly defined as morphological findings that result from one or more cells being inside another. Despite these events being considered a frequent finding, there isn’t a consensus on the origin and/or the consequences of these events. Different cell engulfment processes have been described, such as cannibalism, entosis and emperipolesis; these appear to differ in aspects such as formation mechanism, cell-cell relationship, and inner-cell fate. However, due to the lack of well-established definitions for each of these terms, many authors disagree as to what defines each CIC event (1, 2), which leads to multiple classifications and confused nomenclature of CIC, and of the mechanisms behind their formation.

CIC formation in cancer can have important effects in tumor progression. Among the several cancers in which these structures have been found, oral squamous cell carcinoma (OSCC) is an invasive and aggressive cancer which represents the most common type of oral cancer worldwide (3). Its mortality rate five years after diagnosis is of almost 30% (4). The aggressiveness of this tumor is the main cause of its high mortality and morbidity, associated with a lack of effective chemotherapeutic options available. Despite advances in research, the complex biology behind this tumor is still not fully understood, and an insight into interactions between cells can aid in the comprehension of the way OSCC progresses. In this context, understanding of CIC formation and its effects in OSCC is relevant in establishing correct prognosis markers and identifying possible therapeutic targets. To our knowledge, among several reviews describing the general understanding of CIC structures in the last five years, none of them focus on the relation between these structures and OSCC. The aim of this review is to summarize the current understanding of CIC structures, their different possible occurrences, and their impacts on tumor progression, particularly in the context of OSCC.



2 Cell-in-Cell Structures

A CIC structure is morphologically identified as the presence of one or more living cells encapsulated within another, residing inside a vacuole that pushes the outer cell’s spindle-shaped nucleus towards its periphery (5, 6) (Figure 1). This feature was first reported over a century ago (7–9), when little was known about its composition, mechanism of biogenesis or the implications of its existence. Subsequently, studies have shown that CIC events are easily identifiable through hematoxylin-eosin staining and are common events in malignancies (10, 11), such as lung cancer (12), breast cancer (13, 14), melanoma (15, 16), and adenocarcinoma (17, 18), also having been detected in benign tumors (19).




Figure 1 | (A, B) CIC structures exhibiting morphological appearance of “signet ring” or “bird’s eye” cells. Images from tumor n3D spheroid cultures from the authors’ archive.



Historically, terms such as “bird’s eye cells’’ (20) and even more commonly “signet-ring cells’’ (15, 21, 22) were used to describe similar morphological findings, in which intracellular vacuoles and/or cytoplasmic inclusions displaced the nucleus and changed its shape. As more cases of “signet-ring cells’’ were reported, authors began questioning the specificity of this term, suggesting that this morphological finding could represent different entities, such as mucin-producing cells (23–25), further emphasizing the importance of adequate methods to perform differential diagnosis. CIC identification in several tumor types became more consistent with time, through advances in light microscopy, electron microscopy and photograph-activation localization microscopy (26–30).

Despite this, due to a lack of precedents, different CIC findings were initially named and explained according to each author’s own understanding. At first, all cell engulfment events were recognized as cell cannibalism. As more cases were found, specificities began to be identified: some cannibalism events were only among identical cell types (homogenous cannibalism), while other events involved different cell types (heterogenous cannibalism). Once investigation began on the mechanisms behind CIC events, it was discovered that not all cases were the same. In a non-consensual manner, new terms and classifications appeared: what some authors described as cannibalism, others understood as entosis; what some called entosis, was explained by others as emperipolesis; and so forth. The issue with the classification and description of the physiopathology behind CIC structures persists, hampering their characterization and identification.


2.1 Cell-in-Cell Formation Mechanisms

Many CIC events were identified according to their etiology and to target cell-specific processes, using different terms - e.g., tumor-cell phagocytosis (12, 31, 32) and erythrophagocytosis (33–36). With the rise of terms such as cannibalism, emperipolesis and entosis, many authors struggled to precisely determine which processes were involved in CIC events (37). Classification and definition behind CIC formation events remain unclear (2). Table 1 summarizes the plurality behind CIC processes and their descriptions and Figure 2 illustrates the main types of formation mechanisms behind these structures.


Table 1 | Different characterizations given by authors to cell-in-cell formation processes.






Figure 2 | Schematic representation of the CIC formation mechanisms performed by non-professional phagocytic cells: cannibalism, entosis and emperipolesis. (A) Homotypic and heterotypic cannibalism events: the outer cell engulfs the inner cell. (B) Entosis event: one cell of the same phenotype invades another. (C) Emperipolesis: heterotypic cells transit inside other cells.



Recently, Borensztejn et al. (6) proposed a classification system for CIC structures based on their initiation mechanism. CIC structures are either formed through endocytosis-like steps, as is the case with cell cannibalism, phagoptosis and enclysis); or through inner-cell invasion, in entosis and emperipolesis. Further classification is based on molecular mechanisms and the phenotypical relation between the cells involved.


2.1.1 Cannibalism

The term “cell cannibalism” was first used by von Leyden to collectively describe homotypic CIC structures (56). It is frequently described as the ability of a cell to engulf another cell or as the morphological finding of one cell or more contained within another (30, 41, 42). Morphologically, it presents itself as a cell with a crescent-shaped nucleus that has been pressed against the outer-cell membrane by the vacuole containing the inner-cell (30, 44, 57). This definition is similar if not equal to the one used to describe all CIC structures, and the generic and inconsistent use of this term generates confusion in diagnosis, as it erroneously classifies all CIC structures as cannibalism events. In fact, some authors use the term cannibalism in a broad sense to describe the overall idea of a cell engulfment event (40, 58), for example in benign giant cell tumors (19).

Cell cannibalism can be limited to describe CIC structures which form by active engulfment of a cell by another cell, resulting in the inner cell’s destruction (38, 39, 56). Cell cannibalism is considered by many authors a feature of malignant cells (30, 59, 60). Furthermore, several authors characterize cannibalism as a feature typical of metastatic as opposed to primary cancers (59). Cannibalism among the same type of cells is defined as homotypic cannibalism (17, 44) and seems to be related with elimination of tumor cells, being further associated with a better prognosis in pancreatic carcinomas (17). Heterotypical cannibalism, or xeno-cannibalism, on the other hand, occurs among cells with different phenotypes and is described as a more aggressive behavior performed by cancer cells both in vivo and in vitro (45, 59). Cannibalized cells are engulfed alive, and may be found intact within the outer cell, or undergoing degradation (30, 52).

The cannibalism process was initially described by Brouwer in 1984 (38). The “cannibal” cell will attach itself to a surrounding cell, engulfing it within its cytoplasm. The inner cell soon becomes surrounded by a membrane originating from the outer cell (61). As this occurs, its nucleus becomes compressed, semilunar, and pushed towards the periphery of the cell, while the engulfed cell maintains its conventional shape. Once the process is finished, the inner cell eventually dies by apoptosis, which is suggested by the lack of Bcl-2 (52) and presence of apoptosis markers (e.g., caspase-3) (42).

The completion of these steps depends on specific proteins and pathways. Lugini et al. (59) suggest that ezrin, an action-binding protein from the ezrin-radixin-moesin family (62), might be the connection between the actin cytoskeleton, responsible for the morphological execution of cell engulfment, and the caveolin-1-enriched endolysosomal vesicles found in cannibal cells. A dynamic and articulated structure between caveolin-1, ezrin and actin lead to the formation of caveolae-enriched endosomes, known as caveosomes. In addition, the pH of these intracytoplasmic vesicles was found to be lower in cannibal cells, which also expressed high levels of ATPases and proteolytic enzymes (cathepsin B), which suggests the caveosomes as protagonists behind the resulting digestion in the cannibalism process (43, 59).

High expression of TM9SF4, a member of the protein family TM9, is considered a differential marker for cannibal cells (63). This molecule is known for its role in pH regulation in intracellular vesicles (64) and for its involvement in cannibalism behavior of unicellular organisms (65). In this context, the maintenance of an acid environment within the caveosome is crucial for digestion of the inner cell, corroborating to the importance of these proteins in the process.

Cannibal cell activity is a part of a complex mechanism intimately related to the tumor microenvironment (TME) that can influence tumor progression. Stromal cells and surrounding non-tumoral cells appear able to secrete mediators that induce CIC formation (53). CIC structures are more frequent upon presence of inflammatory mediators such as IL-8 (66) and IL-6 (44). In this manner, cell cannibalism has been described as a survival mechanism in adverse TME conditions, such as low nutrient supply, hypoxia, and acidity (30, 41, 43, 47, 67).

Several authors have identified an increase of heterotypic cannibalism in serum-free cultures (46, 59, 68). This suggests that, in the face of starvation, tumor cells might turn to eating their non-tumoral counterparts to stay alive (47, 59, 62). Cannibal behavior in non-professional phagocytic cells seems to be triggered non-specifically by touch. Malignant tumor cells can “absorb” and feed on any neighboring bodies - whether alive or dead - upon nonspecific contact with their external membrane, in a maneuver described as a “quicksand-like” movement (17, 59).

The acidic tumor microenvironment also plays a pivotal part in influencing cannibalism activation. Metabolic changes, such as the Warburg effect, result in an acid microenvironment, which promotes further development of acid-resistant cell populations (61). Lugini et al. (59) reported a higher survival of metastatic cannibal cells in low pH cell culture condition, suggesting that acidity acts as a mechanism of selection for cannibal cancer cell clones.

Tumor cell cannibalism has also been suggested as an immune evasion mechanism (16, 59). By engulfing and digesting neutrophils, lymphocytes and erythrocytes, tumor cells inactivate their victims, dodging cell-dependent immune defense mechanisms (2, 62). Besides, ezrin has previously been associated with tumoral engulfment of lymphocytes (69), as well as multidrug resistance in cancers (70), tumor progression, invasion, and metastasis (71). CIC-related tumor dormancy and cellular senescence may also work as an escape mechanism against chemotherapy and other toxic agents. Threatened cells are sheltered from harm within other cells, and dormant cells are also more resistant against harmful agents and treatment drugs (14, 66), meaning that CIC structure-related senescence may be linked to worse prognosis (18).

Tumor cell cannibalism and entosis may promote chromosomal changes that favor tumor progression, such as horizontal DNA transfer and incorporation of protumorigenic traits from the internalized cell to the host cell (40, 47, 52), contributing to a more aggressive cell population (42, 50).

In the same way heterotypical cannibalism favors tumor aggressiveness in several ways, homotypical cannibalism has been related to tumor suppression. In pancreatic adenocarcinoma, the formation of homotypical CIC structures among tumor cells suppressed metastasis (17). This phenomenon was considered serum-dependent, as opposed to the serum-deprivation triggers seen in oncogenic heterotypical cannibalism events (17). Brouwer (38) also reports an increase in cannibalistic activity in serum-rich as opposed to serum-free cultures. Despite not being classified as such at the time, we suggest that this report may have been a case of homotypical cannibalism.

Cell cannibalism has been related to the high rates of cell death in cancer cell populations, being described as a destructive event (38). Despite internalized cells providing nutrients to its cannibal partner, their elimination may lead to suppression of tumor growth (5). Tumor cell cannibalism targeted against cancer cells or mesenchymal cells may result in host-cell destruction (17, 72). Regarding cell senescence and dormancy, the effects of cannibalism on tumor progression may not always be positive. In 3D breast cancer cultures, tumoral cells that cannibalized mesenchymal stem cells became dormant through exosomal transfer of microRNA, resulting in higher expression of the TWIST1 protein and regulation of LOX, JNK and p38. These cells expressed typical inflammatory mediators related to a senescence-associated secretory phenotype (14), which in turn may be responsible for stimulating clearance of these cells through non-professional phagocytosis (73, 74).



2.1.2 Entosis

Entosis has been described as the invasion of a live cell into another which could result in degeneration of the internalized cell (10). It has been reported in benign and malignant cell lines cultured in suspension (10). Morphologically, entosis events resemble typical CIC structures, in which the outer cell has its nucleus displaced towards the periphery in a semilunar shape (75). One of the possible results of entosis is “entotic cell death”, a non-apoptotic cell death pathway (76).

Some authors describe entosis as a subtype or a synonym of cannibalism (50, 77). However, despite their resemblance, entosis involves the active penetration of the internalized cell into its host cell (10, 78), while in cannibalism, the host cell is the one which actively engulfs its “victim”. Secondly, while cannibalized cells undergo apoptosis, in the entosis process, engulfed cell elimination occurs through lysosome-mediated degradation and non-apoptotic cell death (10) and some cells even survive the process (47). Furthermore, entosis is a homotypical CIC event, whereas cannibalism may also involve different types of cells (17, 41, 77). Entosis is sometimes referred to as synonymous to homotypical cannibalism (61). However, while entosis is a response to serum-deprivation, homotypical cannibalism is dependent on serum-factor TGFβ (17). Additionally, homotypical cannibalism is deleterious for cancer cells, while entosis is associated with oncogenesis and tumor progression (11, 17).

The occurrence of entosis is also influenced by the extracellular environment. Overholtzer (10) primarily identified this event in vitro in detached mammary epithelial cells. In fact, detachment from the extracellular matrix seems to drive entosis, as a safe mechanism for removal of damaged cells, such as cells unable to trigger apoptosis (61).

Cells in nutrient-deprived environments are more likely to perform entosis. In glucose starvation settings, entosis is induced (68) and a higher frequency of internalized cell destruction has been reported (79). Through entosis, cells can survive in such harsh conditions. Similarly, other harmful events may favor entosis, such as ultraviolet radiation (80) and chemotherapy (6).

The detachment of a cell from the extracellular matrix induces this process by resulting in an unbalanced contractile force in its actin/myosin cytoskeleton, upon loss of integrin signaling, with formation of adherens junctions and Rho GTPase/ROCK signaling activation, which has been previously implicated in aberrant phagocytic activity by non-professional phagocytes (81). Entosis has been described as a ROCK-dependent mechanism of cell engulfment (5) and a mechanism involving the Rho-ROCK-Actin/Myosin pathways is active in the process (11, 50, 77). When cells engulfed through entosis die, they are destroyed by a non-apoptotic lysosomal manner involving autophagy pathway proteins and LC3 expression in the outer vacuole (82). However, upon impairment of lysosome function and autophagy genes, internalized cells may undergo apoptosis or escape the engulfment process (82).

Assembly of the adherens junction associated with an imbalance in myosin II forces boosts the cell into “invading” another with atypical positive E-cadherin and β-catenin staining, as shown by Sun et al. (50, 77), which proposed that activated oncogene Kras may also stimulate entosis in suspended breast cancer cells. On the other hand, inhibition of the mTOR pathway affects the degradation of internalized cells (83), suggesting an association between PI3K/AKT/mTOR activation and the entotic cell profile. Additionally, the ezrin protein is also required for the execution of cell invasion (84).

In the context of entosis, the relationship between the host and the engulfed cell may be defined as one with a “winner” and a “loser”, respectively (50). The “winner” phenotype is characterized by higher mechanical plasticity (50), which is common among cancer cells when compared to their non-neoplastic counterparts - consequently turning them into “loser” or targeted cells for engulfment. In this manner, entosis may be considered a prominent form of cell competition, in which the winner is the cell with higher deformability, which also confers these cells higher metastatic and invasive capacities. The result of this cell selection process is the predominance of a population of cells with oncogene or tumor suppressor mutations, which confer the cells a “winner” profile (58) and favor tumor progression.

The role of entosis in tumor progression and suppression is more complex than cell cannibalism (6). On one hand, it may favor cell survival of starving cells (68) and occur because of chemotherapeutic or other harmful agents (6). Entosis may also promote aneuploidy and accumulation of cell mutations (40). On the other hand, entosis may serve as a clearance mechanism of defective and aberrant cells (77). However, clinical data show a correlation between the number of entosis events and worse clinical prognoses in malignancy (2, 75).



2.1.3 Emperipolesis

Emperipolesis was primarily identified as a transitory and arbitrary passing of a cell through another cell’s cytoplasm, without affecting either of the bodies involved (54). It describes the process of entering, moving within and exiting another cell, having been identified involving healthy - megakaryocytes, monocytes, fibroblasts - and malignant cells (85). Emperipolesis doesn’t necessarily result in the inner-cell’s destruction (31, 47, 86), and may even allow for cell division of the internalized cell while living in its host cell (1, 87). Physiological emperipolesis is found in many contexts, such as leukocyte transcellular migration through the endothelium or neutrophil transportation by macrophages (88).

Like cannibalism and entosis, the definition of emperipolesis varies among different authors. It has been predominantly defined as a heterogeneous cell-cell engulfment of hematopoietic cells (89, 90), while some authors identify emperipolesis as an exclusively heterogenous cell-cell interaction (55). Overholtzer (5), on the other hand, proposed that emperipolesis should be defined as a generic term which describes all cell movements associated with CIC structures, regardless of their formation mechanisms (cannibalism or entosis). Borensztejn et al. (6) classifies emperipolesis as CIC formation through heterotypic cell invasion, usually by a lymphocyte.

In emperipolesis, the inner cell activates the event (54). Phase microscopy of malignant lymphocytes inside macrophages show clear distinction between their membranes and cytoplasm, suggesting that the macrophage reacts to the presence of the inner cell by forming an additional membrane around them (91). The process requires free calcium, adhesion molecules, an actin-based cytoskeleton and high membrane fluidity (87), and is reduced by inhibition of actin polymerization (92).

Emperipolesis may trigger effects on both the inner and the outer cell. For example, the outer cell may be a victim in the process (38, 92, 93), dying via lysosome mediated pathway (78). Lymphocytes can increase cytotoxicity by entering tumor cells, which, in some reported cases, are damaged after being invaded by immune cells (87, 94, 95). The internalized cell may survive and escape the host cell, even undergoing mitosis while inside it (1, 87).

However, emperipolesis may result in death of the inner cell. A process that has been described as suicidal emperipolesis (96) is responsible for elimination of autoreactive T cells in the liver (97). In a similar manner, it has been reported that in autoimmune hepatitis, lymphocytes enter hepatocytes and induce their own apoptosis, killing their host cell in the process (97). Finally, some natural-killer cells invade cancerous cells and secrete granzyme B, leading to their own apoptotic cell death (98). This phenomenon was termed emperitosis, which may be considered a form of emperipolesis that results in apoptotic death (98).




2.2 Other CIC Reported Cases

Aside from cell cannibalism, entosis and emperipolesis, there are two other relevant processes behind CIC formation: enclysis and phagoptosis. Enclysis results in CIC formation in a manner similar to pinocytosis, but so far it has been considered specific to hepatocytes engulfing T lymphocytes (99). The fate of the inner cell depends on which type of T lymphocyte has been engulfed – regulatory cells being the first to go, through lysosomal digestion (99).

Phagoptosis is considered a form of cell death in which phagocytes engulf viable cells (100). In the case of phagoptosis, the phagocyte is always a macrophage with a phagocytic phenotype, whose engulfing behavior may be enhanced by specific conditions such as inflammatory processes. Differently from cell cannibalism, phagoptosis may occur in pathological as well as physiological conditions, contributing to normal cell turnover. However, like cannibalism, this process ultimately results in lysosomal degradation of the inner cell (6).

CIC structures may also result from well-known physiological processes, which may also be found in the context of cancer, such as phagocytosis and autophagy. However, phagocytosis is recognized by the presence of surface ruffles surrounding the “victim” cell (81), differing from cannibalism (30). Secondly, while macrophages only endocytose dead or dying cells with the intent of cell elimination and antigen-presentation, a cannibal tumor cell targets its living neighbor cells for nutrition (5, 30).

Considering their distinct physiologies, the causes, and consequences of the types of CIC structures in cancer depend on cell types involved and the context of the tumor microenvironment. Several authors have argued that the various engulfment mechanisms are analogous to autophagy regarding cell nutrition, aside from protecting tumor cells from immune surveillance and influencing cancer development (30, 101).

Autophagy has been linked to CIC structures through the transmembrane protein TM9SF4 (102). This protein is activated through mTORC1 suppression in starvation conditions (102). In other words, TM9SF4 enhances phagocytic properties of cells, allowing them to hunt for nutrients – even if by cannibalizing their neighbors. Furthermore, TM9SF4 has been linked to cancer cell metastasis (63, 65). This corroborates to the relation between CIC formation and metastatic cell behavior.




3 Cell-in-Cell Events in Oral Squamous Cell Carcinoma

The first report of CIC structures in OSCC was made by Sarode (103). Since then, several reports have followed that not only identified CIC structures but attempted to classify their origin and establish an association with tumor progression. These studies are summarized in Table 2.


Table 2 | Summary of mapped CIC studies in OSCC.



In 2012, Sarode (103) reported the finding of cannibal cells that had cannibalized another cannibal cell – a cell within another within another. This was the first report of such event and was called “complex cannibalism”, suggesting this CIC as an indicative of aggressive behavior in OSCC. The maximum number of complex cannibalism structures were in advanced stage and poorly differentiated cases (103). Two years later, the same group reported the first case of neutrophil-tumor cannibalism in OSCC (47). Neutrophil-rich areas in histological specimens exhibited CIC structures with both partial and complete engulfments, including multiple neutrophils at different degeneration stages. These features are in accordance with the fact that cannibalized cells are destined towards depletion (40, 45, 57) and the previously described complex cannibalism (103).

Histopathological analysis of CIC structures linked to cannibalism showed features of poorly differentiated OSCC and adjacent tissue invasion (47). This evidence further associates CIC findings and a more aggressive and invasive OSCC behavior. More recently, another study reported neutrophil-tumor cannibalism in 2D co-culture in vitro studies and retrospective case series analysis (106). Despite adequately identifying CIC findings, the use of 3D culture models would improve the simulation of the tumor microenvironment, allowing for a more realistic mapping of CIC frequency and spatial distribution (108, 109).

OSCC cases were positive for CD68 and lysozyme markers (47). This expression was considered inconclusive but suggested that tumor cells might acquire macrophagic properties and execute lysozyme digestion, which is compatible to previous CIC reports (47, 82). Two years later, the same group performed a retrospective evaluation of genotypic expression of these markers in OSCC samples with and without CIC events (104). The results of 30 analyzed cases were that CIC-associated samples had positive staining for CD68 and lysozyme, suggesting their use as cannibalistic markers. The authors also suggested that some CIC-absent tumor samples with positive cannibalistic markers could be classified as potentially cannibalistic cells, which could become an early diagnosis adjuvant (104). This is further reinforced by association of poorly differentiated OSCC cases with higher expression of CD68 and lysozyme, suggesting their use as a predictor of aggressive cannibalistic behavior (40). A shift in expression of CD4 and CD8 is also described in T-cells involved in CIC events (110).

Several authors emphasize that CIC structures, easily identified in routine H&E staining, could be helpful as prognosis predictors (47, 51, 57, 60, 103, 104, 106). Several studies reported CIC findings and intended to establish an association with the aggressive nature of OSCC. In fact, tumoral CIC structures were frequently linked to aggressiveness in OSCC cases (45–47, 51, 57). The frequency of these events in tumors has been directly related to lymph node involvement, tumor size and stage (47, 60, 103), and in some cases, to tumor grading as well (52), which reinforces its role as a marker of aggressive behavior, prognostic indicator, and predictor of tumor biology in OSCC (1, 10, 46, 51, 57, 60, 103).

Most reports on CIC findings in OSCC were attributed to a cannibalistic origin (46, 47, 57, 103). However, most of these studies did not perform an evaluation of differentially expressed markers that would appropriately classify CIC findings according to their origin (e.g. TM9SF4 in cannibalism cases (63), E-cadherin and LC3 in entosis cases (50, 77, 82). The definition commonly used to identify cannibal structures in OSCC was the same used to describe all CIC structures. Even cells seen in the process of degradation could easily be attributed to cannibalism or entotic origins. Therefore, even though the studies adequately report CIC findings, specific differential identification assays are necessary to correctly define the origin of these structures in OSCC cases.

To our knowledge, there is only one study describing emperipolesis in OSCC, involving lymphocytes within the tumoral cells (55). The absence of inner cell degradation was used as criteria to exclude the possibility of cell cannibalism. In regard to entosis, the broad and unreliable use of the terms related to CIC formation make it hard to rule out its occurrence. Cell detachment from the extracellular matrix and loss of cellular adhesion, which promote entosis, recall another relevant process common in cancer: the epithelial-mesenchymal transition (111). These events have been reported frequently in OSCC, and participation of markers common to both processes, such as E-cadherin, have been observed in this type of cancer (112). Further research is important to correctly identify the mechanism of entosis as a part of OSCC biological behavior (e.g. cell plasticity, invasion, and clearance).



4 Conclusion

Cases of CIC structures can no longer go unnoticed in cancer, as was the case for several years. It is already understood that these phenomena profoundly affect tumor development due to their pro-tumorigenic effects and their suppressive effects. In the context of the OSCC, an aggressive cancer with few therapeutic options, understanding the biology of CIC structures is essential for its use in early diagnosis and incorporation as a possible therapeutic target. Further studies in this area may allow the isolation of these pro-tumor and anti-tumor effects, transforming these CIC events into tools for combating the tumor, either through their induction or suppression. Even so, it is essential to consolidate up-to-date scientific methods for simulating and analyzing these events, such as three-dimensional culture models and tools for gene editing and cell therapy, for an adequate management of CIC structures.
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In the past few decades, tumor diagnosis and treatment theory have developed in a variety of directions. The number of people dying from pancreatic cancer increases while the mortality rate of other common tumors decreases. Traditional imaging methods show the boundaries of pancreatic tumor, but they are not sufficient to judge early micrometastasis. Although carcinoembryonic antigen (CEA) and carbohydrate antigen19-9 (CA19-9) have the obvious advantages of simplicity and minimal invasiveness, these biomarkers obviously lack sensitivity and specificity. Circulating tumor cells (CTCs) have attracted attention as a non-invasive, dynamic, and real-time liquid biopsy technique for analyzing tumor characteristics. With the continuous development of new CTCs enrichment technologies, substantial progress has been made in the basic research of CTCs clinical application prospects. In many metastatic cancers, CTCs have been studied as an independent prognostic factor. This article reviews the research progress of CTCs in the treatment and prognosis of pancreatic cancer.
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Introduction

As one of the most malignant abdominal tumors, pancreatic adenocarcinoma (PDAC) is the fourth leading cause of tumor-related death in Western countries (1). A predictive study of the burden of cancer in 28 European countries using a time-linear Poisson regression model showed that pancreatic cancer will surpass breast cancer as the third leading cause of cancer-related deaths by 2025 (2, 3). By 2030, it will be the second leading cause of cancer-related deaths in the United States (3). In the past few decades, despite the great progress made in adjuvant therapy, neoadjuvant therapy, and chemotherapy, the prognosis of pancreatic cancer is still very poor. Although multidisciplinary precision treatment has been applied, and fine perioperative management has been implemented, the median survival time is less than 3–6 months, and less than 9% of diagnosed patients survive beyond 5 years (4, 5). The main reason for these dismal results is the difficulty in early diagnosis. The highly malignant nature of PDAC manifested as highly invasive early metastasis and unremarkable symptoms before the tumors evolve from the early stage to the late stage, which means that surgical treatment is not feasible. Still, we have no approach to stratify the risks for tumor metastasis, which are key indicators to guide neoadjuvant and adjuvant therapies, despite detecting the tumor in the early stage. The pathogenesis and etiology of PDAC are complicated and multifactorial, consisting of genetic and environmental factors. According to the United States Preventive Services Task Force (USPSTF) epidemiological study of pancreatic cancer, type 2 diabetes, obesity, advanced age, history of smoking, and chronic pancreatitis are predominant risk factors of PDAC (6).

Computed tomography (CT) is still the most effective means for clinical diagnosis and staging of PDAC and is a common method to monitor treatment response. CT and magnetic resonance imaging (MRI) display the anatomical boundaries of the tumor lesion, but they are inefficient to accurately assess the presence of tumor metastasis especially very small metastases in the early stage. Positron emission tomography (PET) is also incapable to detect micrometastases of PDAC because of the resolution ratio limitation that ranged from 4 to 10 mm (7). The ability to detect stage T1 pancreatic cancer with a tumor diameter of less than 2 cm can be used as a measure of various imaging techniques to diagnose early-stage pancreatic cancer (Table 1). Based on the comparison, it is clear that PET-CT is the imaging method with the highest detection rate for early-stage pancreatic cancer. PET-CT is useful as a whole-body examination in assessing the M-stage of tumors and has unique advantages in detecting distant metastases. Although PET-CT is more sensitive in detecting early pancreatic cancer, it is less specific and may give false-negative results for active chronic pancreatitis, plasmacytic cystadenoma, and enlarged lymph nodes in the head of the pancreas. Also, PET-CT is imprecise in its anatomical localization. Additionally, such imaging requires specialized and expensive equipment. Histological and cytological analysis is still the primary method to get an accurate diagnosis. Ultrasound-guided fine needle aspiration (FNA) is the most commonly used tissue acquisition method. Although the sensitivity of EUS seems to be the highest, this comes at the cost of invasive pathology (EUS-FNA). Unfortunately, the methods require superb expertise and there is a corresponding risk of complications. If the puncture extracts the matrix of the tumor tissue instead of cancer cells, it means a failure of diagnosis, and multiple fine needle aspirations may promote tumor proliferation.


Table 1 | The ability of various imaging techniques to detect early-stage pancreatic carcinoma with a tumor diameter of less than 2 cm.



The measurements of CA19-9 and CEA involve a few available blood-derived biomarkers. In particular, CA19-9 is the only serum biomarker approved by the United States Food and Drug Administration. Although blood-based tumor biomarkers have significant advantages (they are cheap, simple, and minimally invasive), these common tumor biomarkers have apparent limitations (they lack sensitivity and specificity); thus, they are not recommended for use in the early screening of pancreatic cancer. To date, the best marker, CA19-9, a sialylated Lewis antigen derived from the mucin 1 (MUC1) protein, has an overall sensitivity of 80% and a specificity of 82%. However, 5%–10% of the Caucasian population are incapable of synthesizing the CA19-9 epitope because of their Lewis a- and b‐genotype blood type (26). In addition, when we detect the blood of patients with benign diseases such as cholangitis, obstructive jaundice, and cirrhosis, CA19-9 is also elevated, thus increasing the difficulty of discrimination (27). On the other hand, CA19-9 does not increase in 35% of the patients diagnosed with resectable pancreatic cancer (28). However, for pancreatic cancers less than 1 cm in diameter and confined to the ductal epithelium, the 5-year survival rate after surgical resection can reach 100% (29). Therefore, we urgently need a reliable and all-purpose method to synthesize early detection of PDAC, real-time monitoring of radiotherapy and chemotherapy response, and prediction of the risk of tumor recurrence or metastasis.

Circulating tumor cells (CTCs) are tumor cells that have the capability to enter the blood circulating system. This cellular population circulates through peripancreatic vessels and their capillaries, along with tumor-induced neovessels, ultimately leading to metastasis progression in multiple organs (30). Research has shown that CTCs can enter the blood circulation in two ways: released from the tumor surface through shedding passively or by an active epithelial-to-mesenchymal transition (EMT) mechanism. Many tumor cells shed at the early stage of tumor formation through the first mechanism (31, 32). In the course of tumor development, some epithelial cells experience cellular changes in EMT. This change enhances their capacity of leaving the site of the primary tumor by increasing its mobility (33). CTCs analysis is beneficial in that its immunophenotypic and molecular genetic features may accurately represent the primary tumor serving as a “liquid biopsy” for metastatic tumors. At present, the two main assay methods widely used for CTCs detection are an immunomagnetic technique led by the CellSearch system and real-time quantitative PCR (qRT-PCR). A large number of derivative measurement technologies based on them are gradually being developed.

In recent years, with the continuous development of new CTCs enrichment technologies, substantial progress has been made in basic research on the prospects of CTCs clinical applications. For example, in many metastatic cancers, CTCs have been studied as an independent prognostic factor to predict patients’ progression-free survival (PFS) and overall survival (OS) (34–38). We found two studies that directly compared the diagnostic efficacy of CTCs and CA19-9. A prospective study in 2022 included blood samples from 82 patients with PDAC. This study aimed to compare the diagnostic efficacy of CTCs and CA19-9 in PDAC (39). In view of the false-negative results of CA19-9 in some Lewis antigen-negative populations, the researchers divided patients into a low-expression group (CA19-9 < 37 U/ml) and a high-expression group (CA19-9 ≥ 37 U/ml). In the low-expression group, 18 PDAC patients were misdiagnosed as negative by CA19-9, while CTCs correctly diagnosed 14 of the 18 misdiagnosed patients while maintaining high specificity. Zhang et al. obtained the patient’s portal vein blood to detect CTCs to evaluate their diagnostic and prognostic value for pancreatic cancer. The AUC demonstrated the diagnostic efficacy of different indicators: POV CTCs+CA19-9 (AUROC = 0.987), POV CTCs (AUROC = 0.942), and CA19-9 (AUROC = 0.806) (40). Their findings also suggested that the combination of CTCs and CA19-9 has a higher diagnostic power than individual indicators. In the neoadjuvant setting, the detection of CTCs is also an independent prognostic risk factor (41). In particular, strong evidence from epidemiological studies for CTCs as independent and stable prognostic factors has been published for breast carcinoma (42). During the past few years, attention has been paid to CTCs as a noninvasive, dynamic, and real-time liquid biopsy to analyze the characteristics of the tumor (43). In this review, we mainly incorporate relevant literature from the last 10 years, with a special focus on the clinical application of CTCs in pancreatic cancer in the current clinical context, where the prognostic value of CTCs in the treatment of pancreatic cancer is the main focus. We also focused on the comparison of the advantages and disadvantages of some imaging techniques and the comparison between CTCs and traditional markers. We briefly outline the classical mechanisms of CTCs generation.



Epithelial–Mesenchymal Transformation and Circulating Tumor Cells

EMT is the process in which epithelial cells change their polarity, restructure their intercellular junctional complexes, and obtain the phenotypes of interstitial cells under the influence of physiological or pathological stimulus factors. The physiological EMT process begins at the embryonic stage and plays a significant role in the differentiation of organs and tissues during embryonic development. Pathological EMT can adversely cause organ fibrosis and promote carcinoma progression through a variety of mechanisms. The EMT process causes the loss of cell adhesion and changes in the cytoskeleton, which enable tumor cells and the external environment to develop new interactions. The EMT program is highly conservative because the execution program during the embryonic development and carcinogenesis process has high similarity. EMT endows cells with migration and invasion properties, induces stem cell properties, prevents cell apoptosis and senescence, and promotes immune suppression. Through this, it obtains interstitial cell characteristics including infiltration ability and migration ability (44). In various tumor cell lines, scholars have studied multiple signaling pathways that induce EMT, such as the TGF-β signaling pathway, the Notch pathway, and the Wnt signaling pathway. The best-studied signal pathway is TGF-β signaling; research on the combined in vivo/in vitro carcinogenic model indicates that in the progression of advanced tumors, the activation of the TGF-β pathway can effectively promote the EMT process of cancer cells (45). The activation of these signal transduction pathways will induce the expression of zinc finger transcription factors with high affinity to E-box at the gene transcription level, such as snail, slug, and zeb (46). These transcription factors inhibit the transcription of E-cadherin, causing the loss of adhesion junctions mediated by it. Functioning as a key gatekeeper for cells to maintain an epithelial state, its inhibition is widely involved in various stages of tumor metastasis and progression (46).

Changing the cytoskeleton is another important strategy of EMT to promote tumor cell metastasis. According to the cellular tensegrity model theory, cellular morphology is subtly maintained by the tension force of microtubule stents and the counter tension force of actin mesh, which achieve a stable balance to stabilize the shape of cells (47). EMT causes the rearrangement and alteration of the actin cytoskeleton, which is responsible for the dissemination of CTCs (48). In the process of EMT, the stability of microtubules is a key step to improve the efficiency of CTCs transfer. In the post-translational modification of α-tubulin, a constitutive protein of microtubules, glutamic acid residues replaced tyrosine at the carboxyl end. Such alteration is extremely common in human cancers and sarcomas, especially during tumor progression. Tyr-microtubules can only last for 3–5 min, while glu-microtubules last for hours in vivo (49, 50). The orientation of glutamate microtubules is the same as that of cell migration, implying that it may be related to the aggressiveness of the tumors (51) (Figure 1). Another mechanism that stabilizes microtubules is binding microtubule-associated proteins. Microtubule-associated proteins are a large family with multiple functions. MAP1 and MAP2/tau protein families are the most widely studied in human malignancies. As a soluble microtubule-binding protein, the function of tau is to promote microtubule bundling and stabilization by enhancing the structural strength of microtubules. Compared with bare microtubules, tau-modified microtubules can withstand a greater deformation force in the stress resistance to actin (52). The binding of tau to microtubules and the depolymerization of actin can significantly promote the formation of microtentacles (McTN) (53). This long and dynamic microtubule-rich micro antenna is formed by the extension of the cell membrane of CTCs cells (54). This tau-induced McTN not only increases the reattachment of suspended cells in capillaries to endothelial cells, but also increases the probability of CTCs retention in blood vessels (53). McTN promotes the accumulation of tumor cells of the same type and is of great significance for their survival outside the primary lesion, because effective aggregation can protect CTCs from mechanical damage caused by shear and collision forces and damage from immune monitoring (55).




Figure 1 | The process of altered microtubule stability in circulating tumor cells undergoing EMT. Post-translational modification of the microtubule constituent protein α-microtubulin occurs when the tyrosine at the carboxyl terminus is replaced by a glutamate residue. Glutamate microtubules are more stable than tyrosine microtubules, and glutamate microtubules extend in the same direction as CTCs migrate.





CTC Assay for Treatment Management of Pancreatic Carcinoma

It has become a consensus that malignancy is a systemic disease. The therapy of surgically resectable pancreatic cancer is always a combination of local excision and subsequent systemic treatment, and it is therefore helpful in the context of surgical treatment to divide our tumors into localized lesions and systemic lesions. Achieving R0 resection of localized lesions through pancreatic surgery is key to the treatment of localized lesions. For antitumor battles occurring systemically, the detection and characterization of CTCs obtained in the blood can help inform decisions about treatment. For example, patients with a low preoperative CTCs load benefit less from neoadjuvant therapy than those with a high load, and may be better served by surgical treatment alone.

A great advantage of CTCs identification in the treatment process is that it can be dynamically sampled multiple times during the clinical process, so as to distinguish different CTCs subgroups and find specific molecules that drive tumor metastasis and promote chemotherapy resistance. In a study of somatic mutations in complete pathological remission after neoadjuvant therapy (56), the researchers tried to use the genomic analysis of the excised samples combined with liquid biopsy data to reveal the molecular characteristics of the complete pathological remission samples of patients with excised PDAC. Their results showed that after complete pathological remission, even if there are no remaining cancer cells, there are still somatic mutations in the body. This mutation can be monitored after surgery with CTCs and ctDNA. In the tumor self-seeding theory, CTCs colonize the tumor site where it originated through the self-seeding process (57). In animal models, the self-seeding of multiple tumors has been confirmed to be mediated by aggressive CTCs (58). The research of Comen et al. showed that, on the whole, “self-seeding” will change the tumor microenvironment to make it more supportive of tumor growth, including accelerating tumor growth, inducing angiogenesis, and activating matrix recruitment (59). If this microenvironmental change is intervened during the treatment process, theoretically, it should lead to a decrease in CTCs returning to the original site of the tumor. In fact, in locally advanced pancreatic cancer, randomized clinical trials have shown that, compared with chemotherapy alone, adding local radiotherapy to chemotherapy can improve the survival rate of patients (60). Okubo et al. evaluated the change in the number of CTCs before and after treatment in 40 patients with advanced unresectable pancreatic carcinoma. The rate of positive CTCs was significantly higher in patients with progressive disease (45.4%) than with progressive disease or partial response (24.1%), suggesting that the CTCs changes were associated with the tumor response to treatment (61). Bobek et al. (62). proposed a method to isolate CTCs based on cell size and included 24 patients with PDAC. They detected positive CTCs in 66.7% of the patients, and the positive rate of CTCs in patients with T3 PDAC could reach 80%; CTCs can be detected in 77% of patients who have lost the chance of surgery, which provides a hint that patients can be pre-screened before surgery to assess operability. This suggests that the development of new CTCs isolation methods may contribute to more sensitive isolation of CTCs from patient blood. CTCs act as a “bridge” from the primary tumor to the metastasis, and help to find the genotype or phenotype difference between the primary tumor and the metastasis. This difference may be caused by the clonal proliferation process of the primary tumor heterogeneity in metastases and subpopulations in the proliferation of genes or phenotype differentiation (63). If this differentiation results in a difference in sensitivity to chemotherapy drugs, alternative treatment options need to be considered. The current decision-making on the treatment of metastatic tumors is based on the analysis of the primary tumor. In order to reduce the invasive examination of metastatic lesions, “liquid biopsy” of CTCs, which are representative of metastatic lesions, may be a good choice for “experimental biopsy”. If mutations can be found in CTCs using deep sequencing techniques, resistance to therapy can be assessed in real time, which has already been attempted in colorectal and prostate cancers (64, 65). CTCs-assisted personalized therapy has been used in breast and lung cancers. However, susceptible targets have not been successfully identified in pancreatic cancer. We hope that once an effective drug for pancreatic cancer is discovered, based on the information provided by CTCs obtained before and after treatment (such as a patient’s susceptibility genes), it is possible to subclassify patients and select the best treatment for individual cases, such as gene therapy and immunotherapy. In a retrospective study in 2021, Tan et al. studied 155 patients with advanced malignancies receiving anti-PD-1 immunotherapy, including six cases of pancreatic cancer, who were tested for PD1/PDL1 by CTCs obtained from peripheral blood. The results showed that the disease control rate was higher in the PDL1-positive CTCs group (71.56%), and in the remaining patients, the disease control rate was only 39.29%. The reduction in counts and rates of PD-L1-positive CTCs and PD-L1-high CTCs reflected a favorable response to PD-1/PD-L1 inhibitors (66). Haber et al. found T790M resistance mutations in patients with clinical tumor progression who received tyrosine kinase inhibitor treatment by analyzing CTCs (67). In vitro models using CTCs help to identify potential therapeutic targets for tumors. For instance, Dimitrov-Markov et al. established a xenograft mouse model using CTCs derived from patients with highly metastatic PDAC. They sequenced RNA from CTCs isolated from patients and identified survivin, a potential therapeutic target for pancreatic cancer. They actually used the CTCs to create a reproducible system to mimic the metastatic process of cancer cells (68). In the future, it is expected that the changes in genotype and phenotype will be continuously monitored during the treatment of pancreatic cancer to ensure timely detection of the emergence of drug resistance, so as to guide changes in treatment strategies. Min Yu et al. used a microfluidic device to efficiently isolate CTCs from endogenous genetically engineered mouse pancreatic cancer models, and through single-molecule RNA sequencing, they found that CTCs are rich in Wnt2 genes (69). The expression of Wnt2 gene in pancreatic cancer cells inhibits cell anoikis, and the non-canonical WNT signaling pathway may contribute to the metastasis of pancreatic cancer. In pancreatic cancer patients, 5 out of 11 pancreatic CTCs (45%) showed abundant WNT signals. The effectiveness of TAK1 in inhibiting this effect establishes a new potential drug target for inhibiting metastasis. Therefore, molecular analysis of CTCs may identify candidate therapeutic targets for preventing the distant spread of cancer. We present some related studies in Table 2. In conclusion, the use of CTCs in the clinical management of pancreatic cancer is expected to offer an alternative to “real-time biopsies,” allowing assessment of tumor biological activity. Therefore, detection and characterization of CTCs in pancreatic cancer may be used in preoperative differential diagnosis, prediction of risk of recurrence after surgery, examination of pharmacodynamic biomarkers, detection of treatment resistance profiles, assistance in the designation of treatment strategies, assessment of response to treatment, and assessment of prognostically important. This role is significant, especially in distinguishing pancreatic cancer from neuroendocrine tumors preoperatively and when primary and metastatic tumors are too small to be detected on CT scans.


Table 2 | Role of CTCs for pancreatic ductal adenocarcinoma (PDAC) treatment.





The Role of CTCs in Prognosis

The basis for the use of CTCs for early detection of pancreatic tumors is hematogenous dissemination of pancreatic cancer is an early event. As demonstrated in an interesting mouse model of the pancreas, the researchers found that pancreatic cells with characteristics of CTCs circulate in the blood and reach and seed the liver before the primary tumor is found in the pancreas (74). The characterization of CTCs in pancreatic carcinoma not only is an important part of the diagnostic process but also can reveal the risk of tumor recurrence. In addition, mainly due to the subjectivity of tumor plasticity and evaluation criteria, traditional tumor prognostic factors such as tumor stage, pathological grade, lymph node metastasis, vascular and nerve invasion, and tumor resection margin status can better predict the prognosis of patients with pancreatic cancer. However, it can only be evaluated after surgery. CA19-9 can predict the prognosis of pancreatic cancer, but it is susceptible to biliary obstruction, infection, and the patient’s age and gender (75, 76). Conventional prognostic indicators for predicting the prognosis of patients are usually not impeccable. Therefore, there is an urgent need to establish a new and sensitive prognostic method to identify patients with poor prognosis or patients with rapid progress.

Several studies have identified CTCs as a potential minimally invasive mechanism that can be used to analyze patients with primary carcinoma and their risk of subsequent metastasis (77–79). In several different kinds of tumors, CTCs have been identified as a new prognostic biomarker, including lung cancer, locally advanced breast cancer, and liver cancer (80–82). In a large prospective study (n = 472 patients), Van Dalum et al. reported that the detection rate is similar before and after surgery (24% to 20%); only the detection of CTCs before surgery is a prognostic factor, while the detection of CTCs after surgery is not associated with a poor prognosis (83). After adjuvant chemotherapy is completed for high-risk colorectal cancer patients, patients with high CTCs have a higher recurrence rate (83, 84). The detection technology used in most studies is FDA-approved CellSearch® technology. A phase 2 study (n = 80) in patients with non-metastatic gastric cancer showed that using a technique that claims to have an abnormally high detection rate of CTCs (>90% of patients), CTCs reduction during neoadjuvant chemotherapy is an independent survival prognostic factor (85).

Research on the prognostic role of CTCs in pancreatic cancer is mainly focused on PDAC (86). CTCs have been identified in the blood of patients at all stages of PDAC. Previous studies have shown that there is an association between the presence of CTCs and a poor prognosis (87–91). We list several studies on the prognostic relevance of CTCs and PDAC in the last 5 years (Table 3). In the report of Okubo et al., they proved that CTCs are associated with liver metastasis in patients with pancreatic cancer (p = 0.0002). They also proved that the presence or absence of CTCs detected by intraoperative molecular RT-PCR detection is associated with a high risk of blood-borne metastasis in patients with pancreatic cancer. Their conclusions indicate that the detection of CTCs can compensate for the insufficient sensitivity and specificity of enhanced CT in detecting disease recurrence (61). However, other studies have shown that the correlation between CTCs and the prognosis of patients with pancreatic cancer is very poor (88, 100). In view of the conflict results of previous studies, Lu Han et al. conducted a meta-analysis of all eligible studies to clarify the prognostic role of CTCs in patients with pancreatic cancer. They included nine cohorts of 268 CTCs-positive patients, and CTCs were significantly associated with poorer PFS (p < 0.001) and OS (p < 0.001) in patients. Similar results were obtained for subgroup analyses by ethnicity, test method, and treatment method (101). A meta-analysis by Pang et al. included more than 50 patients in nine studies, six of which found a significant relationship between CTCs and OS or PFS (102). A meta-analysis in 2019 included the largest number of studies and patients, including 19 studies with 1,320 confirmed individuals. Their results also support the idea that CTCs-positive patients have worse OS and PFS than CTCs-negative patients, while they suggest that CTCs may serve as a predictive biomarker for pancreatic cancer patients prior to treatment (103). Although there is no consensus on the best detection method and CTCs cutoff value for predicting the clinical outcome of pancreatic cancer, their analysis indicated that CTCs-positive pancreatic cancer patients may have more severe PFS and OS than CTCs-negative patients and the detection of CTCs in peripheral blood may be a promising biomarker for pancreatic cancer detection and prognosis. The differences in the results of previous studies may be due to the small sample size of patients in these studies and the differences in testing and treatment methods.


Table 3 | Studies evaluating the prognostic value of CTCs in PDAC.



However, the prognostic role of CTCs in pancreatic cancer is not without its limitations. In a previous study, in 2,183 blood samples from 964 metastatic carcinoma patients, 36% (781 of 2,183) of the specimens had only 2 CTCs (104). The rarity of carbon tetrachloride in the peripheral blood of patients with non-metastatic cancer greatly limits its use as a predictor of metastasis. The reason may be that the diameter of CTCs is about 25 mm, which is too large for them to pass through capillaries (about 8 mm in diameter) (104). Studies in animal models have shown that most of the radiolabeled tumor cells injected into blood vessels are trapped in the capillary bed of the first organ that cancer cells reach (similar to the liver’s first-pass elimination effect), which is difficult to detect in peripheral blood (105). However, this problem is not insoluble. Rahbari et al. studied the difference in the interval distribution of CTCs in patients with colorectal cancer, and the results show that the detection rate of CTCs is higher in tumor drainage (mesenteric) vessels compared with peripheral venous blood. Theoretically, the concentration of CTCs detected in the portal blood of patients with pancreatic cancer is higher than that of peripheral blood. Therefore, in patients with pancreatic cancer, the count of CTCs in portal blood is expected to be an early indicator of liver micrometastasis. In a cohort study(n = 29) (106), the researchers used ultrasound-guided transhepatic puncture to analyze the CTCs in the portal blood of patients with advanced pancreatic cancer. CTCs were detected in 29 cases of portal vein blood, and the absolute number of pancreatic cancer cells circulating in the portal vein was significantly higher than that in peripheral blood. The study found that the portal vein CTCs count is highly correlated with intrahepatic metastasis. The OS of patients with portal vein CTCs exceeding 150/7.5 ml is significantly shortened, suggesting that patients with advanced pancreatic cancer have a poor prognosis. The results show that the analysis of portal vein CTCs is a powerful method for the prognosis of patients with advanced pancreatic cancer. It is worth noting that due to the sensitivity difference between different technologies, the CTCs cutoff shown by one CTCs detection technique is a prognostic factor, and another technique cannot be inferred. The timing of CTCs detection is also critical. Positive CTCs before, during, or after surgery may have different biological and clinical significance. In many studies, portal blood was obtained from patients undergoing radical pancreatic surgery for CTCs, and it was clear that the detection rate was higher in portal blood than in peripheral veins; however, it is difficult to determine whether this difference is related to the compression of the cancerous tissue caused by the surgery or to the elimination effect of the liver. If future studies can obtain portal blood, central venous blood, and peripheral blood simultaneously and compare the levels of CTCs in the three types of blood, and correlate them with tumor recurrence and time of liver metastasis, this mystery will be revealed.

The ultimate fate of CTCs depends on their resistance to denervation, immune killing, and apoptosis. Some studies have explored the relationship between the apoptosis level of CTCs and the prognosis of breast cancer. They found that the higher the expression level of the apoptotic factor BCL-2 in CTCs, the better the prognosis of patients. This may be the result of a multifactorial effect, in addition to the possible activation of immune killing by more CTCs and the association of less deformable CTCs with vascular anatomy, and tumor metastasis should also be considered (107).



Summary

In the era of multidisciplinary collaborative diagnosis and treatment, pancreatic cancer is still one of the most malignant tumors. As a promising direction of tumor research, CTCs have actively explored the treatment of pancreatic cancer and its prognosis. With the continuous development of various CTCs enrichment and detection equipment, it can be speculated that there will be more surprising discoveries in the future to challenge the existing practice of diagnosis and treatment of pancreatic malignancies. As new assay technologies continue to emerge and the heterogeneity of CTCs becomes better understood, we need in-depth genetic and gene expression pattern studies of different types of CTCs, and we may need CTCs assays that are specific to different types of tumors, rather than one assay technology that covers all cancer types. In fact, a tumor cell-specific assay should precisely match the characteristics of that tumor, in line with the concept of precision medicine, and one of the disadvantages of CA199 compared to CTCs is that it cannot be specific to each tumor. In the future, we believe that “whole process monitoring” of CTCs will provide more information for decision-making in the treatment of tumors, such as preoperative differential diagnosis, prognostic assessment, real-time monitoring of drug resistance mutations during treatment, assessment of treatment response, and timely detection of micrometastases. All of these aspects are of most interest to clinicians battling pancreatic cancer. Although we have repeatedly discussed the increased risk of metastasis and spread of pancreatic cancer with invasive testing compared to “liquid biopsy”, more prospective studies are needed to prove this point in the future.

Similarly, do diagnostic and therapeutic interventions (e.g., surgery and chemotherapy), and access to CTCs in portal blood or even in pancreatic ducts, result in more CTCs being released into the bloodstream and, if so, does this release alter the prognosis of pancreatic cancer? It is conceivable, given the right conditions, whether test specimens obtained from different routes would alter the results; which test specimens obtained from different routes would be most appropriate for surgical and non-surgical patients, respectively; and whether portal blood or even pancreatic fluid would be preferable to central venous blood and peripheral blood when considering convenience and economic cost. New and surprising findings may challenge our current paradigm and medical practice. Admittedly, with only one assay, the CellSearch system, now in the transitional phase of FDA approval to clinical application, new assays must be validated in clinical trials to prove their efficacy. In any case, it is always helpful to explore all aspects of the utility of CTCs as one of the few new markers now in development. It is hoped that this review will provide some insight into the clinical application of CTCs and the clinical validation of CTCs as new biomarkers.
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FAM111B gene mutations are associated with a hereditary fibrosing poikiloderma known to cause poikiloderma, tendon contracture, myopathy, and pulmonary fibrosis (POIKTMP). In addition, the overexpression of FAM111B has been associated with cancer progression and poor prognosis. This review inferred the molecular function of this gene’s protein product and mutational dysfunction in fibrosis and cancer based on recent findings from studies on this gene. In conclusion, FAM111B represents an uncharacterized protease involved in DNA repair, cell cycle regulation, and apoptosis. The dysregulation of this protein ultimately leads to fibrotic diseases like POIKTMP and cancers via the disruption of these cellular processes by the mutation of the FAM111B gene. Hence, it should be studied in the context of these diseases as a possible therapeutic target.
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Introduction

Mutations of the human FAM111B gene are also associated with a rare multisystemic fibrosing disease—poikiloderma, tendon contracture, myopathy, and pulmonary fibrosis (POIKTMP, which is the adopted terminology for this disease) (1–4). FAM111B gene mutations are also implicated in other clinical manifestations such as progressive osseous heteroplasia (POH) (5), autism spectrum disorders (6), modification of genes associated with cognitive development (7), nevus of Ota with choroidal melanoma (8), and mutations of unknown clinical significance/common genetic polymorphism (9). Furthermore, FAM111B gene mutations correlate positively with increased cancer predisposition (10–12). Moreover, the overexpression of this gene in cancer cells is associated with increased cancer progression and poor clinical outcomes (13–16). Although there are about 19 reported FAM111B mutations (Supplementary Table 1) to date (3–5, 10, 12, 17–24), the physiological function(s) of the FAM111B protein and its dysfunctional role in diseases like fibrosis and cancers are not well established.

This review highlighted the recent proposed cellular functions of the FAM111B protein to provide insights into the molecular basis of FAM111B protein dysregulation in POIKTMP and cancers.



FAM111B as a Protease

Although the FAM111B gene products, specifically the protein, are not well characterized, various bioinformatics studies have predicted the presence of a putative trypsin/cysteine protease-like domain at the C-terminus of the FAM111B protein (2, 14, 25). The functional importance of this trypsin-like protease domain was demonstrated by Kawasaki et al. (14). A FAM111B protease domain-deletion construct failed to reduce cell proliferation in a FAM111B gene knockout cell line.

FAM111B is a paralog of FAM111A, the first member of this family of proteins, which also has this trypsin/cysteine-like protease domain (25, 26). FAM111A is a reported DNA-binding protein and plays an essential role in mitigating protein obstacles on replication forks by cleaving DNA-protein crosslinks (DPCs) (26, 27). The interaction of FAM111B with calpains (calcium-dependent cysteine proteases), specifically calpain small subunit 1 (CAPNS1) and calpain 1 (CAPN1), may also suggest the proteolytic function of FAM111B (12). FAM111B also shares about 45% sequence homology with FAM111A protein. However, both proteins’ three-dimensional (3D) structures are unavailable. Structural homology modeling using the E. coli DegS protease as a template has indicated shared structural homology most strikingly at the predicted catalytic domain (25), implying further the function of FAM111B as a protease.



FAM111B in the Cell Cycle

One of the first published data supporting FAM111 B’s involvement in the cell cycle was from a multi-omics gene study, which showed the steady increase in FAM111B transcript levels during the G1 phase leading to detectable protein accumulation by the S phase (28). These results were further supported in a FAM111B-deleted lung adenocarcinoma (LUAD) cell line. A significant reduction occurred at the S and G2/M phases, with more cells remaining in the G0/G1 phases (14). This study suggested further that FAM111B degrades p16 (CDKN2A), a tumor-suppressor protein of the two classic cell cycle kinases: cyclin-dependent kinases 4 and 6 (CDK4 and CDK6) (29). These kinases form a cyclin D1-CDK4/6 complex which phosphorylates the retinoblastoma protein (pRb1) (14, 30). The phosphorylated pRb1 dissociates from E2F, enabling cell cycle progression from the G1 to S phase (31). Furthermore, a marked increase of p16 and phosphorylated pRb1 and E2F expression levels was reported in a FAM111B knockout cell line, leading to these cells’ lack of progression to S and G2/M and cell cycle arrest at the G0/G1 phase (14). Insights into the role of FAM111B protein during the S phase of the cell cycle were also provided by discovering the interaction between FAM111B and DNA-binding proteins like RFC1 (replication factor C subunit 1) and PCNA (proliferating cell nuclear antigen) (25). The RFC is a five-subunit protein that assists with loading PCNA into DNA, a crucial step in DNA replication (32). The disruption of these replication forks complex proteins: PCDNA and RFC were reported in FAM111B-dysregulated (overexpressed) and patient-derived mutant-expressing cells (25). Another study reported a strong association of FAM111B with G2/M phase proteins, precisely cyclin B1 (CCNB1), and the dual-specificity protein phosphatase CDC25C (13). For a successful G2/M transition, cyclin B must form a complex with CDK1 (a.k.a. CDC2 or p34). This complex is kept inactive by phosphorylation of CDK1 and activated by dephosphorylation CDC25C (33, 34). CDC25C also plays a crucial role in the cell cycle as a checkpoint protein, especially in DNA damage, thus ensuring accurate genomic information to daughter cells (35). Hence, a positive correlation of FAM111B with CCNB1 and CDC25C suggests that FAM111B promotes cell cycle progression into the mitotic phase. Moreover, mutations in the FAM111B gene were also shown to cause replication and transcriptional shutdown, disruption of microtubule network integrity at the M phase, and increased apoptosis (25). Hence, the proposed functions of FAM111B in cell cycle and division are hereby summarized in Figure 1A.




Figure 1 | Proposed role of FAM111B in cell cycle regulation, DNA repair, and apoptosis. (A) G0/G1 phase: active p16 causes cell cycle arrest by inhibiting cyclin B1 and CDK. When FAM111B is activated, the protease degrades p16, allowing for cell cycle progression. S phase: mutations in FAM111B result in dissociation of RFC1, PCNA, and RPB1, which are involved in the synthesis of DNA. G2/M phase: FAM111B regulates cyclin B and CDC25C, allowing cell cycle progression to the M phase. M phase (prophase)- FAM111B mutations disrupt microtubule network integrity. (B) p53 is activated in response to DNA damage induced by DPCs formation. p53, in turn, directly or indirectly activates downstream signaling proteins, which eventually results in the activation of FAM111B. The active FAM111B, together with other DNA repair proteins such as FAM111A, responds by degrading the DPCs. FAM1111B will restart the cell cycle through p16 downregulation and autocleavage upon successful DNA repair. If the repair is not successful, FAM111B will induce apoptosis by downregulating the anti-apoptotic genes/proteins, e.g., BCL-2 and BAG3 (B created with Biorender.com).





FAM111B in DNA Repair and Apoptosis

Mutations in the FAM111B gene are associated with the loss of genome stability and integrity, suggesting its role in DNA repair and genome integrity (12, 36). The exact details of how FAM111B corrects the DNA are yet to be determined. However, given the possible functional overlap between FAM111A and FAM111B, we can hypothesize the possible mechanism of repair based on the known functions of FAM111A. The FAM111A, as a DNA-protein crosslink (DPC) protease, plays a role in the removal of DPCs that stall DNA replication (26, 36). DPCs occur when proteins within the cell become covalently trapped on a DNA strand due to exposure to endogenous/exogenous (e.g., formaldehyde) and chemotherapeutic agents. These DPCs interfere with DNA replication, repair, and transcription, eventually leading to genomic instability in the form of DNA double-strand breaks (36). FAM111A, among other DPCs, proteases, and possibly FAM111B are involved in the proteolytic cleavage of DPCs, hence forestalling DNA damage, genome instability, and DNA-damage-mediated apoptosis (25, 26, 36). Following the repair of DPCs, FAM111B and FAM111A should possibly undergo autocleavage like the essential mammalian DPC protease, SprT-like N-terminal domain (SPRTN) (37, 38). Although not well characterized, this regulatory process is thought to ensure the non-specific degradation or disruption of protein complexes crucial for maintaining genome integrity, such as the chromatin-associated RNA polymerase II (RPB1), PCDNA, or other histone proteins (25, 36, 39). Its interaction with CAPNS1 further suggests the role of FAM111B in DNA repair-CAPN1 [calpain small subunit 1 (Calpain 1)], USP1 (ubiquitin-specific protease 1), and FANCD2 (Fanconi anemia group D2 protein) (12). FAM111B interacts with CAPNS1, which forms a complex with CAPN1 (i.e., CAPNS1-CAP1) that stabilizes USP1 deubiquitinase, which, in turn, modifies FANCD2, an essential protein involved in various DNA damage response pathways (12, 40). Furthermore, the downregulation of antiapoptotic genes such as BCL-2 (B-cell lymphoma 2) and BAG3 (Bcl-2-associated athanogene 3) has been reported in FAM111B knockout cells (13, 25). Since there is evidence suggesting that FAM111B is involved in the DNA repair pathway and apoptosis (13, 25, 36), this finding begs the possible involvement of other DNA-damage-induced stress response pathways associated with FAM111B. The answer to the question was hinted at by Sun et al. (2020) by linking FAM111B to the p53 signaling pathway using KEGG enrichment analysis (13). The phosphorylation and activation of the p53 pathway are known to cause cell cycle arrest, cell senescence, or apoptosis in response to intracellular stresses such as DNA damage (41, 42). The FAM111B gene is reportedly enriched in the p53 signaling pathway, and the knockout of FAM111B reportedly affected the expression of p53-related genes such as BAG3, BCL-2, and CCNB1 (13). Thus, it is firmly possible that FAM111B is part of the p53 signaling pathway. Interestingly, previous studies have indicated that the knockout of FAM111B does not affect the p53 gene or protein expression (13, 14), suggesting that FAM111B operates downstream of p53. Hence, we propose that FAM111 B’s function in DNA repair and apoptosis is mediated by the direct or indirect downstream stream activation of FAM111B by the p53 (Figure 1B).



FAM111B in Fibrosis: Hereditary Fibrosing Poikiloderma (POIKTMP)

FAM111B gene mutations are associated with POIKTMP, a hereditary multisystemic fibrosis disorder (2). This syndrome is characterized by fibrosis in multiple organs such as the skin and lungs (1, 2); however, the molecular basis of the FAM111B mutations in this disease remains unclear. Fibrosis results from excessive extracellular matrix component (ECM) deposition by activated fibroblasts when trigged by multiple stimuli (43). One such trigger is chronic from a sustained release of pro-inflammatory cytokines such as TGFβ and IL-13 (44). FAM111B and FAM111A gene mutations are suggested to result in the rapid cleavage of both proteins, possibly due to mutational gain of function of their protease activity (10). This rapid self-cleaving activity of these proteins, specifically FAM111B in POIKTMP, could result in the ineffective removal of DPCs or the disruption/degradation of PCNA-associated proteins like RFC1 and chromatin-bound RPB1 (36, 39), thus leading to failure in DNA repair and, ultimately, genome instability.

Furthermore, incomplete DNA repair and genome instability could result in excessive cell cycle arrest (given the regulatory role of FAM111B on p16) and ultimately apoptosis which may, in turn, trigger chronic inflammation due to the incomplete clearance of apoptotic cells (efferocytosis) by granulocytes (45), hence the chronic inflammation seen in the various tissues affected by POIKTMP. Furthermore, chronic inflammation is known to cause several types of alopecia, such as primary scarring alopecia (PSA) (12, 46), and may also explain the alopecia seen in patients with POIKTMP. Interestingly, mutations in DNA repair genes, genomic instability, and chronic inflammation play a significant role in other hereditary disorders like Hutchinson–Gilford Progeria Syndrome (36, 46, 47); Progeria causes clinical manifestations like POIKTMP as alopecia and joint contractures (46). This information further supports the view that genomic instability from FAM111B gene mutations causes POIKTMP (15, 36). However, the molecular mechanisms behind how FAM111B gene mutations lead to these diseases remain elusive.

Alternatively, fibrosis, a key clinical feature of POIKTMP, may also result from the failure of ECM-producing fibroblasts to undergo apoptosis after tissue remodeling. Resistance to apoptosis in idiopathic pulmonary fibroblast, alveolar macrophages, and impaired re-epithelization due to increased apoptosis of epithelial cells have been documented as the leading cause of collagen over deposition, further supporting this hypothesis (47–50). Moreover, bioinformatics and experimental studies imply high FAM111B mRNA and protein expressions in epithelial cells/tissues of cancer and non-cancerous tissues (13, 14, 51). Thus, as described previously, it is conceivable that the low expression or rapid degradation of FAM111B caused by the FAM111B mutations could lead to increased epithelial apoptosis and, consequently, the resistance to apoptosis of adjoining fibroblasts of the tissues affected by POIKTMP.

Therefore, we proposed that the mutational dysfunction of FAM111B protein causes POIKTMP by downregulating FAM111B gene and protein expression that are resulting in inadequate DNA repair, genome instability, chronic inflammation, and aberrant apoptosis of the epithelial cells and fibroblasts of the tissues/organs affected by this disease (Figure 2).




Figure 2 | Proposed pathological processes involving FAM111B in cancer and POIKTMP. An increase in FAM111B expression possibly leads to an increase in proteolysis of DPCs and non-specific degradation of chromatin-associated proteins, which leads to genomic instability. Genomic instability is a significant characteristic of cancer. A decrease in FAM111B possibly leads to the reduction in apoptosis of fibroblasts, which causes an increase in fibrosis (Created with Biorender.com).





Role of FAM111B in Cancers

The overexpression and mutations of the FAM111B gene are associated with several types of cancers, including pancreatic cancer, which happens to be one of the most life-threatening types of cancer (11, 12, 15). In addition, the overexpression of FAM111B in lung adenocarcinoma (LUAD) patients correlated strongly with increased tumor progression and poor survival rate (13, 14). There is, however, no evidence to support the degradation or clearance of endogenous FAM111B in cancers. Furthermore, multiple single-nucleotide polymorphisms (SNPs) associated with prostate cancer localize on chromosome 11q12, which houses the FAM111B and FAM111A genes (52). Given the possible involvement of FAM111B in DNA repair (5, 10, 29), the overexpression of the FAM111B gene can support cancer progression. One possible explanation could be that the overexpression of FAM111B results in the non-specific proteolytic degradation of other DNA-associated proteins such as histones and replication or transcription factors (e.g., RFC1 and RPB1) and cell-cycle-dependent proteins (e.g., p16). FAM111 B’s activity switches on in normal states upon detecting DPCs, perhaps through p53 signaling. The activation of FAM111B will then proteolytically cleave the DPCs to repair the DNA. However, once the repair is complete FAM111B may undergo autocleavage to prevent itself from cleaving other proteins involved in DNA metabolism and the cell cycle (29). Therefore, the overexpression of FAM111B and the non-specific degradation of DNA-associated proteins may cause genomic instability and dysregulation of the cell cycle, eventually contributing to cancer predisposition, development, and progression (Figure 2).

Furthermore, to salvage genome stability and the apoptotic fate of cells, the error-prone translesion (TLS) DNA polymerases are mobilized to replace conventional high-fidelity DNA polymerases, which can overcome the DPC barrier to DNA replication (36, 53). This DNA damage tolerance mechanism and the uncontrolled degradation of tumor-suppressor proteins, p16, could explain why cancer cells can evade apoptosis. Another possible explanation is that FAM111B/FAM111A-repair machinery confers some advantage to cancer cells at later stages of cancer, thus supporting cancer progression. For instance, in cervical cancer patients, FAM111B, among other genes, is only overexpressed in later stages of cancer, and it is associated with distal cancer progression and metastasis (26, 27, 36). Therefore, it is plausible that FAM1111 B’s upregulation is an adaptation strategy by cancer cells as most cancer drugs induce DNA damage by forming DPCs. In other words, FAM111B overexpression is an attempt to minimize genomic instability brought about by the formation of DPCs and conferring resistance to therapy.



Discussions and Conclusions

Based on the published literature, one can conclude that the molecular functions of FAM111B include the response to DNA damage resulting from DPCs, which can stall DNA replication and cause breaks in the DNA strands and genome instability. The DPCs are possible triggers for p53 activation, activating the downstream signaling proteins, eventually starting FAM111B and FAM111A. These two proteins may function individually or by forming a complex with other DNA repair proteins (CAPNS1-CAPN1, USP1, and FANCD2) to degrade DPCs to facilitate DNA repair and resumption of DNA replication (Figure 1) (25). Furthermore, FAM111B may function with other DPC proteases, DNA repair, replication, and transcription proteins to restore genome stability, cell cycling, and turnover (25, 26, 36). If the repair is successful, FAM111B will relieve the cell cycle arrest by degrading p16 so that cell division can resume as normal. Also, FAM111B, as a possible regulated protease, should undergo autocleavage to prevent non-specific cleavage of chromatin-associated proteins such as histones and transcription factors (37). If the repair is not successful, FAM111B, among other proteins, triggers the expression of BAG3 and BCL-2 genes to induce apoptosis of the cell (Figure 2) (25).

In the case of the mutated form of this protein, which is commonly a gain of function, the proteolytic activity of FAM111B may be amplified, resulting in the non-specific cleavage chromatin-associated proteins, among others crucial. Additionally, other essential functions of FAM111B, such as activating apoptosis, may be lost. Finally, since FAM111B is critical for degrading p16 for cell cycle progression, the mutations may result in abnormal degradation of p16 and thus cause abnormal cell division (Figure 1B). As a result, FAM111B mutations tend to cause diseases such as POIKTMP and cancer through these mechanisms (Figure 2). More importantly, FAM111B seems more critical in some cell types than others. For example, the knockdown of FAM111B in Hela cells did not affect cell proliferation but did in lung adenocarcinoma cell lines. Thus, FAM111B mutations can affect certain cell types but spare the others (13, 14).

Although the pathological knowledge effects of the mutant forms FAM111B are emerging, only a handful of studies have investigated the physiological function of FAM111B (which remains unclear) in healthy cells/tissues. Therefore, the proposed functions may lack accuracy since most reported studies were conducted using cancer cells. Therefore, future studies to establish the molecular function of this protein should be conducted in both healthy and disease-relevant models.

In conclusion, the human FAM111B protein is crucial to specific cellular processes essential for cell viability or fitness. Therefore, it is imperative to study the dysregulation of this protein in the context of fibrosing diseases like POIKTMP and cancers. Moreover, FAM111B represents a promising therapeutic target for both disorders.
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Cell maintenance and the establishment of cell polarity involve complicated interactions among multiple protein complexes as well as the regulation of different signaling pathways. As an important cell polarity protein, Par3 is evolutionarily conserved and involved in tight junction formation as well as tumorigenesis. In this review, we aimed to explore the function of Par3 in tumorigenesis. Research has shown that Par3 exhibits dual functions in human cancers, both tumor-promoting and tumor-suppressive. Here, we focus on the activities of Par3 in different stages and types of tumors, aiming to offer a new perspective on the molecular mechanisms that regulate the functions of Par3 in tumor development. Tumor origin, tumor microenvironment, tumor type, cell density, cell–cell contact, and the synergistic effect of Par3 and other tumor-associated signaling pathways may be important reasons for the dual function of Par3. The important role of Par3 in mammalian tumorigenesis and potential signaling pathways is context dependent.
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Introduction

Cell polarity is a fundamental feature of almost all cells (1, 2). Different types of cells employ polarity to orient their behavior in a variety of different processes, including embryogenesis (3), epithelial morphogenesis (4), neuronal differentiation (5), fibroblast migration (6), neuroepithelial morphogenesis (7), and T-cell activation (8), which are thought to rely on a small number of evolutionarily conserved proteins and pathways. The maintenance of cell polarity involves sophisticated interactions between multiple protein complexes as well as the regulation of different signaling pathways. The spatiotemporal characteristics of these interactions control the location and distribution of various membrane proteins, organelles, and cytoskeletal components in an asymmetric manner. Recently, vast studies have shown that cell polarity is related to directed migration, differentiation, proliferation, vector transportation of molecules between cell layers, and activation of immune cells, while a loss of cell polarity is correlated with the occurrence of malignant tumors (9–13). Partition-Defective 3 (Par3) is a PDZ-domain-containing scaffold protein that is evolutionarily conserved and essential for the establishment of the cell polarity of various cell types, such as inner ear hair cells (14), hepatocytes (15), and epithelial cells (10). In this review, we will summarize the complicated and comprehensive role of Par3 in the occurrence and development of different cancer types.



The Par3 Gene and Its Protein Products

The Par proteins were first identified in a Caenorhabditis elegans screen for mutants that were defective in the anterior–posterior partitioning of proteins in the early embryo (16). In vertebrates, studies on asymmetric fate determinants, such as Par and Mib (Mindbomb), have gone even further in recent years (17, 18). The Par polarity protein family is composed of seven core members: three kinases [atypical protein kinase C (aPKC), Par1, and Par4], two scaffold proteins (Par3 and Par6), a ring finger protein (Par2), and a 14-3-3 protein (Par5) (19–22). The multidomain scaffolding protein Par3, which contains three PSD-95/Discslarge/ZO-1 (PDZ) domains, an N-terminal dimerization domain (NTD), a C-terminal domain, and an aPKC interaction domain, is an important member of the Par protein family (23, 24). Notably, the crystal structures of the NTD (25), PDZ2 (26), and PDZ3 (27) domains have been successfully resolved (Figure 1). The PDZ domains interact with cell-surface proteins such as junctional adhesion molecules (JAMs) (28, 29), Nectin (30), Par6 (31), the adaptor protein GAB1 (32), phosphoinositides (PIPs) (33), the lipid phosphatase PTEN (34), and the Hippo pathway transcription factor YAP (35). The C-terminal domain of Par3 interacts with aPKC and a Rac1 GTPase-specific GTP exchange factor Tiam1 (T lymphoma invasion and metastasis) to inhibit its kinase activity and exchange activity, respectively (23) (Figure 1). It is worth noting that the scaffold protein Par3 consists of Par3A (mainly including 180K, 150K, and 100K subtypes) and Par3B. Par3A can interact with Par6 and aPKC, but Par3B cannot (22).




Figure 1 | Two dimensional (2D) and partial three-dimensional (3D) structures of Par3. (A) Par3 encodes a protein of 1,356 amino acids, consisting of an N-terminal domain, a C-terminal domain, and three PDZ domains, namely, PDZ1, PDZ2, and PDZ3. The interacting proteins of Par3 are indicated above the approximate localization of the binding sites. (B) A ribbon diagram of the crystal structure of the two Par-3 NTD molecules in the asymmetric unit (PDB accession number:416P). The two molecules, colored green and brown, respectively, are arranged in a ‘‘front-to-back’’ manner. (C) A ribbon diagram of the Par3 PDZ2 domain structure (PDB accession number:2KOM). (D) A ribbon representation of the Par3 PDZ3 domain (PDB accession number:6JUE).



The Par protein family plays an important role in establishing cell polarity and tight junction (TJ) formation in different tissue types and is evolutionarily conserved (36). In C. elegans, Par3 and Par6 mediate the formation and maturation of junctions in embryonic morphogenesis (37), while the aPKC complex and Par1 are essential for the polarity of zygotes. In Drosophila and mammalian cells, the aPKC complex and Par1 are in different locations among various cell types. The aPKC complex and Par1 localize at the anterior and posterior cortices of Drosophila eggs (38, 39), and the apical and basolateral membranes of Drosophila epithelial cells (40, 41) and mammalian epithelial cells (42, 43), respectively. Significantly, conserved serine residues on Par3 are phosphorylated by Par1 in Drosophila oocytes and follicle cells, resulting in the destabilization of the aPKC complex, and preventing the invasion of the aPKC complex into the posterior and basolateral membranes (38). In mammalian epithelial cells, however, a conserved threonine residue on Par1B is phosphorylated by aPKC, which induces its dissociation from the basolateral membrane (44). Interestingly, in the C. elegans embryo, the phosphorylation of Par1 and Par2 by aPKC may also play an important role in the anterior cortex (45). In the transparent zebrafish embryo, Par3 and aPKC are required to promote neurogenic divisions, revealing the essential role of Par3 in the vertebrate neural tube (17). In addition, the proportion of early-born neurons was found to be increased in the absence of Par3 function in the mouse cortex, indicating that Par3 is required to maintain apical progenitors in a proliferative state (46, 47).



Par3 and Cell Polarity

In the process of morphogenesis, cells undergo a profound reorganization of the cytoskeleton, organelles, cell membrane, and other cell components to form an internal asymmetric axis. In mammalian epithelial cells, the ternary complex consists of three proteins, Par3, Par6, and aPKC, which are located at the top of cells and play an important role in the tight connection of epithelial cells as well as the establishment of cell polarity (22, 48). Thus, this Par complex is a modulator of TJ homeostasis and apical–basal polarity (49). As a key component of the Par complex, Par3 is required for the spatial organization of several important signaling proteins (22).

The adaptor protein Par6 can form a fundamental complex with aPKC, which is delivered to the apical surface by the binding of Par3 to Par6 (50, 51). Furthermore, aPKC can directly interact with Par3, which is essential for the apical localization of aPKC and epithelial organization (51, 52). Activated aPKC triggers JAK or Src kinase to phosphorylate Stat3, which, in turn, induces the expression of MMP, leading to the degradation of ECM and the migration of primary tumors (53). Studies have shown that constitutive activation of aPKC can occur with a loss of Par3 (53–55) as well as nonspecific inhibitors of aPKC (56–58). Notably, the anticancer function of Par3 is partially due to the restriction of aPKC activity (59–61).

Par3 binds to Par6, recruits Par6-associated proteins, and then interacts with Tiam1 to form TJs, providing an anchorage for the apical–basolateral border assembly of the Par complex (62). The localization of Tiam1 regulated by Par3 at the TJs is necessary for maintaining cell polarity. In epithelial cells, the destruction of TJs leads to the loss of cell polarity. Par3 can cross-talk with Rho GTPase signaling through interaction with the Tiam/Rac signaling pathway. In keratinocytes, Tiam1 and Rac collaborate with the Par complex to regulate TJ biogenesis and persistent migration (63).

Proteins of the Par complex are located in the original TJ, regulating their maturation and localization concerning basolateral and apical membrane domains in epithelial cells as well as the maintenance of apical–basal polarity (64–67). RNA interference with Par3 expression leads to a dramatic destruction of TJs in mammalian epithelial cells (62). The destruction of TJs during ATP depletion results in a decrease in Par3 phosphorylation and Par complex dysfunction in MDCK cells (68). Taken together, these findings show that a mutation or loss of Par complex proteins is crucial in apical–basal polarity formation, resulting in defects in establishing apical identity.



Dual Function of Par3 Protein

In various epithelial cells, expression changes in any Par complex gene can lead to a disruption of apical–basal polarity (69). Among the three major complexes [i.e., the Scribble, Par, and Crumbs polarity complexes, which are involved in regulating the apical–basal polarity of epithelial cells (12)], the Par complex is implicated in tumorigenesis (70, 71). Recently, increasing evidence has suggested that Par3 also exerts complex-independent functions. In an early study in the Drosophila ovary, a loss of Par3 resulted in border cell cluster disorganization and impaired migration (72). According to other research, a loss of Par3 can also reduce tumor functions (73). It is a remarkable fact that a loss of polarity is considered a prerequisite for tumor formation and progression. A loss of Par3 can promote tumor metastasis in breast cancer (23). In summary, Par3 serves as a tumor promoter in radiation-induced retinal carcinoma (74) and ovarian cancer (75) and a tumor suppressor in most other cancer types, including breast cancer (23, 76, 77), thyroid cancer (78), lung cancer (79–81), glioma (82), esophageal cancer (83, 84), endometrioid endometrial carcinoma (85), cervical cancer (86), and pancreatic cancer (87). Interestingly, research has also shown that Par3 has dual functions in skin cancer (88–90) and prostate cancer (73, 91), with both pro-oncogenic and tumor-suppressive functions (90). These findings hint that Par3 may play a dual role in tumorigenesis (89, 92). Furthermore, Par3 is mutated or overexpressed in several human cancers (84, 93). In squamous carcinomas and glioblastomas, the Par3 gene is mutated both in cell lines and in primary tumors (93). In addition, a homozygous deletion in Par3 was found at the chromosomal region 10p11 in human esophageal squamous cell carcinoma (84). In lung squamous cell carcinoma, tumor-specific Par3 mutations were revealed in both patient samples and cell lines (81). The amplification of the Par3 gene was also observed in radiation-induced retinal carcinoma (74).

Except in some tumor types, Par3 expression also varies at different stages of tumors (92). The expression levels of Par3 were examined in 25 normal brain tissues and 43 glioblastoma tissues from the TCGA dataset and a significantly reduced expression of Par3 was observed in tumor tissues (82). Notably, this reduction in Par3 expression was intensified in higher-grade tumors, thus making Par3 a predictor of survival rates in this cohort. Coincidentally, a reduction in Par3 expression was also observed in lung adenocarcinoma compared to normal tissue, leading to lymph node metastasis and poor disease-free survival (80). In contrast, an upregulation of Par3 levels was observed in the advanced stage of ovarian cancer (75).



Par3 Promotes the Development of Tumors

The Par complex is required for neuroblast and epithelial polarization during Drosophila embryogenesis and regulates various modes of polarization during neuronal development, migration, and TJ formation in vertebrates. According to early studies, a loss of Par3 weakens the migration ability of the Drosophila ovary (72). Soon afterward, researchers also showed that Par3 expression was significantly upregulated in clinical metastatic prostate cancer (73), hepatocellular carcinoma (94), ovarian cancer (75), colorectal cancer (95), and clear cell renal cell carcinoma (96), which was associated with a poor prognosis (94). In a recent study of skin carcinogenesis, Par3 and aPKCλ functioned as a complex to promote tumorigenesis. During tumor initiation, Par3/aPKCλ synergistically promoted Akt, ERK, and NF-κB signal transduction to maintain cell growth (89). Similarly, the ERK- and Akt-mediated growth and survival signals promoted by Par3 can counterbalance apoptotic signaling in skin tumorigenesis (90). In the stage of inflammatory tumor formation, Par3/aPKCλ also synergistically promoted Stat3 activation and accelerated proliferation (89). In addition, Par3 is also involved in the activation of Rac1 (21), which is necessary to promote the activation of Stat3 (97). These observations demonstrate the importance of Par3 in tumorigenesis (Figure 2).




Figure 2 | The function of Par3 in tumor promotion. The activation of Rac1 is mediated by Par3/aPKCλ, which is necessary to promote the activation of Stat3. Par3 interacts with PP1A and the Hippo pathway kinase Lats1 to induce its dephosphorylation and thereby lead to the activation of TAZ in the cytoplasm. Par3 also sequesters Kibra to form a Par3/aPKC/Kibra complex, leading to the dissociation of the canonical Kibra/Merlin/FRMD6 complex and a decrease in the phosphorylation of Lats, resulting in the dephosphorylation of Yap for cytoplasmic arrest.



Par3 is required for tumor growth according to vast evidence. Par3 promotes tumor growth through the interaction between PP1A and the Hippo pathway kinase Lats1 to induce Lats1 dephosphorylation and inactivation in response to cell contact and cell polarity signals, thereby leading to the dephosphorylation and activation of TAZ in the cytoplasm (98). In addition, Par3 can sequester Kibra to form a noncanonical Par3/aPKC/Kibra complex, resulting in the dissociation of the canonical Kibra/Merlin/FRMD6 complex and a decrease in the phosphorylation of Lats to promote tumor metastasis (73). In prostate cancer, the dissociation of the Par3/aPKC/Kibra complex caused by the downregulation of Par3 activates the Hippo pathway by restoring the phosphorylation of Lats and then leads to the phosphorylation of Yap for a cytoplasmic arrest (73) (Figure 2). In another study, Par3 was significantly upregulated in KSHV-infected primary B cells. The knockdown of Par3 led to reduced cell proliferation and increased apoptotic induction. The level of Snail was elevated, while the level of E-cadherin was reduced in the presence of the latency-associated nuclear antigen (LANA) or Par3. The knockdown of Snail simultaneously resulted in reduced expression of LANA and Par3 as well as enhanced expression of E-cadherin simultaneously (99). Collectively, the findings of these studies indicated that maintaining an appropriate expression level of Par3 is crucial for promoting tumor initiation and progression.



Par3 in Tumor Suppression

In early studies of Drosophila, polarity proteins were considered tumor suppressors (100). Mutant polarity proteins or a loss of polarity genes, as well as cooperation between polarity and carcinogenic proteins, such as oncogenic RasV12 (90, 101–103) and ErbB2 (23), results in aggressive and metastatic tumors. Subsequently, Par3 has been reported as a mammalian tumor suppressor (23, 90). Par3 is reduced or lost in a variety of cancer tissues including cervical cancer (86), lung adenocarcinoma (80), thyroid tumor (78), and human breast cancer tissues (77). In addition, the overexpression of Par3 results in the inhibition of the proliferation of esophageal cancer cells and intrauterine membrane carcinoma cells (83, 85) as well as the promotion of tumor cell apoptosis (83). Furthermore, a loss of Par3 leads to active proliferation in many tumor cells (23, 75, 78, 80, 85, 88). Par3-deficient mice are prone to increased rates of keratoacanthoma formation (90).

To clarify the mechanism, enormous evidence has also shown that the proliferation induced by a loss of Par3 in tumor cells is related to the abnormal expression of some important genes and the abnormal regulation of some signaling pathways, including an upregulation of P-cadherin (88) and MMP9 (77), downregulation of SNAIL1 (104), an activation of Stat3 (77) and the Tiam1/Rac1 signaling pathway (76), and a decrease in the Notch signaling pathway (85). Furthermore, the Par complex is also closely related to EMT in anaplastic thyroid cancer cells and breast cancer cells (78, 105). Furthermore, the binding of Par3 to 14-3-3ζ protein prevented Tiam1, which is responsible for Rac1 activation, from binding to 14-3-3ζ. Therefore, the knockdown of 14-3-3ζ inhibits Tiam1/Rac-GTP activation and blocks the invasive behavior of cells lacking Par3 (80). In addition, a loss of Par3 leads to the dissociation of the Par3/Merlin/Lats1 complex, consequently inhibiting the phosphorylation of Lats1 to attenuate the Hippo pathway and enhancing nuclear translocation of Yes-associated protein (YAP), which promotes cell proliferation and symmetrical cell divisions through transcriptional activation of Ki-67 and Sox2 (91) (Figure 3).




Figure 3 | The function of Par3 in tumor suppression. The loss of Par3 in tumor cells is related to the abnormal expression of some important genes, such as P-cadherin, Snail1, and MMP9, and the abnormal regulation of some signaling pathways, such as the Stat3, Tiam1/Rac1, and Notch signaling pathways. The loss of Par3 also leads to the dissociation of the Par3/Merlin/Lats1 complex, leading to decreased Hippo pathway signaling and enhanced nuclear translocation of Yap, resulting in the transcriptional activation of Ki-67 and Sox2. The phosphorylation of Par-6, which is regulated by TGF-β1, can recruit the ubiquitin ligase Smurf1 to the receptor and lead to the localized degradation of RhoA GTPase, thereby leading to the disruption of the tight junction.



According to related reports, TGF-β suppresses the gene expression of E-cadherin, ZO-1, claudin, occludin, and Par3 (66). The decreased Par3 expression subsequently results in the redistribution of the Par-6–aPKC complex from the cell membrane to the cytoplasm. The downregulation of Par-3 and the subsequent disruption of Par complex integrity might be one mechanism by which TGF-β1 destroys cell polarity and cell junctions during EMT (66). The lack of these transmembrane proteins would thus result in the disassembly of cell–cell adhesions. Previous studies have also reported that TGF-β1 can regulate the phosphorylation of Par-6. Phosphorylated Par-6 can recruit the ubiquitin ligase Smurf1 (Smad ubiquitin regulatory factor 1) to the receptor and lead to localized degradation of RhoA GTPase, which is required for the disruption of TJs during EMT (106). Since Par3 interacts with Par-6, the downregulation of Par-3 induced by TGF-β releases Par-6 and thus allows it to be phosphorylated by TGF-β (Figure 3). Recent evidence shows that apical–basal polarity, which inhibits EMT and tumor metastasis through Par complex-mediated Snail degradation, functions as a critical checkpoint of EMT to precisely control epithelial–mesenchymal plasticity during tumor metastasis (104). These investigations indicated that Par3 exhibits tumor-suppressive activities and loss of Par3 may contribute to tumorigenesis.



Concluding Remarks: A Double-Dealer Depending on Context

In human tumors, the expression of polarity proteins is frequently altered, although this seems to be highly context dependent. Scribble complex proteins often show their tumor-suppressive function in invertebrates (107, 108). aPKC seems to be required for the transformation and tumorigenesis of cancer cells due to its pro-oncogenic functions (109). Par-6 activates aPKC by coupling its localization and activation to precisely control cell polarity (110). Concerning the Par3 protein, its expression is related to both tumor promotion and tumor inhibition under different conditions. The high expression of Par3 protein in a variety of tumors reveals its function of promoting carcinogenesis (75, 95, 111, 112), and is considered to be particularly important because it is necessary for the transformation and tumorigenesis of many cancer cells (89, 90, 95, 98, 99). However, Par3 expression is also frequently downregulated in the primary tumors of various carcinoma types. As reported, Par3 shows the function of higher-grade tumor inhibition with the activation of the ErbB2 or Ras pathway (77, 90). A loss of Par3 results in the dissociation of the Par complex as well as the loss of epithelial polarity (23, 77). Four reasons can be summarized to explain the phenomenon that Par3 exhibits both tumor-promoting and tumor-suppressing actions according to existing research (Figure 4).

First, cellular origin and microenvironments affect the dual function of Par3 in tumorigenesis. As reported, papillomas arise mostly from the suprabasal layers of the interfollicular epidermis, while keratoacanthomas originate from the hair follicle (113). A reduced rate of papilloma formation with impaired proliferation and survival signaling is observed in Par3-deficient mice, while an increased rate of keratoacanthoma formation is also observed in Par3-knockout mice, suggesting a dual function of Par3 (90). Par3 is expressed in both the interfollicular epidermis and hair follicles but may act at different intracellular sites to affect papilloma and keratoacanthoma formation, respectively. As reported, the expression of Par3 is rarely observed at cell–cell contact sites during keratoacanthoma formation, while robust expression and localization of Par3 are strongly correlated with the formation of papillomas. Tumor outcomes can be defined by the various microenvironments the cancer cells face. In the basal layers of Par3-knockout epidermal tissues as well as Par3-deficient keratoacanthomas, abnormally high levels of phosphorylated active CRaf were observed in a distinct vesicular pattern, which was moderately detected at cell–cell contacts of the suprabasal layers in wild-type epidermal tissue and only very weakly present in wild-type papilloma tissue (90). The findings of the above studies suggest that the opposite functions of Par3 in tumorigenesis depend on tumor origins and microenvironments.

In addition, the dual functions performed by Par3 may also be affected by the Tiam1/Rac1 pathway. A recent study showed that a loss of Par3 inhibited the formation and growth of papillomas and promoted tumor cell apoptosis in the process of skin tumorigenesis in mice. In contrast, Par3-deficient mice were predisposed to the formation of keratoacanthomas (90). Similarly, the knockdown of the cell polarity protein Tiam1 in epithelial MDCK cells contributed to a loss of apical–basal cell polarity as well as EMT (114). The tumors of Tiam1-deficient mice were highly invasive, effectively linking the loss of Tiam1 expression to EMT in vivo (115). However, a loss of Tiam1 is not always associated with tumor progression. As reported by other researchers, increased Tiam1 protein levels were also correlated with the invasive and metastatic growth of some human breast and colon tumors (116, 117). These contradictory findings might be explained by the aberrant localization of Tiam1 away from cell–cell adhesions, for instance, because of the depletion of Par3. According to reports, Tiam1/Rac signaling could regulate the Par3 complex in keratinocytes, while the inhibitory function of Par3 on keratoacanthoma formation was not observed in Tiam1- and Rac1-deficient mice (118), indicating that Tiam/Rac signaling is crucial for Par3 function as a tumor repressor. This leaves the possibility that the dual function of Par3 could be influenced by Tiam1/Rac1 depending on tumor type.

Moreover, cell density and cell–cell contact could also help to explain the dual function of Par3. Recent findings have illustrated the crucial role of the Hippo–YAP pathway in proliferation mediated by cell–cell contact in cancer cells as well as normally developing tissues (119–121). A Par3–YAP complex has been reported to regulate the Hippo–YAP pathway in a manner dependent on cell density and cell–cell contact. As the dynamic subcellular colocalization of Par3 and YAP was regulated by cell density, Par3 activated YAP signaling to mediate cell proliferation at low cell density but not at high cell density. This Par3–YAP complex could recruit PP1A and LATS1/2 to promote YAP hypophosphorylation and nuclear localization. The dual function of Par3 in regulating YAP phosphorylation and activation may also explain the dual function of Par3 in tumorigenesis (35).

Finally, the dual function of Par3 is related to the synergy of other oncogenes, such as Ras and ErbB2. In the DMBA/TPA tumor mouse model involving Ras mutations, Par3 could serve either as a tumor promoter in papilloma formation or as a tumor suppressor in keratoacanthomas formation (90). As introduced in the article, Par3 deficiency resulted in reduced papilloma formation and growth in a Ras-mediated mouse model. Par3 mediated its tumor-promoting activity through the regulation of growth and survival since Par3 deletion increased apoptosis and reduces growth in vivo and in vitro. This finding is consistent with a study in D. melanogaster, which showed that Ras mutation combined with mutations in genes of the Scribble complex caused a loss of apical–basal polarity and neoplastic outgrowth (70). Evidence has also shown that the knockdown of Par3 in conjunction with oncogenic GFP-tagged Ras61L significantly reduced tumor latency compared to GFP-Ras61L alone, indicating that Par3 promoted tumorigenesis by cooperating with oncogenic H-Ras in breast tumorigenesis (77). Furthermore, Par3-deficient mice did not develop spontaneous skin tumors, indicating that Par3 dysfunction alone in mice was not sufficient to drive tumorigenesis (90). Thus, Par3 is likely to promote Ras-induced cell growth and apoptotic resistance, giving rise to a tumor, indicating that the dual function of Par3 may depend on whether the Ras pathway is activated. In addition, by cooperating with ErbB2, a loss of Par3 can inhibit the junction stability of E-cadherin and disrupt cell–cell junctions and cell–cell cohesion through the Tiam1/Rac-GTP pathway, resulting in accelerated metastasis of breast cancer in vivo. These findings indicate that a loss of Par3 promotes the metastatic behavior of ErbB2-induced tumor epithelial cells by decreasing cell–cell cohesion (23).

In conclusion, the important role of Par3 in mammalian tumorigenesis and potential signaling pathways is context dependent. Par3 exhibits both pro-oncogenic and tumor-suppressive actions in different stages and types of cancer. Par3 dysfunction may differentially affect tumor outcomes in different tissues depending on tumor origin, tumor microenvironment, tumor type, cell density, cell–cell contact, and the synergy of other tumor-associated signaling pathways.
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Figure 4 | Dual function model of Par3. The expression of Par3 is rarely observed at cell–cell contact sites during keratoacanthoma formation, while robust expression and localization of Par3 are strongly correlated with papilloma formation. Tiam1/Rac signaling can regulate the Par3 complex in keratinocytes, while the inhibitory function of Par3 on keratoacanthoma formation is not observed in Tiam1- and Rac1-deficient mice, indicating that Tiam/Rac signaling is crucial for Par3 function as a tumor repressor. A Par3–YAP complex is reported to regulate the Hippo–YAP pathway in a manner dependent on cell density and cell–cell contact. The dual function of Par3 is related to its synergistic effects with other oncogenes, such as Ras and ErbB2.
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In modern society, inappropriate diets and other lifestyle habits have made obesity an increasingly prominent health problem. Pancreatic cancer (PC), a kind of highly aggressive malignant tumor, is known as a silent assassin and is the seventh leading cause of cancer death worldwide, pushing modern medicine beyond help. Adipokines are coming into notice because of the role of the intermediate regulatory junctions between obesity and malignancy. This review summarizes the current evidence for the relationship between highly concerning adipokines and the pathogenesis of PC. Not only are classical adipokines such as leptin and adiponectin included, but they also cover the recognized chemerin and osteopontin. Through a summary of the biological functions of these adipokines as well as their receptors, it was discovered that in addition to their basic function of stimulating the biological activity of tumors, more studies confirm that adipokines intervene in the progression of PC from the viewpoint of tumor metabolism, immune escape, and reprogramming of the tumor microenvironment (TME). Besides endocrine function, the impact of white adipose tissue (WAT)-induced chronic inflammation on PC is briefly discussed. Furthermore, the potential implication of the acknowledged endocrine behavior of brown adipose tissue (BAT) in relation to carcinogenesis is also explored. No matter the broad spectrum of obesity and the poor prognosis of PC, supplemental research is needed to unravel the detailed network of adipokines associated with PC. Exploiting profound therapeutic strategies that target adipokines and their receptors may go some way to improving the current worrying prognosis of PC patients.




Keywords: obesity, pancreatic cancer, adipokines, white adipose tissue, leptin, adiponectin, chemerin



Introduction

The poor prognosis among subsistent solid tumors due to their atypical early clinical symptoms, high local aggressiveness, distant metastasis by the time of clinical diagnosis, and the absence of effective treatment has rendered pancreatic cancer (PC), a kind of highly aggressive malignant tumor, known as a silent assassin and the seventh leading cause of cancer death worldwide (1, 2). By 2025, scientific models predicted that PC would surpass breast cancer as the third reason accounting for the mortality of tumors (3). The prevalence of PC keeps increasing, supported by comparative analysis of data from 48 countries, and this gain in prevalence is obvious both in the population aged 50 years or older and in younger age groups (4). While medical advances have led to effective control of the mortality of multiple cancer groups in both sexes, the latest European cancer death rate projections also suggest that the patient population of PC presents the opposite trend where mortality and prognosis are unpromising and PC is the next central public health problem facing Europe and the world (5). A brief conclusion suggesting that suboptimal populations with smoking, physical inactivity, alcohol consumption, and obesity account for a large proportion of the PC population could be summarized from a series of epidemiological studies, and the occurrence of PC reflects, in part, the increasing prevalence of obesity, diabetes, and alcohol consumption (2, 6, 7).

The obese population, building on this foundation, makes up a large part, with obese men accounting for roughly 6% of PC cases and obese women with a proportion of 7% (8). Among the 13 malignancies for which the risk of oncogenesis in humans is causally related to physical obesity is pancreatic cancer (9, 10). Body mass index (BMI), an estimation of the degree of obesity, which increases the risk of PC by 10% for every 5 of a unit increase, appears to indicate a greater vulnerability to PC in later life when an individual has a high BMI in adulthood (8). Obesity is deemed as a considerable causative factor for PC at all time periods in the human body (11, 12). As a global epidemic, obesity is accompanied by susceptibility to various maladies (13). Preventing obesity is as crucial as controlling tobacco intake in controlling the morbidity and mortality of pancreatic cancer and improving the well-being of patients.

The level of body fat in obese groups often reaches dysfunctional levels where it may alter the physiological regulation of adipose tissue (AT), leading to obesity-related disorders that include cancer. It was believed that AT, as an inert organismal storage tissue, was mainly involved in the energy supply of the body and in the regulation of body temperature and other basic physiological activities (14). With a deeper understanding of the excessive fat deposition arising from obesity and the pathological expansion of white adipose tissue (WAT), there exists a consensus that the chronic low inflammatory state caused by AT has a powerful link with the recruitment of immune/inflammatory cells, the induction of neovascularization, the regulation of tumor-associated adipose tissue microenvironment (TAAME), as well as cancer-associated adipocytes (CAAs), and other processes contributing to cancer development (15, 16). AT is no longer simply a receptacle for fat storage, but has emerged as an endocrine organ capable of producing various hormones and factors (17, 18). The concept of the adipokine family has evolved from the earliest known leptin and adiponectin to the recognized omentin and chemerin, which are the main molecular links between AT and the regulation of metabolic syndromes, cardiovascular diseases, and various malignancies, and are integrated with other cytokines to form a sophisticated functional network (19). Relying on novel proteomics techniques or methods, this family is expanding and more novel adipokines are being discovered, leading many scholars to pay more attention to the relationship between adipokines and tumors (20).

Given the unique mediating functions of adipokines in the management of physiological responses in AT, the regulation of their secretion levels or the modulation of their corresponding receptors may be a key element in the progression of PC (Table 1). An in-depth investigation of the mechanisms of adipokines in relation to carcinogenesis may become an invaluable field for the earlier clinical detection of PC and the advancement of the prognosis of PC patients. This review summarizes the latest insights into the dysfunction of the body brought about by the structural and biological properties of AT and the adipokines it produces. It also presents a review of the classical and novel adipokines identified to act in the pathogenesis of PC. Furthermore, this paper explores the subtle interactions between the adipose tissue microenvironment and the tumor microenvironment (TME), thus reflecting on possible orientations for future studies on adipokines in tumor research, which is vital for proposing innovative ideas in clinical treatment.


Table 1 | Effect of Adipokines on PC.





Adipose tissue

AT, perhaps preferably called adipose organs, seems to be a dynamic tissue complex composed of adipocytes and interstitial vascular components, which both form an intangible portion of the human body and comprise the TME. AT is mainly composed of WAT, brown adipose tissue (BAT), and beige adipose tissue (55, 56). Of these, WAT produces cytokines and chemokines that underlie its biological function, while BAT, which is in a hyper-metabolic state and capable of heat production, relies on a specific metabolic pathway that is thought to be associated with the activation of UCP1 (57).


BAT and batokines

The distinction lies within the three categories of AT is the content of cellular mitochondria and the higher the relative quantity of mitochondria AT possesses, the darker color it tends to exhibit (58). BAT, which contains multilocular lipid droplets as well as a substantial portion of mitochondria and expresses mitochondrial UCP1, turns out to be the central heat generating plant of the human body (59). Beige adipose tissue is phenotypically similar to BAT and is transformed from WAT after exposure to cold stimulation or β3-adrenergic agonists (60, 61). The distribution of beige adipose tissue in the body differs according to the stimulation of the location of WAT and is highly heterogeneous (62).

Despite the thermogenic properties of both beige adipose tissue and BAT, which serve an instrumental function in the adjustment of systemic energy homeostasis, beige adipose tissue and BAT, drawing inspiration from the endocrine function of WAT, may also be participating in the management of human ailments through the release of batokines (62). Batokines represent a collection of active peptides generated by BAT under its natural or thermogenic activation state, and it is shown that BAT is engaged in the regulation of systemic metabolism and cardiac, hepatic, and pancreatic function via releasing batokines, such as FGF21, BMP8b, NRG4, IL-6, and IGF-1 (63, 64). FGF21, being the earliest discovered batokine, has acquired attention for the delayed ventricular remodeling effect in hypertensive heart disease (65). Nevertheless, FGF21 is equally protective of the pancreas, as evidenced by its capacity to halt adipose deposition in the pancreas and chronic inflammation of the pancreas, thereby effectively limiting the malignant progression of PC (66). Alongside assisting BAT in thermogenesis, batokines could reduce the local inflammatory response by restraining immune cell activities, building upon the established practice that the thermogenic function of BAT is antagonistic to its pro-inflammatory properties (67). IL-6 is known to stand out as a key contributor to inflammation, oncology, and various metabolic disorders (68, 69). CXCL14 is released by BAT upon its thermogenic activation and ample proof has demonstrated its recruitment to M2 macrophages in diverse types of AT (70). GDF15, another batokine, performs the final loop of anti-inflammatory properties (67, 71). Relying on these above elements, which have been well documented in the association of tumors in previous studies, BAT communicates with the function of the liver, heart, and immune system frequently (63). However, a limited amount of research remains on the linkage between BAT and beige adipose tissue and PC, meaning that further studies are required to explore the underlying mechanisms involved and unravel the myth of metabolic health enhancement capabilities. The three types of AT could be converted into each other, which is referred to as the plasticity of AT (72). Beige adipose tissue is known to be derived from WAT, whereas BAT also transforms into white/beige adipose tissue when faced with elevated ambient temperature, the deficiency of leptin receptor, the impairment of β-adrenergic signaling, and the lack of lipase (73).



White Adipose Tissue


WAT Related Endocrine Function

Regrettably, in spite of the widespread recognition of the participation of obesity and AT in the occurrence and development of PC, the understanding of the mechanistic principles involved remains at a relatively low level. WAT serves as a major agent of metabolism and inflammation, simultaneously modulating metabolism by balancing energy expenditure, adipocyte differentiation, and insulin sensitivity, along with the production of pro-inflammatory and anti-inflammatory molecules and the activation of immune signaling to regulate inflammation (74). In addition to the meta-inflammation attributed to WAT, the production and secretion of adipokines account for the core function of the WAT, and furthermore, the relationship between its endocrine properties and meta-inflammation is well established. The identification of leptin unlocked the floodgates of recognition of adipokines as WAT secretagogues, and adipokines were subsequently proved to be a sequence of heterogeneous polypeptides that participate in the regulation of lipid metabolism, human immunity, insulin resistance, inflammation reaction, angiogenesis, carcinogenesis, and other pathophysiological processes (75–77). And as the fields of metabolomics, proteomics, and genomics are being explored, over 100 members are constantly being added to this family. The network of adipokines relevant to neoplastic progression is being expanded, and the list currently contains 15 adipokines (20). Distinct adipokines bound to their respective receptors are distributed in a wide range of organs and tissues, interfacing and regulating diverse signaling pathways in neoplastic cells (78). Adipokines exhibit context-dependent interactions with diverse cancers, so it is not surprising, for instance, that even though adiponectin is proven to have a guardian angel effect in an otherwise malignant tumor, including breast cancer, the same does not hold true in clinical studies or mechanistic studies concerning PC (79, 80). Alongside with the increasing acceptance of the idea of adipokines as therapeutic targets, more in-depth research is being conducted For instance, immunotherapy may contribute to the increased immune response stimulated by immunotherapy in cancer patients. There are implications of adipokines for reprogramming of TME (78, 81).



WAT in Various Depots

Via distinct signing mechanisms, AT relates to additional systemic components through its secreted substances. The impact of AT at either the systemic or local scale is well explained when considering it as a collection of depots scattered throughout the body, with separate depots comprising the whole being individually focused on various features, even more precipitated diverse gradients of disease risk (82, 83). The subcutaneous adipose tissue (SAT), located underneath the skin, and the visceral adipose tissue (VAT), surrounding the internal organs of the body, together constitute the bulk of WAT. Both deposits have separate metabolic specificity (51). VAT containing substantially more immune cells displays increasingly active metabolic traits, accompanied by elevated insulin resistance and expression of inflammatory mediators or adipokines, which is considered convincing evidence for engaging VAT in obesity-related metabolic disorders or diseases, such as cancer (51, 84). One compelling argument shows that VAT levels inversely correlate with serum adiponectin, of which the anti-inflammatory and anti-cancer functions have garnered enough attention, as shown by the mechanisms described below (85). The direct impact exerted by VAT on the endocrine system could consequently induce metabolic disorders. This, moreover, could partly mirror the assessment of disease prognosis. Not only is VAT measurement an invaluable element in the assessment system for estimating the effectiveness of chemotherapy in PC patients, but it is equally applicable to patients after PC surgery, both signifying alarming prognostic consequences (86, 87).

Given that SAT and VAT, described above, appear to be indirectly and teleologically regulated in the case of PC, scholars are increasingly focusing on intrapancreatic fat within the setting of PC, a pancreas-specific fat storage reservoir (19). Therefore, AT may prefer to interact in a somewhat direct and paracrine mode to promote carcinogenesis. AT-related inflammation and metabolic disorders of paracrine secretion are followed by the over-fat deposit in the pancreas, which exceeds a certain common threshold (88). The pathological accumulation of AT in the pancreas or replacement of pancreatic alveolar cells by adipocytes following unnatural death both facilitate the progression of fatty pancreas (89). Intrapancreatic adipose concentrations have recently been recognized as a risk factor for early PC lesions and could shape the macroscopic or even microscopic environment of PC, with the potential of being a key criterion for early cancer detection (90, 91). Infiltration of adipocytes and an increase in adiposity are detectable in PC tissue, which suggests a poor prognosis (88, 92).

The distinct localization of VAT or intrapancreatic fat might determine how its secreted adipokines act on PC, which may involve an endocrine pattern or a paracrine manner to generate local tissue inflammation or, more likely, a combination of these two heterotypic signaling (89, 93). Adipocytes constitute a central stromal component of the tumor microenvironment with the ability to interact with cancer cells through cellular autonomous signaling together with paracrine messaging by secreting multiple regulatory molecules, notably adipokines (94). Such signaling mechanisms are seen to be involved in KRAS-mediated reprogramming of TME metabolism, which in turn subtly alters the proliferative efficacy of pancreatic cells (95). OSM in TME is mainly secreted by tumor-associated macrophages (TAM) and AT with the capacity to induce VEGF production and angiogenesis, together with being a potent chemotactic agent for neutrophils, which consequently promotes inflammation-associated tumor progression (96). The pro-inflammatory properties of adipokines derived from the AT paracrine routes could contribute bidirectionally to the fibrotic and inflammatory condition of the pancreas and be a prospective contributor to the chemoresistance of PC (15). Another rather intuitive and intricate mechanism involves the secretion of adipokines by distantly located AT away from the tumor, which undergoes turnover in circulation and flow to reach the target organ, like the pancreas, for effect (94). Straightforward proof of this model is that existing sufficient studies to show adipokines such as leptin, resistin, and omentin are increased or even varied in serum of PC patients (21, 32, 52). For example, by interacting with its receptors, leptin acts as an endocrine agent via activating key molecules such as JAK2, STAT3, and PI3K and engaging in a wide range of signaling pathways, including JAK2/STAT3, PI3K/AKT, and Notch (97). The complex side of the endocrine approach, however, resides in the fact that at the macroscopic level of the human body, the over-secreted adipokines by AT carry with them metabolic disturbances, such as insulin resistance or glucose metabolism disturbances, which likewise impinge on PC (98, 99). Certainly, both endocrine and paracrine forms of adipokine action could operate on PC, more likely as a synergistic effect.



WAT Related Chronic Low-Grade Inflammation

Complicated chronic low-grade inflammation in WAT is triggered and maintained as a result of a dysfunctional secretion of inflammatory factors, cytokines, and chemokines, which is dependent on an immune response with a range of immune cells, and such ongoing inflammatory responses are thought to underlie tumorigenesis or other illnesses (100–102). Despite the recent suggestion that variation in mitochondrial function underpins the inflammatory effects of adipose tissue, one cannot ignore the contribution of immune cells to this pattern of inflammation (103). Macrophages are believed to be the primary regulators of WAT-associated chronic inflammation via playing major roles, including initiating the recruitment of additional immune cells and secreting cytokines to adjust the inflammatory signaling cascade in host organisms (74, 104). Stress-related involvement of NK cells and secreted cytokines engage closely in the inflammatory polarization of macrophages in AT (105). Glycolysis is seen as a major contributor to the pro-inflammatory properties of macrophages in AT, activating the release of adipokines from macrophages (106). CD11c (+) ATM (AT macrophages) in WAT induces the accumulation of macrophages in the liver and the subsequent persistence of inflammation, which is facilitated by the recruitment of CXCL14-expressing neutrophils (107). The translocation of monocytes to AT by monocytes themselves allows the maintenance of obesity-specific chronic inflammation to be possible (108). Neutrophils have also been shown to maintain the inflammatory process by the production of large amounts of IL-1β and induction of macrophage clustering and infiltration (109). An increase in AT T cells was clearly observed after high fat intake, and the increased T cells were characterized by high expression of IFN-γ, highly expressed immune mediators in AT, and IL-17 (74, 110). While the effects of T cells and their diverse isoforms on WAT-related chronic inflammation vary, intriguingly, it has been verified that obese individuals, often accompanied by insulin resistance, have remarkably reduced natural Tregs, which means that Tregs restrict the proinflammatory environment and hence reduce chronic inflammation in adipose tissue (74, 104, 111, 112). CD8(+) T cells are recognized to precede macrophage activation and to provoke alteration in their phenotype in order to launch the inflammatory response inflammation (74, 113). CD8(+) T cells have the capacity to amplify the scope of the inflammation following an inflammatory response. Kiran et al. (113) discovered an increase in the proliferation of activated CD8(+) and CD69(+) T cells following WAT expansion, together with enhanced CXCR3 receptor expression, alongside the observed recruitment and increased numbers of pro-inflammatory M1 macrophages, which maintained a low degree of chronic inflammation. Notably, this process probably also produces adipokines such as osteopontin and resistin, which are in tandem with the endocrine capabilities of WAT itself, as discussed further below (114, 115).

Such chronic low-grade inflammation complicated with WAT has the potential to form a closed loop above the mechanism that leads to an inflammatory cycle, maintaining or amplifying the inflammation of AT. Chronic inflammation with a high level of CRP or TNF-α receptor 2 prove to initiate the original of PC and make progression to the metastasis, pre-diagnostic proficiency of inflammatory biomarkers provably correlates negatively with pancreatic cancer survival (116). This meta-inflammation caused by obesity or WAT has been accepted to be related to the pancreas and its inflammation. Existing experimental testimony shows highly penetrant PC with a mutant KRAS gene, a critical oncogene in the initiation, proliferation and metabolic reprogramming of PDAC, develops fast when faced with food-induced obesity and inflammation (117). Chronic inflammation of the pancreas as a consequence of obesity is consistently regarded as a life-long hazard factor for increasing the morbidity of PC (118). The necessity in transformation of gene and the susceptibility to tumorigenesis of the mutation of KRAS brought with could be enhanced when hit by HFD and WAT-inflammatory, which will make PC more invasive (117). Gupta et al. (119) newly noted Endothelin-1 (ET-1), which is correlated with PC, can be upregulated in pancreatic tissue when come across the activation of KRAS, an oncogene that shows great effect in obesity, no matter chronically or acutely inflamed pancreas.





Adipokines and pancreatic cancer

Previous studies in other cancer contexts, like BC and CRC, placed leptin, resistin, adiponectin, oncostatin, and osteopontin in the spotlight. Despite the acknowledged interactions of these five adipokines with PC, there remains no review to systematically cluster and analyze their contributions to PC. While leptin boosts the progression of PC through diverse signaling pathways, adiponectin could exert a protective effect that is rarely seen in other adipokines. Resistin serves as an essential biomarker in the pathophysiological progression of PC and is highly correlated with diagnosis and prognosis. However, research on oncostatin and osteopontin is more focused on the mechanisms of TME regulatory manipulation.


Leptin

Leptin was initially discovered in 1994 by Zhang et al. (120) using a mouse cloning technique. Subsequently it was discovered that the protein was encoded by the obesity-related gene (OB Gene) and secreted by WAT (Figure 1). Following the advanced research on the mechanism of action of leptin, its functions were no longer constrained to the control of appetite and governance of energy balance by acting as a regulator of fat metabolism in the body, but more often as an adipokine to perform immune regulation, angiogenesis and intervention in the governance of tumor cell growth. Recently, it was shown that the modulation of tumor cell growth by leptin is related to the genesis and development of various tumors, among which PC is a current clinical hotspot given its poor prognosis and difficulty in diagnosis. White et al. (22) observed the relationship between leptin levels and PC growth in mice by controlling their body weight, suggesting that increased body weight significantly accelerated the growth of PC in mice and that the consequent increase in leptin levels was a potential mechanism by which obesity could affect the growth of PC. Stolzenberg-Solomon et al. (21) identified a significantly increased risk of occurrence of PC in patients followed for more than 10 years (OR = 2.55,95% CI = 1.23, 5.27; P = 0.004) by following up 731 cases of pancreatic adenocarcinoma that occurred between 1986 and 2010, which confirmed that leptin increased concentrations correlated with pancreatic carcinogenesis.




Figure 1 | Wide range of adipokines released by white adipose tissue, including leptin, adiponectin, resistin, oncostatin, kisspeptin, omentin, and chemerin, impact on the biological traits of pancreatic cancer.



The mechanism of action of leptin occurs mainly through interaction with its specific receptors. Leptin receptor (LEPR, also known as ObRs), is a single transmembrane glycoprotein encoded by the LEPR gene and consists of six different isoforms of LEPR (a–f), which are widely distributed in the choroid plexus, hypothalamus, cardiovascular, liver, kidney, pancreas, and other organs throughout the body (121). Combination of LEPR with leptin invokes cancer progression by inducing molecular biological behaviors in normal tissue cells through EMT, cell–extracellular matrix interactions and extracellular matrix protein hydrolysis, which interrelate closely with tumor cell genesis, proliferation, distant migration, and apoptosis (122). Fan et al. (123) identified that leptin upregulates MMP-13 by mediating the JAK2/STAT3 signaling pathway, while the MMP family was previously proven to degrade various components of the extracellular matrix (e.g., basement membrane and fibronectin) in mutated cancers (ovarian, breast, etc.) with consequent promotion of tumor metastasis. In addition, it has been shown that MMP-13 positively relates to LEPR expression levels and that increased expression correlates substantially with lymph node metastasis in pancreatic cancer patients (123). Mendonsa et al. (124) identified LEPR short and LEPR long isoforms from PC tissues as well as confirmed that leptin specifically binds LEPR and activates the PI3K/AKT pathway to promote PC cell migration. Furthermore, the application of the AKT signaling pathway inhibitor LY294002 to PC cells significantly counteracted the effect of leptin on the proliferation of tumor cells, while the corresponding application of the AKT pathway activator IGF-1 counteracted the effect of leptin silencing, which similarly supports the notion that leptin can promote the migration and growth of PC by activating the PI3K/AKT signaling pathway (23). Notch receptors, ligands, and Notch-targeting molecules (Notch1-4, DLL4, JAG1, etc.) were highly expressed in PC cells cultured in leptin, while Notch expression levels were significantly reduced after administration of Notch inhibitory factor (DAPT) and leptin signaling inhibitor (IONP-LPrA2), indicating that Notch is required for leptin-induced PC proliferation (24). Also, the antigen expression of PC in the treated group was detected and remarkable expression of PCSC markers CD24/CD44/ESA, ALDH, CD133, and Oct-4 were found, suggesting that the leptin/Notch axis also affects PC stem cell progression (24). Notably, in a follow-up study, Harbuzariu et al. (25) found that leptin attenuated the cytotoxic effects of 5-fluorouracil (5-FU) on PC by increasing the expression of Notch signaling pathway transcription factors and eliciting increased expression of the drug efflux proteins ABCC5 and ABCC11, of which 5-FU retards chemoresistance precisely by decreasing ABCC5 and ABCC11, suggesting that the therapeutic sensitivity of 5-FU in PC patients could be strengthened clinically by targeting the leptin/Notch axis (Table 1).



Adiponectin

Since its identification in 1995, adiponectin has attracted considerable attention due to its unique cancer-suppressive effects on common tumors such as colorectal, ovarian, and cervical cancers (125). Adiponectin is another endogenous bioactive product secreted by WAT and resides in the body chiefly in the form of low molecular trimers (LMW), medium molecular hexamers (MMW), and high molecular multimers (HMW), where the HMW exhibits the most intense activity as the main form of adiponectin activity (126). In the circulating blood, adiponectin exerts its activating effects on insulin sensitization, prevention of cardiovascular disease, diet regulation, and mediation of signal transduction pathways through binding with adiponectin receptors, including AdipoR1 (adiponectin receptor-1), expressed highly in skeletal muscle and liver, AdipoR2 (adiponectin receptor-2), localized to the liver, and T-cadherin, which is abundantly expressed in endothelial cells and smooth muscle cells (127) (Figure 1). Due to the specificity of the distribution of adiponectin receptors, current studies suggest that T-cadherin is participatory in atherogenesis, whereas AdipoR1 and AdipoR2 enriched in the liver, mainly moderating the role of signal transduction, are closely associated with procedures regarding insulin secretion and tumor metabolic reprogramming (128, 129).

Although adiponectin inhibits tumor progression by suppressing cell proliferation or inducing apoptosis in carcinomas of the cervix and breast, there is still much controversy regarding the relevance of adiponectin to PC and the underlying mechanism by which it impacts the PC. According to Dalamaga et al. (26), 81 cases of PC and 81 control healthy patients were included between 2000 and 2007 in the follow-up and it was concluded that high levels of adiponectin in the body were positively associated with the incidence of PC. Similarly, another clinical study, which measured serum adiponectin concentrations in 72 patients with PC, 39 patients with chronic pancreatitis, and 290 control patients, determined that median adiponectin levels were statistically higher in the PC group than in the control group (27). Both the above studies had relatively small sample sizes, yielding discrepancies in results after large sample studies. After 6 years of follow-up of 468 patients with PC and 1,080 healthy patients, Bao et al. (28) found that the median plasma adiponectin level of 6.2 µg/ml was lower in the PC group than in the control group at 6.8 µg/ml, implying a possible negative association between plasma adiponectin and PC risk. Based on the European Prospective Investigation into Cancer and Nutrition (EPIC cohort), Grote et al. (29) conducted a case–control study involving 452 PC patients and 452 healthy cases and confirmed that elevated adiponectin levels in never-smokers were negatively associated with PC risk (Table 1).

According to large-scale clinical studies, low concentrations of plasma adiponectin may be a risk factor for the pathogenesis of PC, which might be related to the activation of caspases by adiponectin to promote apoptosis and the attenuation of the β-catenin signaling pathway to restrain tumor cell proliferation (30, 31). The tendency of cancer cell growth was inhibited by the treatment of Pan02 mouse PC cells with adiponectin, whereas caspase-3 and caspase-7 activities were significantly augmented in the treated group, thus implying that adiponectin can promote apoptosis in cancer cells (Table 1) (30). Transplantation of Pan02 cells into the pancreas of adiponectin knockout mice resulted in a significant increase in the volume of tumors and a decrease in dUTP nick end-labeling (TUNEL) positive cells, indicating that adiponectin represses the proliferation of PC in mice (30). The downregulation of AdipoR expression was identified by Jiang et al. (31) to eliminate the anti-cancer cell proliferative effect of adiponectin and markedly boosted tumor growth in mice, and further demonstrated that adiponectin reduced cyclin D1 expression by interfering with GSK-3β phosphorylation to prevent its inactivation and degraded β-catenin to inhibit β-catenin accumulation in cells, ultimately blocking PC growth in the G0–G1 phase. This process was coupled with reduced expression of the β-catenin-related transcription factor TCF7L2, providing further evidence that adiponectin can weaken β-catenin signaling and play a critical role in the inhibition of PC growth (31).



Resistin

First named for its unique ability to induce mice to generate insulin resistance, resistin is otherwise known as adipocyte-specific secretory factor (ADSF) (130) (Figure 1). Resistin, which is a peptide hormone encoded by the RSTN gene, belongs to the RELM family along with three types of proteins, RELM-α, RELM-β, and RELM-y (131). Thanks to genetic sequencing, differences between mouse and human resistin, has been demonstrated at the genomic and protein levels. Genomically, the RSTN gene is located on human chromosome 19p13 and mouse chromosome 8A1; at the protein level, human and mouse resistin share only 59% homology, where human resistin is a mature 12.5 kDa molecule consisting of 108 amino acids, while mouse resistin is an 11 kDa polypeptide consisting of 94 amino acids (132). It was initially thought that resistin, like leptin and adiponectin, was mainly secreted by WAT, yet subsequently it emerged that only about one-third of resistin is secreted by WAT in the human body but more often by monocytes and macrophages, which in turn spurs the production of inflammatory factors such as TNF-α, thereby linking adipose tissue to the inflammatory response (133). In this regard, it might be possible that resistin functions as an immunomodulatory factor in the immune response of the TME (134).

Resistin couples four different functional receptors, including adenylylcyclase-associated protein 1 (CAP1), toll-like receptor 4 (TLR4), an isoform of decorin (DCN), and receptor tyrosine kinase-like orphan receptor 1 (ROR1), where DCN and ROR1 bound mainly to murine-derived resistin, while TLR4 and CAP1 were of special interest given their involvement in multiple signaling pathways in humans and their close relationship with the immune response in TME (132, 135). Tarkowski et al. (136) first reported the ability of resistin to interact with TLR4 on the surface of monocytes and epithelial cells as well as to promote the generation of inflammatory factors IL-6, IL-1b, IL-8, and TNF-α, which in turn mediated NF-β and MAPK signaling engaged in the inflammatory response. Following the response of TLR4, it exerts its biological effects mainly through the transcription and secretion of pro-inflammatory cytokines via the MyD88 protein-dependent pathway and INF-1 via the TRIF-dependent pathway (136). TLR4 has been demonstrated to interact extensively with growth factors such as VEGF, PDGF, and EGF and chemokines such as CXCR7, fulfilling multiple roles in tumor cell apoptosis, metastasis, and microenvironmental immune escape (137). Binding to CAP1, resistin upregulates cAMP concentration in monocytes, which in turn enhances PKA activity as well as promotes transcription of NF-kB-related inflammatory factors (138). Moreover, CAP1 is far from being the only receptor known to bind directly to human resistin, which relates to the CAP1/CAMP/PKA signaling pathway and regulates monocyte function, leading to chronic inflammation (138). The chronic inflammation inspired by TLR4 and CAP1 is involved in the malignancy process, as is the overexpression of TLR4 and CAP1 in the TME, contributing to the progression of cancer. Yamazaki et al. (139) identified overexpression of CAP1 in PC tissues with reduced motility, invasive ability, and lamellar phospholipid formation in cells following knockdown of CAP1, further analyzing that overexpression of CAP1 enhanced nerve infiltration and lymph node metastasis (Table 1). The study by Yamazaki et al. illustrated the correlation between resistin receptors and PC, and the correlation between resistin itself and PC, as was subsequently demonstrated by Jiang et al. (32) showing that patients with poorly histologically graded PC were often accompanied by resistin(+) with resistin being an independent prognostic factor affecting recurrence-free survival in patients with PDAC.



Oncostatin

A member of the IL-6 cytokine family, Oncostatin M (OSM), was identified as being able to be produced by AT and was engaged in glucose and lipid metabolism (140) (Figure 1). The members of the IL-6 cytokine family all share a common transmembrane subunit, glycoprotein 130 (gp130), in their corresponding receptor complexes, which is why the IL-6 cytokine family is termed the Gp130 cytokine family (141, 142). Oncostatin M, encompassing 252 amino acids and folded into a 4-helix bundle structure, is a special member of the Gp130 family of cytokines in that it features two different receptor complexes compared to others, the gp130/LIFRβ complex and the gp130/OSMRβ complex (141). The gp130/OSMRβ complex represents the main effective receptor of OSM, with the current research in PC focusing on it. In the presence of OSMRβ, OSM could activate specific signaling pathways from STAT5, STAT6, AKT, and PKC-δ, which were unable to be activated by other Gp130 cytokine family members. Upon binding to the gp130/OSMRβ complex, OSM induces transcription of relevant target genes through signaling pathways such as JAK/STAT, MAPK/ERK, and PI3K/AKT with a crucial role in inflammation and hematopoiesis and could act in direct ways as growth inhibitory or growth promoting factors impacting the expansion of tumor cells or indirectly on angiogenesis through the recall of inflammatory cells (141, 143).

As a consequence, different roles are played by OSM in distinct pathological contexts. Comparing the serum expression of 507 cytokines in PC patients and healthy volunteers, five cytokines, including OSM, showed sensitivity ranging from 69 to 77% and specificity of 75% with a highly discriminatory diagnosis of PDAC and exhibited potential as new diagnostic biomarkers of the efficacy of gemcitabine and erlotinib (33). Increased circulating OSM suggests of increased severity of PC and currently understood mechanisms involve the promotion of EMT, regulation of stem cell plasticity, reprogramming of fibroblasts and reinforcement of chemotherapy resistance in PC. Tan et al. (34) were the earliest to report that OSM could induce EMT along with more elongated, fibroblast-like cells, a mechanism that may involve JAK/STAT signaling (Table 1). The phenotype-driven effects of OSM on mesenchymal and cancer stem cells (CSC) were further investigated by Smigiel et al. (35). Upon exposure to OSM, additional PC cells expressed mesenchymal/CSC properties, and increased tumor metastasis, enhanced tumorigenicity, and resistance to gemcitabine were observed (35). This induction of the MSC/CSC cellular state is maintained by a positive feedback effect resulting from activation of the OSMR/JAK/STAT3 pathway induced by OSMR binding and inhibition of OSM function would prevent PC cells from acquiring and maintaining MSC/CSC properties, thereby preventing cancer cells from participating in a favorable escape mechanism (35).

A tumor-inflammatory microenvironment that promotes tumor growth and metastasis could be established by OSM to affect the prognosis of PC patients, which is achieved by reprogramming inflammatory cancer-associated fibroblasts (iCAF) (36). CAF itself has become the mainstay of PC with an abundance of desmoplastic reactions during tumorigenesis. CAFs with high OSMR expression frequently have a release of inflammatory signals such as CXCL1, CCL2, CCL7, and IL6 (36). Additionally, OSMR was found to contribute to the immunosuppressive microenvironment of PC, with classical monocytes in OSM (−) PC showing attenuated differentiation towards TAM with immunosuppressive properties and increased expression of CD40 and CD86, co-stimulatory molecules expressed by antigen-presenting cells (APCs), contributing to effective activation of T cells (36). LLGL1 augments the sensitivity of PC to gemcitabine and this sensitizing effect has been shown to be related to the induction of an anti-apoptotic effect and CSC by LLGL1 through the regulation of the ERK2/Sp1/OSMR axis (37). Intervening in OSM-OSMR signaling to regulate the iCAF reprogramming process and targeting OSMR to enhance the therapeutic effect of gemcitabine would be novel directions for treating PC (Table 1).



Osteopontin

Osteopontin (OPN), a multifunctional adipokine protein, holds the promise of being complementary to CA199 as an early clinical diagnostic marker (38) (Figure 1). This is in part, owing to the specific elevated expression of osteopontin in the serum or tissues of PC patients. Chen et al. (39) showed that osteopontin could uniquely discriminate healthy people from cancer. Adding to this, Poruk et al. (40) noticed that serum osteopontin significantly differed in PC patients compared with normal subjects in which elevated osteopontin was positively associated with patient mortality. What is of interest is that in the study by Collins (41), although osteopontin was also detected to be elevated, it was also noted that osteopontin has a protective effect independent of tumor stage. Also, OPN was elevated in PC tissues compared with healthy subjects and the relationship between PC clinicopathological parameters and osteopontin immunoscore was well explained, whereby its expression was indicative of clinicopathological stage level (144) (Table 1).

Leukocytes and mesenchymal stem cells (MSCs) could be recruited by osteopontin from either peripheral blood or bone marrow (145). Tumor-localized fibroblasts could be reprogrammed by osteopontin to become CAF, as could be M1 anti-tumor macrophages, which are reprogrammed to become TAM (145–147). Osteopontin may also be referred to as secreted phosphoprotein 1 (SPP1) (148). It also belongs to the SIBLING family, which stands for “small integrin binding ligand N-linked glycoproteins” and was initially recognized as being present in bone and dentin, where it fulfills the duties of extracellular matrix (ECM) formation and mineralization (149, 150). Members of this cytokine family enable the regulation of cell signaling by forming a functional complex with multiple integrins and CD44. The binding of integrin receptors during the action of osteopontin depends on the RGD domain (Arg-Gly-Asp) as well as a thrombin-cleaved epitope SVVYGLR (also known as the non-RGD domain), while the cell surface hyaluronan receptor CD44 subtype CD44v (6–15) binds to the calcium binding domain and acts in an RGD-independent manner (151, 152). The OPN–integrin complex activates key downstream molecules such as ERK2, (NF)-κB, IKKβ, and PI3K, while the OPN–CD44 complex is extensively involved in MAPK, FGFR2, PI3K, RAS, Wnt/β-catenin, and Hippo-YAP signaling pathways (151, 153). There may be more potential signaling, transcriptional, and therapeutic sites independent of these signaling pathways in the development process of PC.

Osteopontin promotes metastasis of PC and inhibition or reduction of osteopontin expression effectively inhibits liver metastasis of PC, a function that is exclusive to osteopontin compared to the structurally comparable osteopontins of the same family of SIBLINGs (154–156). The need to effectively halt early metastasis of PC is paramount considering that the high mortality rate of PC is inextricably linked to the early stages of metastasis. Additional causative factors of death from PC that leave clinicians at the end of their wits include the complex hyperplastic connective tissue of PC and, furthermore, increased desmoplasia hyperplasia is a key mechanism by which obesity contributes to the progression of PC, to which pancreatic stellate cells (PSCs) contribute in large part (157). Upon stimulation with TNF-α/β, IL-1/2/10, etc., PSCs can be activated into CAF isoforms like iCAF and myCAF, which participate in the desmoplastic reaction to remodel the mesenchyme of PC (158, 159). Hypoxia in solid malignant tumor cells such as PC is a pivotal ingredient for intensified aggressiveness, metastasis, and angiogenesis. PSCs are capable of being activated at hypoxia with the assistant of ROS and accompany of increased production of osteopontin, which proceeds to bind to integrin avβ3 and activates Akt/Erk signaling and then both regulating EMT processes in PC cells (PCCs) and regulates the expression of CSC-like properties, simultaneously inducing the malignant phenotype in PCCs (42). FOXM1, a proto-oncogene, serves as a downstream effector molecule in the osteopontin regulatory axis (42). In the context of CAF-PCC co-culture, CD44+ cells were significantly increased along with other stemness markers such as ALDH+ and AF+ (43). Moreover, the expression of osteopontin was also increased in the system and a reduction in stemness and tumorsphere formation ability was observed when either osteopontin or CD44 was knocked out, suggesting a role for osteopontin-CD44 in the regulation of stemness (43) (Table 1). H3K4me3, an essential modification of histone during the process of immune checkpoint inhibitor (ICI) immunotherapy, can act as a promoter to increase osteopontin expression and amplify osteopontin/CD44 axis signaling, thus making osteopontin a novel immune checkpoint that could complement classical PD-1 immune escape and weaken the effect of anti-PD-1 immunotherapy (44). The multiple functions of osteopontin are also manifested by the fact that the expression of osteopontin is elevated in the presence of increased glucose and insulin levels, together with an increased proliferation of pancreatic ductal epithelial cells (45).




Potential adipokines and pancreatic cancer

Certainly, additional adipokines involved in the malignant progression of PC will be confirmed in coming years. With their diverse cancer-related profiles, three adipokines, kisspeptin, omentin, and chemerin, stand out from the crowd of adipokines, but research in the PC context remains limited. The specific suppressive role of kispeptin demonstrated in other malignancies against tumor migration is similarly seen in PC. Omentin and adiponectin, the previously mentioned unique protective factor, possess parallels in their secretory patterns, opening up the potential for underexplored protective adipokine features of omentin. Chemerin, being a recent star adipokine, might probably possess the type of relationship with tumor immunity and metabolism proven in PC and in other malignancies. Regardless of kispeptin, omentin, or chemerin, in the future, all could present a direction for further reflection on the mechanics of the adipokine role in the context of PC.


Kisspeptin

As a member of the adipokine family, kisspeptin was originally referred to as metastatic owing to its unique inhibitory ability on tumor migration (Figure 1). KISS-1 is a pre-peptide containing 145 amino acids, which are terminally amidated by the serum proprotein convertase Furin to generate numerous bioactive peptides, namely, kisspeptin, including KP-13, KP-54, KP-14, and KP-10 isoforms, among which KP-54 is currently the most studied. On the one hand, these isoforms (KPs) function as regulators of malignant migration, and on the other hand, they are positive regulators of the mammalian reproductive neuroendocrine axis (160). Located on the long arm of chromosome 1, KISS-1 is regulated by TXNIP, CRSP3, and TCF21 and is mainly expressed in tissues such as the placenta, kidney, pancreas, and hypothalamic arcuate nucleus, where it exerts vital roles in the suppression of native tumor metastasis (161) (Figure 1). Ongoing studies confirm that the KISS-1 expression pattern significantly overlaps matrix metalloproteinases (MMP), a central mechanism by which the MMP family is involved in the metastatic process of malignant tumors, which explains the tumor metastasis inhibitory role of kisspeptin in an array of tumors (162, 163). KISS-1R, the natural receptor for kisspeptin, also called Gpr54, belongs to a family of seven transmembrane G protein-coupled receptors consisting of α, β, and γ subunits of which are highly distributed in the pancreas, placenta, pituitary gland, and spinal cord and similarly closely associated tumor metastasis (164, 165). Of these, the α subunit contains four initiation signals, including GαS, Gαi/Gαo, Gαq/Gα11, and Gα12/Gα13. Both KISS-1R can bind to Gαq/Gα11 and separately activate the small G protein RhoA, thereby linking to downstream tumor-related signaling pathways like EGFR, CXCL12/CXC4, TNFα, NFκB, PI3K, TGFβ, etc. (163).

While kisspeptin was initially shown to suppress metastasis in melanoma, subsequent studies have found that KISS-1/kisspeptin could boost metastasis in malignancies ranging from liver to breast cancer, suggesting a dual identity for kisspeptin in cancer (166). Kisspeptin still remains to play a cancer metastasis inhibitory role in PC. McNally et al. (167) found that mice implanted with S2VP10L-KISS, PC cells overexpressing KISS-1, had fewer liver and lung metastases from pancreas but showed no significant difference in tumor cell proliferation. Similarly, Masui et al. (46) showed that though exogenous kisspeptin did not inhibit the proliferation of PC cells, it did exhibit a significant influence in reducing the migration ability of PC cells in vitro, presumably related to the activation of ERK1 and p38 by kisspeptin (Table 1). Wang et al. (47) observed that PC cells PANC-1 with high KISS-1R expression exhibited similar tumor migration inhibition to BxPC-3 cells with low KISS-1R expression after transfection with KISS-1, implicating that KiSS-1 overexpression-mediated invasion inhibition was not dependent on the receptor expression level. Multiple current studies confirmed that although KISS-1 is less expressed in PC tissues than in normal, PC patients with high KISS-1R expression in their tumors tend to have higher survival rates and better prognosis. Contrary to the diminished expression of kisspeptin in tumor tissue, the current clinical studies revealed a significant increase in serum kisspeptin expression (48). Likewise, Katagiri et al. (49) came to this conclusion and explained that serum kisspeptin may be secreted by normal body tissues as a “self-defense mechanism” against cancer progression. As a result, serum kisspeptin levels can be of translational medical value as a non-invasive prognostic indicator for patients with PC. Additionally, the exploitation of antibiotic agents targeting the KISS-1/Kispeptin/KISS-1R axis may be a viable strategy for adjuvant PC treatment. Examples include alpha-bisabolol, an effective inhibitor of tumor aggressiveness in PC, whose cancer-suppressive effects were previously proved relevant to the activation of KISS-1R, giving rise to new ideas for the clinical treatment of PC (50).



Omentin

Omentin is an accepted hydrophilic adipokine with two highly homologous isoforms (20), omentin-1 and omentin-2, which share 83% amino acid homology (168) (Figure 1). Omentin-1 is the predominant circulating form of omentin, originally identified in small intestinal Paneth cells and endothelial cells as intelectin-1, which is abundant in human plasma and referred to as the galactofuranose binding lectin, intestinal lactoferrin receptor, and endothelial lectin (169). As demonstrated by experimental evidence, omentin-1 preserves body metabolism as well as enhances insulin sensitivity and exerts anti-inflammatory, anti-atherogenic, and tumor growth-regulating effects through AMPK, AKT, NF-κB, MAPK, ERK, JNK, and p38 signaling. Remarkably, the level of omentin-1 in plasma was positively correlated with adiponectin, which has been shown to inhibit the growth of many malignancies as an adipokine with reduced levels in obese people, suggesting that there might be a similar form of regulation between omentin-1 and adiponectin, all of which provide directions for further dissection of the mechanisms underlying the regulation of PC growth by omentin (51). For instance, omentin-1 inhibits the proliferation and promotes the apoptosis of colon CSCs through the PI3K/Akt pathway, which is apparent depending on the duration and concentration of exposure (170). There are no binding receptors for omentin identified, and some scholars speculate that it might be a non-protein component of the cell surface, such as a carbohydrate or glycolipid (168). Contemporary research on omentin and PC has been limited to clinical studies. Karabulut et al. (52) analyzed serum samples from 33 PC patients and found PC patients had significantly higher baseline levels of serum omentin compared to controls (p <0.001) and that an identical result was seen in patients with larger pathological tumor volumes. Kiczmer et al. (53) also detected a significant increase in omentin-1 levels in patients with PDAC. Arjmand et al. (54) stated that omentin levels were markedly associated with the risk of PC and that increased serum levels of omentin-1 may result from the response of body to the tumor, although the exact mechanism by which omentin regulates PC is still unclear (Table 1).



Chemerin

The function of chemerin to activate signaling within tumor cells, enhance natural and acquired immune defense against tumors and promote endothelial angiogenesis has made deciphering the relationship between chemerin and various malignancies a hot topic of research in oncology (171) (Figure 1). Chemerin, also known as tazarotene inducible gene 2 (TIG2) or retinoic acid receptor response protein 2 (RARRES2), is produced by C-terminal processing of pro-chemokines secreted by the liver and WAT (172). To a large extent, human chemerin isoforms include chemerin 156, chemerin 157, and chemerin 158, of which vhemerin 157 represents the most dynamic variant (173).

The dual role of chemerin in cancer development is that high serum chemerin levels may indicate increased survival in patients with tumors such as breast cancer, ovarian cancer, hepatocellular carcinoma (HCC), and adrenocortical carcinoma (ACC), while high chemerin expression suggests poor prognosis in patients with gastric cancer and non-small cell lung cancer (NSCLC) (171). For PC, Kiczmer et al. (53) evaluated serum chemerin levels in 27 patients with PC, 10 patients with CP, and 36 control volunteers and found that chemerin levels were significantly elevated in patients with PC (Table 1). Unfortunately, the current study did not disclose the expression of chemerin in PC tissues and did not further investigate the relationship between chemerin expression and the prognosis of PC patients. The mechanisms by which chemerin exert their cancer suppressing or promotive effects differ, with recruitment of immune cells causing them to inhibit tumor growth, and induction of neovascularization allowing chemerin to facilitate tumor growth (174). There exist three known receptors for chemerin, namely chemokine-like receptor 1 (CMKLR1), G protein-coupled receptor 1 (GPR1), and C-C chemokine receptor-like 2 (CCRL2) (175) (Figure 1). The former two are capable of transmitting signal transduction and have been respectively named Chemerin1 and Chemerin2 (172). Additionally, CMKLR1 has also been referred to in other literature as ChemR23. CCRL2 is thought to be a non-signaling receptor with a high affinity towards chemerin and, while unable to transmit signals via any known signaling pathway, CCRL2 is able to bind and deliver chemerin to establish concentration gradients and thus get involved in various functions (172, 176). Recently, Delbany et al. (177) reported the role of chemerin as a negative regulator of tumorigenesis in a skin cancer model, where the rate of papilloma development was significantly elevated upon loss of CCRL2 and this effect was abolished in the absence of CMKLR1, suggesting that the biological function of CCRL2 is closely dependent on CMKLR1. Also in this study, tumor cells overexpressing CCRL2 were found to aggregate chemotactic proteins, condensing chemerin on the cell surface, thus promoting activation of CMKLR1-expressing cells (177). To further demonstrate that these anti-tumor effects of CCRL2 are mediated by local concentrations of chemerin. In contrast, unlike other tumors, chemerin is able to inhibit the generation of skin cancer vessels, thereby inducing cell death and delayed proliferation (177). Chemerin is involved in the regulation of the TME through recognition of cell surface CMKLR1 displayed by macrophages, NK cells, endothelial cells, myeloid and plasmacytoid dendritic cells, smooth muscle cells, and adipocytes that express CMKLR1, a subpopulation of cells present in the TME (178, 179). Moreover, chemerin has recently been linked to tumor lipid metabolism and ferroptosis. Tan et al. (180) found that deregulation of chemerin expression inhibited tumor growth and significantly reduced intracellular lipid deposition in CcRCC cells. Further analysis revealed that lipid metabolism was reprogrammed in cancer cells after inhibition of chemerin expression and enhanced lipid oxidation resulted in increased susceptibility to ferroptosis in CcRCC cells (180). Concurrently, it was observed that lipid coenzyme Q and mitochondrial complex IV were both reduced following chemerin inhibition, leading to lipid reactive oxygen species production and further promoting ferroptosis (180). Taking these mechanisms together into account could provide a breakthrough idea to explore the rationale for chemerin in PC.




Conclusion

Concurrently, obesity serves as a recognized risk factor for cancer. Despite the increasing knowledge of obesity-related malignancies, the specific mechanisms underlying the interconnections seem to be complex. Deciphering the mechanisms involved and finding the value of translational medicine is an increasingly critical topic in oncology. Adipokines are of increasing interest as key mediators influencing the pathophysiology ascribed to cancer.

Hence, throughout this review, we highlight the important role of AT and adipokines in the pathology of PC (Table 1). As demonstrated in Table 1, with the exception of adiponectin, all the representative adipokines listed in this review at the present time have the ability to promote malignant progression of PC. Although adiponectin has shown divergent results in clinical studies, in vivo or in vitro studies have all confirmed its antagonistic impact on PC. Such a distinct oncogenic effect of adiponectin is interesting, yet this mechanism is currently not well documented in PC. Furthermore, through the review, we found that although all being members of the adipokine family, the various adipokines mentioned above induce different pathophysiological processes in PC through a diverse range of mechanisms, ultimately altering the results of tumor as well as the prognosis of tumor patients. Hence, we pose the question of whether classical adipokines including resistin and adiponectin interfere equally profoundly with the course of PC by regulating TME, tumor metabolic reprogramming, and other pathways, which needs to be further determined by future studies.

We also found that many other adipokines that show regulatory effects in other GI cancers, like visfatin and apelin, have a gap in research in the context of PC and need to be expanded by further studies, both in clinical studies and in an in-depth exploration of the mechanisms involved. As Table 1 collated, several adipokines are mentioned in the review, such as chemerin and omentin. There are still lots of gray areas that exist in the mechanism of their action in PC, and it may be possible to look at the mechanisms listed above, in other malignancies, for ideas as well as directions. This is notable since we conjecture that adipokines act as a bridge between obesity and cancer, while often acting as an endocrine hormone involved in the metabolic regulation of the body. It is likely that multiple distinct adipokines cascade with each other to form a feedback mechanism and thus a web of interactions. Identifying this complex and variable matrix of associations is likely to yield specific endocrine therapeutic avenues that are critical to improving the clinical malignancy treatment landscape.

Furthermore, the translational medical value of adipokines includes being a diagnostic marker of specificity. We have seen this potential in osteopontin, leptin, and others. With further exploration of multiple adipokine combination diagnostic modalities in the future, this role may be maximized. Additionally, such values can be reflected in accurate screening, specifically for early-stage cancers in the obese population, which is likely to significantly improve disease prognosis in them. In addition to the role of diagnostic markers, bringing together multiple adipokines for use as a grading scale and tailoring different treatment protocols for obese patients at different stages may significantly improve their survival rates. Simultaneously, there is mounting support for the idea that the adipocyte-rich microenvironment plays an instrumental role in the development of various tumors. Adipokines can act locally within AT and systemically, equally regulating the TME, which means future exploration of such mechanisms is of equal value. And, we conjecture that, as an endocrine factor, adipokines are most likely also engaged in tumor metabolic reprogramming, as they regulate metabolism systemically, but unfortunately, although we currently see this role in newly identified adipokines, this is currently limited and further in vivo and in vitro experiments are needed to validate this. In summary, adipokines have great potential to become reliable targets for neoadjuvant tumor therapy, and the prospect of such applications is compelling.
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Pseudogenes have been considered as non-functional genes. However, peptides and long non-coding RNAs produced by pseudogenes are expressed in different tumors. Moreover, the dysregulation of pseudogenes is associated with cancer, and their expressions are higher in tumors compared to normal tissues. Recent studies show that pseudogenes can influence the liquid phase condensates formation. Liquid phase separation involves regulating different epigenetic stages, including transcription, chromatin organization, 3D DNA structure, splicing, and post-transcription modifications like m6A. Several membrane-less organelles, formed through the liquid phase separate, are also involved in the epigenetic regulation, and their defects are associated with cancer development. However, the association between pseudogenes and liquid phase separation remains unrevealed. The current study sought to investigate the relationship between pseudogenes and liquid phase separation in cancer development, as well as their therapeutic implications.
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Introduction

Cancer remains a global health threat, and its impact on human being has been intense. Excluding melanoma skin cancer, there will be an estimated 19.3 million cancer diagnoses and around 10 million deaths worldwide in 2020 (1). The intricacy of cancer growth pathways, such as changes in the cellular microenvironment, environmental variables, and aberrant gene/epigenetic expressions, influences cancer management challenges. The epigenetic expression has been linked to the development of liquid-liquid phase separation (LLPS). LLPS mediates the epigenetic expression by providing the adaptability of the cellular microenvironment according to the cellular stress (2). LLPS is formed by the interaction between RNAs-RNAs, RNAs-protein, ribonucleoprotein, proteins-proteins, and non-coding RNAs interaction, which subsequently results in the formation of dynamic condensates (3–5).

Pseudogenes have been regarded as defective duplicates of coding genes that lack a functioning gene product for decades (junk DNA). However, using advanced technologies such as RNA sequencing and proteomics analysis, the findings indicate that pseudogenes can influence gene expression by competing with miRNA for the parental gene targets, being translated into peptides, and being transcribed into long non-coding RNAs that participate in other cellular functions (6, 7). The recent tremendous breakthrough in research on cancer has explored the link between pseudogenes and cancer progression. For instance, using cancer proteomics datasets, 1970 novel peptides of pseudogenes were found in tumor tissues, where some pseudogenes-encoded peptides are tumor-specific as pseudogene RHOXF1P3 is upregulated up to 16 folds in breast cancer (8). Moreover, peptide-encoded non-coding RNAs are linked to cancer formation, with 2044 unique peptides detected in tumor samples and 426 novel peptides found in healthy tissues (8). Along the same lines, Cx43 pseudogene (ΨCx43), a pseudogene of connexin43 (Cx43), which is a gap junction protein, is highly expressed in several cancer cell lines but not in normal cell lines (9). Table 1 summarises the correlation between dysregulated pseudogenes and cancer cell proliferation, migration, and poor prognosis.


Table 1 | Functions of pseudogenes in different tumors.



Apart from their roles in cancer development, pseudogenes affect the formation of liquid phase separation, and various findings show that LLPS affects different epigenetic expression levels. As a result, the abnormal expression of pseudogenes and the formation of LLPS plays a significant role in cancer development. The current study sought to sift through the existing literature to assess the relationship between pseudogenes and LLPS and cancer formation, which may provide a new perspective on approaching cancer development in the future.



LLPS and Epigenetic Expression Stages

Current research focuses on epigenetic expression as a result of the dysregulation of several variables that contribute to cancer formation. Among these factors, LLPS influences numerous cellular events and subsequently affects different epigenetic expression stages, including chromatin organization, histone modification, transcription factors activation, RNA splicing, non-coding RNAs metabolism, and m6A modification.



LLPS and Chromatin Organization

Genomic DNA is wrapped around histone proteins, forming the more compact and dense complex known as chromatin. This organization regulates various nuclear processes and controls histone modifications or other chromatin-binding proteins (24). The existing literature shows that the nucleosomal array mediates the LLPS, where histone1 enhances the phase separation and leads to the aggregates’ formation, while histone acetylation suppresses the condensate formation (25).

Mechanically, MeCP2 competes with linker histone H1 and compacts the nucleosomal array to maintain the chromatin structure. A recent study shows that MeCP2 promotes chromatin condensates by inducing the DNA methylation and LLPS on nucleosomal arrays (26). In the same vein, heterochromatin-binding protein HP1 serves as a transcriptional repressor by binding to methylated lysine 9 residue of histone H3 and assists the chromatin cohesion, promoting aggregation formation in the nuclear state (27). Additionally, numerous membrane-free organelles generated by LLPS (such as paraspeckles and splicing speckles) interact with chromatin via their long non-coding RNAs (28).

To efficiently package the genome, the chromatin is settled in three dimensional (3D) structure in the nuclear loci. The study shows that the variation in 3D chromatin structure promotes tumorigenesis (29). Furthermore, the evidence points out the impact of LLPS on the 3D structure, where the suppression of liquid phase separate by 1,6-hexanediol compromises the 3D structure organization in living cells (30–33). Given that histone modification and three-dimensional structure are connected with liquid phase separation, and non-coding RNAs in membraneless organelles interact with chromatin structure, LLPS plays a critical role in chromatin organization.



LLPS and Transcription Factors

Transcription factors are proteins that can bind to DNA sequences to regulate the rate of mRNA transcription process (34). To achieve transcription precision, the transcriptional factors activate LLPS to concentrate the super-enhancers, enrich the transcriptional factors, and bind the RNA polymerase II. For instance, a transcriptional co-activator, Yes-associated protein (YAP) mediates phase separate condensates formation in the nucleus. Yu et al., 2021 reported that the interferon-gamma induces cancer drug resistance by promoting the nuclear translocation and phase different condensate of YAP, and the disruption of YAP condensates suppresses the tumor growth and promote immune responses (35). Along the same lines, the RNA polymerase II is recruited in phase separation condensates during the initiation of the transcription process; then, the formed aggregate assists the CycT1 to phosphorylate the carboxy-terminal domain of RNA polymerase II, which subsequently promotes the transcription elongation of polymerase II. Co-activator MED1 and bromodomain-containing proteins like BRD4 promotes the phase separation at the super-enhancers site (which is dominated by Nanog, Sox, and Oct4) to augment the transcriptional efficacy (36).

The study supports the function of transcription factors in LLPS, demonstrating that synthetic transcription factor aggregates upregulate gene expression up to five fold in various mammalian cell lines and an in vivo model (37). TAZ, a transcriptional co-activator with PDZ binding motif, is increased in more than 20% of breast cancers and promotes the growth and spread of cancer cells. TAZ coordinates transcriptional responses by condensing its DNA-binding cofactors and co-activators via the LLPS. The deletion of the TAZ coiled-coil domain hinders the formation of LLPS and the ability of the LLPS to begin the expression of its specific genes of interest (38). Based on these findings, LLPS plays a significant role in assuring transcription accuracy by aggregating the various transcription factors.



Splicing and LLPS

Alternative RNA splicing is the main step in gene expression regulation that allows the production of different messenger RNAs of varied functions from the same gene. Aberrant alternative RNA splicing involves in pathophysiology leading to various diseases, including cardiovascular diseases, immunopathological diseases, neurological diseases, and cancer (39).

The mRNA splicing mediates cellular developmental processes by regulating the liquid phase separation formation. For instance, Embryo defective 1579, which regulates the gene transcription and mRNA splicing, induces the formation of the condensate in vitro and in vivo, and its suppression affects the global gene expression and mRNA splicing as well (40). Similarly, Ubiquitin Specific Peptidase (USP42), which involves the deubiquitination process, uses its C-terminal disordered domain to drive the phase separation of spliceosome components in regulating the various mRNA splicing events. USP42 integrates the spliceosome component PLRG1 into nuclear speckles, and its inhibition affects the splicing process, which results in cancer development (41). To the same extent, alternative splicing drives the phase separation of heterogeneous ribonucleoprotein D-like (hnRNPDL), which is known to act as a transcriptional regulator. The study reveals that a mutation of the C-terminal disordered domain of hnRNPDL promotes the formation of the aggregates and affects the splicing products (42). Kawachi et al. show that splicing of the large exons is associated with phase separation of transcription factors, where the depletion of splicing factors, such as hnRNP K and SRSF3 disrupt the condensate assemblies (43). Le et al. demonstrate that a nuclear protein known as A Kina Anchoring Protein 95 (AKAP95), mediates different cellular events, including histone modification, cell-signaling pathways, and RNA splicing can induce phase liquid separate-like aggregates. The AKAP95 requires the LLPS to control the transcription and RNA splicing effectively, and its defect in the biophysical property and aggregates formation is associated with cancer development (44). Thus, LLPS is an essential regulator of the splicing process, and its aberrant production causes malignancy.



Role of m6A in LLPS Process

m6A is the most prevalent mRNA modification, accounting for 25% of all mRNAs. m6A affects the mRNA’s placement, translation, and degradation, depending on the included transcript. To achieve these mRNA metabolism processes accurately, m6A is assisted by its readers. The m6A readers such as YTHDF1, YTHDF2, and YTHDF3 can undergo LLPS, and this phase separation process depends on the abundance of m6A (45). For instance, YTHDF2 can recruit the m6A -containing transcript into P-bodies for being degraded (46). Moreover, Translocated in LipoSarcoma/Fused, a nuclear RNA-binding that forms the membrane-less aggregates, is affected by various m6A modifications in mediating the liquid phase separate condensates (47). Lee et al. show that the m6A modification regulates gene expression through liquid phase separate intervention. Furthermore, they reveal that m6A on enhancer RNAs display the highly active enhancers and recruit m6A reader (YTHDC1) to liquid phase separate into aggregates formation, which co-mixes with BRD4. This phase-separated condensate of m6A-enhancer RNA and YTHDC1 reveals the importance of enhancer RNA modification in the LLPS and gene expression control processes (48).

Apart from its role in mediating LLPS, the dysregulation of LLPS due to the defect in m6A expression is associated with cancer. The m6A is required for YTHDC1 to undergo LLPS and form nuclear aggregates, where the number of nuclear YTHDC1-m6A aggregates is higher in acute myeloid leukemia than in normal hematopoietic stem cells (49). Based on the aforementioned evidence, m6A modification and other epigenetic mediators like chromatin organization and splicing may collaborate to influence the RNA transcript regulation/destiny and mediate the liquid-liquid phase separation process. Their dysregulation contributes to cancer development (Figure 1). As the current study fouses on m6A, future studies could explore the impact of other RNA modifications to LLPS formation.




Figure 1 | Interaction between pseudogenes and LLPS to mediate cancer: Pseudogenes can be produced in three processes: pseudogenes due to nonsense mutation, pseudogene due to DNA duplication, and processed pseudogenes as the result of retrotransposition machinery. Both LINE-1 and pseudogenes can mediate the liquid phase condensates formation. A defect in pseudogenes expression may affect the liquid phase separate process, eventually affecting the epigenetic mediators, including chromatin organization, DNA 3D structure, transcription factors, alternative splicing, and m6A modification. Abnormal expression in these epigenetic mediators promotes cancer development.





Pseudogenes Formation

Pseudogenes have been considered as non-functional relatives of genes that have lost their protein-coding capability as they lack the necessary sequence required for transcription or translation. More than 10% of the human genome is characterized as pseudogenes and more than 2,075 human genes are denoted by at least one pseudogene. Pseudogenes are frequently generated by DNA duplication, nonsense mutation, or mRNA transcripts that undergo reverse transcription which leads to processed pseudogenes. More than 8,000 processed pseudogenes are associated with Long Interspersed Element-1 (LINE-1 or L1) retrotransposition machinery (50). LINE-1 mRNA achieves its task by using its peptides, namely ORF1p (a nucleic acid chaperone) and ORF2p (an endonuclease and reverse transcriptase). L1 retro-transposition uses its enzymes to reverse the target mRNA transcript and integrate it into the host genome, resulting in a processed pseudogene as a final product (50).



Role of Pseudogenes in LLPS

LLPS is referred as physical changes of a substance from one state into another, where the homogeneous substance de-mixes into two liquid phase states depending on the threshold of concentration. The factors which influence the threshold concentration of substance include pH, chaperons, ATP, temperature, and posttranscriptional/posttranslational modification (51, 52). Membrane-less organelles are formed by LLPS, once diverse macromolecules such as peptides, coding RNAs, and non-coding RNA connect due to the presence of various interactions such as ionic bonds, hydrogen bonds, and van der Waals forces (53).

The main question is whether non-coding RNAs like pseudogenes can mediate the liquid phase condensates formation. To obtain the answer based on the published literature, the authors first analyzed L1 retrotransposons’ impact on liquid phase separation. As L1 retrotransposons play a critical role in processed pseudogene formation, the crosstalk of L1 retrotransposons to LLPS can indirectly affect the processed pseudogenes formation. Several findings unveil the role of L1 retrotransposons in liquid phase separate formation. The recent study discloses that LINE-1 ORF1 proteins are among other RNA-binding proteins co-localized in stress granules, and LINE-1 ORF1 proteins collaborate with stress granules and processing bodies (P-bodies) to mediate the processed pseudogenes formation (54). L1 is also involved in developing P-bodies since ORF1p co-localizes with non-L1 mRNA that is elevated in P-body granules (55).

Recent study has revealed that LLPS is regulated by intrinsically disordered proteins (IDPs). These misfolded proteins lack a proper 3D structure, which help them to form membrane-less organelles (56, 57). The alpha-synuclein and beta-amyloid are common misfolded proteins in liquid phase aggregate formation (57). As science evolves, a recent study shows that pseudogenes influence the LLPS by mediating the aggregation of these misfolded proteins. For instance, pseudogene T04B2 regulates the accumulation of beta-amyloid and alpha-synuclein proteins leading to the formation of the aggregates, where the downregulation of pseudogene TO4B2 intensifies the beta-amyloid and alpha-synuclein protein condensates formation (58). This suggests that the interplay of pseudogenes and misfolded proteins controls the liquid phase separation process.

Besides, pseudogene ACTBP2 is associated with β-Amyloid (Aβ) depositionin mediating blood-brain barrier permeability, which reveals the interaction between pseudogene and β-Amyloid in regulating barrier permeability (59). Moreover, mRNA purification in P-bodies reveals that 89% is enriched with protein-coding RNAs compared to 67% of non-coding RNAs, with the percentage of pseudogene RNAs among non-coding RNAs co-localized in the P-bodies (60). Similarly, the transcriptomes of lysate granules and stress granules show the presence of various classes of non-coding RNAs, such as long non-coding RNA and pseudogene RNAs as well (61). Another recent study shows a high 7SK small nuclear pseudogene (RN7SKP9) enrichment in stress granules (62). In addition, the nucleolusformed by LLPS involves ribosome biogenesis, cell cycle, DNA damage, and sensing the stress response (63). By using fluorescence-activated cell sorting to isolate the nucleolus and deep sequencing to characterize the nucleolus-associated domains (NADs), pseudogenes are the most enriched in NADs among non-ribosomal RNAs gene, which reveals the impact of pseudogenes in influencing the 3D chromatin structure (64).

Moreover, the dysregulation of the liquid phase separately affects nucleolus formation and leads to different diseases like ribosomopathies, neurodegenerative disease, aging, and cancer (65). The aberrant expression of pseudogenes in NADs can lead to various illnesses, based on evidence that NADs include pseudogenes and the fact that liquid phase condensate impacts the nucleolus to mediate physiology and pathology.

Another membrane-less organelle that formed via liquid phase separation is the Cajal body with coilin protein as scaffold protein. Cajal bodies are involved in the cell cycle, cell proliferation, ribonucleoprotein, and telomerase production (66). A recent study shows that the pseudogenes of coilin, coilp1 is accumulated in the nucleus, with strong accumulation in the nucleolus. The same research shows that the protein produced by pseudogene coilp1 has the ability to bind to small Cajal body-specific RNA 2 (scaRNA2) and small Cajal body-specific RNA 9 (scaRNA9) (67). The scaRNA2 is highly overexpressed in colorectal cancer than normal tissues. The findings reveal that the overexpression of scaRNA2 competes with miR-342-3p by ending up with the high expression of epidermal growth factor receptor, leading to colorectal cancer chemo-resistance (68). Increased expression of scaRNA2 also promotes cell proliferation, migration, and invasion in cutaneous squamous cell carcinoma (69).

To summarise, the data indicates that pseudogenes may play a significant role in LLPS by engaging in various misfolded proteins and co-localizing with various membrane organelles such as the nucleolus, Cajal bodies, stress granules, and P-bodies.



Pseudogenes and LLPS in Cancer

According to the aforementioned findings, LLPS significantly impacts several epigenetic stages, which therefore may mediates cancer development. The dysregulation of different membrane-less organelles formed via LLPS, including P-body, Cajal body, and stress granules, promotes cancer progression and metastasis. For instance, the mammary epithelial cells treated with transforming growth factor-beta promote the P-body formation and EMT, while the inhibition of P-body formation suppresses the EMT (70). Bearss et al. show that the enhancer of mRNA decapping 3 (EDC3) regulates the cancer cells proliferation and invasion by upregulating the P-body maturation. The inhibition of Pim1 and 3 protein kinases (which phosphorylate the EDC3) obstructs the localization of EDC3 in the P-body (71). Besides, Beneventi et al. show the role of Cajal bodies in cancer progression, where small Cajal body-specific RNAs 15 (SCARNA15) regulate the alternative splicing by modulating the pseudouridylation of U2 spliceosomal RNA, which influences the suppressor tumor genes like p53 and ATRX. Suppression of SCARNA15 downregulates the p53 expression, followed by cancer cells proliferation (72). Moreover, Adjibade et al. show how the stress granules formation affects cancer drug resistance, where Lapatinib, a tyrosine kinase inhibitor in breast cancer treatment, induces stress granules formation and suppresses the translation initiation by targeting the translation initiation factor elF2α (73). These results reveals therefore the importance of liquid phase separation and related membraneless organelles in driving cancer growth.

Apart from the involvement of LLPS in the epigenetic stages, the recent studies also show the impact of pseudogenes in these cellular processes, including splicing, transcription factors regulation, and chromatin organization. For instance, the splicing of pseudogene CYP3AP1 to CYP3A7 induces the formation of CYP3A7.1L, which has different functional properties and distribute in tissue specifically than the parental CYP3A7 enzyme (74). In the line of transcriptional activities, a transcriptional factor, Foxo3, is regulated by the expression of Foxo3 pseudogene (75). Another interesting finding is that the effects of pseudogene on the structure of chromatin are implicated by computational and experimental evidence showing a connection between the modifications of DNA and histones, as well as chromatin remodeling (76). Similarly, mOct4P4 lncRNA interacts SUV39H1 (histone methyltransferase) and RNA binding protein FUS to target its parental Oct4 promoter heterochromatin formation (77). Moreover, the recent study shows that the methylation of parental genes and pseudogenes are different in a tissue-specific manner (78). These findings reveal the role of pseudogenes in different cellular processes (Figure 2).




Figure 2 | Overview of involvement of pseudogene in different cancer in the human body. Icons of body parts for the refrence are taken from different websources.



Based on the formation of pseudogenes, LINE-1 retrotransposons contribute a lot to produce the processed pseudogenes. Therefore, it is paramount to glance at the impact of these retrotransposons in cancer development before reaching the pseudogenes themselves. The literature shows that about half of all somatic cancers are associated with the integration of retrotransposons, and also LINE-1 retrotransposons compose about 17% of the entire DNA content (78). These evidence brought light to the hypothesis that overexpression LINE-1 retrotransposon might be considered a hallmark of many cancers. Mechanically, abnormal L1 integrations induces the loss of tumor suppressor genes or the amplification of oncogenes via breakage–fusion–bridge cycles. Pan-Cancer Analysis of Whole Genomes (PCAWG) project identified 19,166 somatically acquired retrotransposition events, which affected 35% of samples and LINE-1 variation is the most frequent in esophageal adenocarcinoma and the second in colorectal cancers (79). LINE-1 RNA is composed of two non-overlapping open reading frames, encoding two proteins, ORF1p and ORF2p. The expression level of ORF1p is 1000-10,000 times higher than ORF2p, which makes ORF2p less detectable in many cancers. The quantitative analysis shows that the LINE-1 ORF1p encoded peptides are highly overexpressed in uterine corpus endometrial carcinoma, ovarian cancer, and colon cancer compared to their respective normal samples (80).

Moreover, Cancer Genome Atlas (TCGA) analysis shows that expression levels of ORF1p bound mRNAs correlate with the expression of LINE-1 RNA in prostate cancer. In the same study, the findings show that ORF1p interacts with various non-LINE-1 mRNA targets, and these interactions were especially enriched to P-bodies in prostate cancer (55). According to the investigation of the cancer genome atlas and bioinformatics tools, the expression of ORF1p identified in the P-body is connected with the production of pseudogenes and the development of tumors (55). As the LINE-1 retrotransposition involves processed pseudogene formation, the recent study validates that retrotransposition promotes cancer growth. Retrotransposition is related to processed pseudogene insertion in small lung and colorectal cancers, where the pseudogenes are integrated into the promotor or first exon of the suppressor gene (81). Similarly, the retrocopy process is linked to structural variation in human genomes and that several prominent retrocopy insertions are present in malignancies, whereas it is absent in healthy persons (82).

Beta-amyloid fibrils and alpha-synuclein misfolded proteins interact with the pseudogene TO4B2. LLPS is known to be exacerbated by these misfolded proteins. Recent studies reveal the role of these misfolded proteins in cancer development. For instance, the accumulation of amyloid is considered as a part of the tumor microenvironment in glioma, and authors suggest that these accumulations might serve as diagnostic and therapeutic markers (83). The beta-amyloid also promotes the growth and migration of cancer cells by upregulating glial-specific fibrillary acidic protein (GFAP) expression and enhancing angiogenesis. The study also found that amyloid-beta is collected in breast cancer and that its high accumulation is related to high-grade breast cancer (84). The accumulation of amyloid-beta isassociated with the downregulation of tumor suppressor p53 in cancer (85).

To sum up, retrotransposition elements have a potential role in regulating LLPS and processed pseudogenes. Besides, the dysregulation of pseudogenes expression may affect the misfolded protein regulation. The abnormal retrotransposition elements may affect the pseudogene production, which affects the misfolded protein regulation, resulting in the disorganized liquid phase separate condensate, which can ultimately enhance tumorigenesis.

The findings from bioinformatics databases reveal that modifications and mutations in OCT4 pseudogenes are connected with low survival rate in cancer patient, indicating its potential for cancer prognosis (86). Besides, eight processed OCT4 pseudogenes, produced by the POU5F1 gene, exist in different cancer cell lines (87). Mutations in tumour suppressor genes, notably in the PTEN tumour suppressor gene, are thought to be a hallmark of cancer. Methylation of the PTENP1 pseudogene is significantly more prevalent in endometrial cancer than in normal tissues. Due to the possibility of competing for endogenous mRNAs, pseudogene methylation reduces transcription, resulting in the downregulation of the PTEN gene (88). Besides, some pseudogenes are cancer-specific, like CXADR-Ψ expression is upregulated in more than 25% of prostate cancer tissues and has no expression in normal tissues (89). For instance, the embryonic NANOG (NANOG1) gene, which is known as an essential regulator of pluripotency, its deregulation promotes cancer development. The recent study shows that NANOGP8 (NANOG-pseudogene) involves tumorigenesis, and single NANOG1-CRCs form spherical aggregates, indicating its potential in LLPS (90).

Apart from the role of pseudogenes at the transcription level, m6A on pseudogenes induce the gene expression accordingly. For instance, some RNAs of processed pseudogenes have more m6A levels than their equivalent protein-coding genes, and this modification promotes the degradation of RNA pseudogenes depending on the microRNAs’ involvement (91). Moreover, this modification assists the pseudogenes to mediate tumor growth, where m6A modified pseudogene HSPA7 regulates the immune responses in glioblastoma. The HSPA7 pseudogene triggers the development of YAP1 and LOX, which is followed by macrophage infiltration and the expression of SSP1 (92).

Taken together, the pseudogenes can influence gene expression and cancer development due to their presence in different epigenetic factors like LLPS, transcription process, m6A modification, regulating the misfolded proteins, and some of them are cancer-specific (Figure 2).



Clinical Utility of Pseudogenes and LLPS in Cancer Management

Several challenges have been identified in cancer management, including cancer relapse and chemo-resistance. It is known that the best treatment relies on accurate diagnosis. To overcome cancer therapy failure, new indicators could be investigated. Nevertheless, the new findings demonstrate that pseudogenes are elevated in cancer tissues than their normal counterparts, and their overexpressions are related to poor prognosis. For instance, pseudogene DUXAP10 is upregulated in different types of cancer (93). Besides, high expression of ANXA2 pseudogene induces a shorter overall survival in hepatocellular carcinoma patients (94). Similarly, increased expression of HSPB1P1 pseudogene is associated with poor prognosis in renal cell carcinoma (95). Thus, it reveals that pseudogenes can serve as novel markers in cancer diagnosis.

Additionally, a recent study discovered that LLPS-related genes are overexpressed in various malignancies, including ovarian epithelial carcinoma (96). Moreover, aberrant of LLPS is associated with cancer drug resistance in multiple myeloma. The mechanism behind this chemo-resistance is that the overexpression of histone methyltransferase NSD2 promotes the elevated steroid receptor coactivator-3 (SRC-3) by stimulating its aggregates formation via LLPS. Targeting this interaction using an inhibitor, SI-2, enhances the BTZ treatment functionality and overcomes this chemo-resistance (97). Along the same lines, the inhibition of core regulatory circuity, which interacts with super-enhancer to mediate LLPS at the transcriptional level, uses H3K27 demethylase inhibitor, GSK-J4, re-sensitizes the chemotherapy in osteosarcoma (98).

Following that, pseudogene can affect the liquid phase separation process. Abnormal pseudogene expression and LLPS formation can promote cancer growth, resulting in a low survival rate, a poor prognosis, and chemo-resistance (99). Therefore, impact of pseudogenes and LLPS may be used as biomarkers in cancer diagnosis, and targeting LLPS may give a novel therapeutic approach in near future.



Conclusions and Future Perspectives

Since the last few decades, much effort and research have been made to unravel the interplay of the small biomolecules involved in carcinogenesis. However, the connection between pseudogenes and the liquid phase remains fragmented. The purpose of this review is to examine the relationship between LLPS and pseudogenes and their potential impacts on cancer development. Based on the findings, pseudogenes considered junk DNA, are involved in different gene expression stages, including transcription process, post-transcription modifications, and regulating the liquid phase condensates formation.

The dynamicity of liquid phase separation (its property to mix and de-mix depending on cellular stress) greatly impacts gene epigenetic expression regulation. Its defect may result in different diseases, including infectious diseases, neurodegenerative disorders, and cancer. Since tumors may change morphology and respond in unpredictable ways, it’s critical to think about how pseudogenes (some of which are only found in tumor cells) can affect future cancer detection and treatment. Moreover, it will be interesting to explore the potential biomarkers based on LLPS in different diseases diagnosis and treatment. For instance, studies could investigate whether scaffold protein expression of the membraneless organelles can be used to differentiate cancer cells from normal cells. Furthermore, based on the fact that pseudogenes are considered as long non-coding RNAs, and their impact to LLPS is tremendous, it would be for paramount to assess the impact of microRNAs to the LLPS in the future.
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Sterol regulatory element binding protein-1 (SREBP-1), a transcription factor with a basic helix–loop–helix leucine zipper, has two isoforms, SREBP-1a and SREBP-1c, derived from the same gene for regulating the genes of lipogenesis, including acetyl-CoA carboxylase, fatty acid synthase, and stearoyl-CoA desaturase. Importantly, SREBP-1 participates in metabolic reprogramming of various cancers and has been a biomarker for the prognosis or drug efficacy for the patients with cancer. In this review, we first introduced the structure, activation, and key upstream signaling pathway of SREBP-1. Then, the potential targets and molecular mechanisms of SREBP-1-regulated lipogenesis in various types of cancer, such as colorectal, prostate, breast, and hepatocellular cancer, were summarized. We also discussed potential therapies targeting the SREBP-1-regulated pathway by small molecules, natural products, or the extracts of herbs against tumor progression. This review could provide new insights in understanding advanced findings about SREBP-1-mediated lipogenesis in cancer and its potential as a target for cancer therapeutics.
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Introduction

Sterol regulatory element-binding proteins (SREBPs) are identified as a family of transcription factors with the domain of a basic helix–loop–helix leucine zipper (bHLH-LZ), which regulate genes involved in the pathways of lipid synthesis and uptake (1–3). In mammalian cells, three SREBP isoforms, SREBP-1a, SREBP-1c, and SREBP-2, from two genes, SREBF1 and SREBF2, have been identified, which have overlapping transcriptional programs for the synthesis of fatty acids and cholesterol (4, 5). SREBP-1a and SREBP-1c are derived from the same gene through alternative splicing at transcription start sites (6), but they have different regulations for downstream target genes (4, 7). A study conducted for about 30 years has confirmed that SREBP-1c is involved in regulating fatty acid synthesis and lipogenesis and SREBP-1a can be implicated in two pathways of SREBP-1c and SREBP-2 (specific to cholesterol metabolism) (8). Under pathological conditions, SREBP-1 activation can cause lipid dysfunction to contribute to various metabolic diseases, such as obesity, diabetes mellitus, non-alcoholic fatty liver disease, and cancer (9–12). Recently, more and more evidence has demonstrated that SREBP-1 participates in metabolic reprogramming in different cancer, such as prostate cancer (13), breast cancer (14), and glioblastoma (GBM) (15), which has been a potential target for cancer therapy. Moreover, several essential pathways, such as epidermal growth factor receptor (EGFR), phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB, Akt)/mammalian target of rapamycin (mTOR), and Ras, can regulate SREBP-1 activation to mediate tumor growth and metastasis (15, 16). Importantly, multiple treatment strategies targeting the SREBP-1 signaling pathway, including small molecules or genetic inhibition, have been extensively studied and developed (17, 18). The preparation of the publications in this review was conducted as follows: 1) the articles in English were electronically searched from October 1993 to May 2022 in the databases of PubMed and the Web of Science. 2) “SREBP-1” or “sterol regulatory-element binding protein-1” and “cancer” were used as the search terms. 3) A secondary search was performed by checking the title and the abstract to collect published papers with the inclusion criteria. In this review, we summarized the key upstream signaling pathway and the function of SREBP-1-regulated lipogenesis in different cancer. We also discussed potential therapies targeting the SREBP-1-regulated pathway against tumor progression. This review could provide new insights in understanding advanced findings about SREBP-1-mediated lipid dysfunction in cancer and its potential as a target for cancer therapeutics.



SREBP-1 activation and its downstream targets in cancer

Human gene SREBF1 (26 kb, 22 exons, and 20 introns) at a chromosomal location of 17p11.2 was cloned and characterized in 1995, as a result of alternative splicing at both the 5′ and 3′ ends (19, 20). SREBP-1a and SREBP-1c differ in the extreme N-terminal acidic amino acids, which share a similar structure containing an NH2-terminal transcription factor domain (480 amino acids), a middle hydrophobic region (80 amino acids), and a COOH-terminal regulatory domain (590 amino acids) (3). SREBP-1a and SREBP-1c include 42 amino acids (12 acidic acids) and 24 amino acids (six acidic acids) in the acidic NH2-terminal domain, respectively. SREBP-1c has a much weaker effect in transcription activation than that of SREBP-1a, due to its shortened acidic domain (21). SREBP-1 is conserved from fission yeast to humans (22), and its two isoforms are found in the liver, adipose, and skeletal muscle tissues (20, 23, 24). SREBP-1c is more abundant than SREBP-1a in the liver (21, 25), and SREBP-1a is abundantly expressed in some tissues and cells, such as heart, macrophages, and dendritic cells from bone marrow (26). Recently, it has been revealed that SREBP-1 is obviously activated in different cancers, which is higher than that of non-tumor tissues (13, 27) and has been a biomarker for the prognosis or drug efficacy for patients with cancer (14, 28).

SREBP-1a and SREBP-1c are synthesized as 125-kDa precursors in endoplasmic reticulum membrane and cleaved into an NH2-terminal fragment (68 kDa) by site 1 and site 2 proteases to translocate into the nucleus for lipogenesis gene transcription, when kept in the environment from sterol depletion (29–31). SREBP-1 can form a complex with SREBP cleavage-activating protein (SCAP) to mediate its cleavage in sterol depletion or in the nutritional environment (10, 25). Insulin increase by carbohydrate ingestion can cause the decrease of Insig-2a, which leads to the release of the SREBP-1c/SCAP complex to stimulate SREBP-1c cleavage in the Golgi for the activation of lipogenic/glycolytic genes (25, 32). Moreover, insulin can increase SREBP-1c expression by activating the promoters containing the binding sites for the liver X receptor, Sp1, nuclear factor-Y, and SREBP-1c (33). In addition, the cleavage of SREBP-1c is regulated by polyunsaturated fatty acids, not as SREBP-2 by SCAP or Insig-1 (34). After the cleavage of SREBP-1, the nuclear form of SREBP-1 binds to sterol regulatory elements (SREs) to stimulate the transcriptions of lipogenic genes (25, 29). As reported, SREBP-1 can activate a series of genes for fatty acid synthesis, including ATP citrate lyase (ACLY), acetyl-CoA carboxylase (ACC), fatty acid synthase (FASN), and stearoyl-CoA desaturase 1 and 2 (rodent)/5 (human) (SCD-1 and -2/5), and for lipid uptake, such as low-density lipoprotein receptor (LDLR) (4, 30–34). Furthermore, it has been reported that SREBP-1 activation can be involved in various cellular functions, such as cell proliferation, cell cycle, muscle cell differentiation, foam cell formation, and somatic cell reprogramming (35–39). Critically, the activation of SREBP-1 obviously stimulates de novo lipogenesis to regulate cell growth, cell cycle progression, and metastatic characteristics for cancer progression (12, 13, 40–42). Meanwhile, these genes regulated by SREBP-1, including ACLY, ACC, FASN, and SCD, are highly expressed in cancer tissues compared to adjacent non-tumor tissues, which play essential roles in the growth, metastasis, and survival of various cancers (43–46). Taken together, SREBP-1 and its target genes are essential in cancer progression, which have been potential targets for pharmacological or genetic therapy (Figures 1A, B).




Figure 1 | SREBP-1 structure, activation, and signaling pathways. (A) SREBP-1 structure and activation. SREBP-1 contains the NH2-terminal domain (the bHLH-Zip motif and an acidic motif), a middle hydrophilic region, and the COOH-terminal domain. (B) After INSIG dissociation from SCAP, SREBP-1 translocates to the Golgi apparatus and is cleaved by site 1 protease (S1P) and site 2 protease (S2P) to form a nuclear form (nSREBP-1) for activating the transcription of its downstream targets, such as FASN, ACC, SCD-1/5, ACLY, and LDLR. (C) Multiple signaling pathways regulate SREBP-1 expression, translocation, and maturation, including EGFR, PI3K/Akt/mTORC1, and others. OGT: O-GlcNAc transferase, GS: glutamate synthetase, TDG: thymine DNA glycosylase.





SREBP-1-regulated lipogenesis in cancers

Currently, multiple signaling pathways control SREBP-1 activation to regulate the downstream genes for lipogenesis, including the EGFR, PI3K/Akt/mTOR, and p53 mutation pathways. EGFR signaling promotes N-glycosylation of SCAP to reduce the association with Insig-1, which consequently induces the proteolytic activation of SREBP-1 (47). Importantly, the hyperactive mutation of PI3K/Akt/mTOR signaling can inhibit oxidative stress and ferroptotic death by regulating SREBP-1/SCD-1-mediated lipogenesis (48). Akt activation can induce the synthesis of full-length SREBP-1 and cause the accumulation of nuclear SREBP-1 to increase the accumulation of intracellular lipids, such as fatty acids and phosphoglycerides, which is sterol sensitive for activating the FASN promoter (16). The mammalian/mechanistic target of rapamycin complex 1 (mTORC1) regulates the transcription and translation of SREBP-1 and SREBP-2 to promote de novo lipid biosynthesis in response to nutrients or insulin, which regulate cell proliferation, mitochondrial metabolism, or glycolytic capacity in cancer (49, 50). Similarly, insulin/glutamine deprivation activates SREBP-1 to bind to the promoter of glutamine synthetase (GS) for its transcription. GS results in the O-linked N-acetylglucosaminylation (O-GlcNAcylation) of specificity protein 1 (Sp1) for the induction of the SREBP-1/ACC1 pathway, which increases lipogenesis and lipid droplet accumulation in liver and breast cancer (51). Based on the key role of O-GlcNAcylation, it has been found that O-GlcNAc transferase (OGT) regulates SREBP-1 expression and its targets in a proteasomal and AMP-activated protein kinase (AMPK)-dependent manner (52). Meanwhile, OGT increases the O-GlcNAcylation of liver X receptors to induce the expression of secretory clusterin (sCLU), which is closely associated with SREBP-1c and its mediated activation of the CLU promoter for the contribution of cisplatin resistance (53). In addition, insulin can activate c-Myc to promote the transactivation of thymine DNA glycosylase (TDG), which decreases the abundance of 5-carboxylcytosine in the SREBP-1 promoter for the upregulation of SREBP-1 and ACC1. On the other hand, AMPK can inhibit DNA demethylation of the SREBP-1 promoter mediated by TDG, suggesting that TDG regulated by insulin or metformin is a potential therapeutic target for T2DM-related cancers (54). In the tumor immune microenvironment, Treg cells maintain the metabolic fitness and mitochondrial integrity of M2-like tumor-associated macrophages indirectly by repressing IFNγ production derived from CD8+ T cells, which is dependent on SREBP-1 and its mediated fatty acid synthesis (55). Under the conditions of serum starvation and hypoxia, cholesterol or O2 deficiency mediates the expression of the FVII gene encoding coagulation factor VII via the SREBP-1/glucocorticoid-induced leucine zipper, which leads to the production and shedding of procoagulant extracellular vesicles (56). A tumor gene, H-ras can upregulate mitogen-activated protein (MAP) kinase and PI3K signaling, which increases SREBP-1 and FASN levels to drive mammary epithelial cell malignant transformation and tumor virulence (57). A proto-oncogenic transcription factor, FBI-1 can directly interact with SREBP-1 via DNA-binding domains to synergistically activate FASN transcription for maintaining rapid cancer cell proliferation (58). An RNA-binding protein, Lin28 enhances SREBP-1 translation and maturation to promote cancer progression by directly binding to the mRNAs of both SREBP-1 and SCAP (59). Taken together, EGFR, PI3K/Akt, and mTOR signal pathways can control SREBP-1 expression and activation to regulate its downstream pathways in cancers (Figure 1C, Table 1).


Table 1 | Main key pathways regulate SREBP-1 activation for lipogenesis.





Colorectal cancer

The SREBP-1 expression in colorectal cancer (CRC) tissues is significantly higher than that in non-cancerous or normal tissues (60, 61). The colocalization of SREBP-1 and FASN is found in CRC tissues, and the transcriptional regulation of SREBP-1 on the FASN promoter can respond to the deficiency in endogenous fatty acid synthesis in colorectal neoplasia (62). Moreover, the combination of SREBP-1 and ACLY can significantly promote CRC cell proliferation, migration, and invasion, which is mediated by lipid synthesis modulation (63). In addition, the overexpression of SREBP-1 promotes the angiogenesis and invasion of CRC cells by promoting MMP-7 expression related to NF-κB p65 phosphorylation (61). SREBP-1 silencing decreases the levels of fatty acid and SREBP-1 targets genes to inhibit the initiation and tumor progression of CRC, which might be associated with the alternation of cellular metabolism, including mitochondrial respiration, glycolysis, and fatty acid oxidation (64). SREBP-1 also can interact with c-MYC to enhance its binding ability to the snail family transcriptional repressor 1 (SNAIL) promoter to regulate its expression and promote epithelial–mesenchymal transition in CRC (65). For the resistance of chemotherapy in CRC, SREBP-1 is overexpressed in chemoresistant CRC samples and is correlated with poor survival. SREBP-1 can increase the chemosensitivity to gemcitabine through downregulation of caspase-7, which might be a new prognostic biomarker of CRC (66). Meanwhile, the overexpression of SREBP-1 enhances the resistance of 5-FU through regulation of caspase-7-dependent PARP1 cleavage in CRC (60). On the other hand, radiation stimuli can rapidly increase SREBP-1/FASN signaling to cause cholesterol accumulation, cell proliferation, and cell death, suggesting that targeting the SREBP-1/FASN/cholesterol axis is a potential strategy for CRC patients undergoing radiotherapy (67). Recently, results from colon cancer cells and xenograft tumor models have demonstrated that RAS protein activator-like 1 inhibits colon cancer cell proliferation by regulating LXRα/SREBP1c-mediated SCD1 activity (68). An lncRNA ZFAS1 can bind polyadenylate-binding protein 2 to stabilize and increase the levels of SREBP-1 and its targets, FASN and SCD1, for the promotion of lipid accumulation in CRC (69). In rapamycin-resistant colon cancer cells, diacylglycerol kinase zeta can promote mTORC1 activation and cell-cycle progression, which are essential for SREBP-1 expression (70). Together, these findings demonstrate that SREBP-1 participates in colon cancer growth, invasion, and the resistance of chemotherapy or radiation, which have been potential therapeutic targets for CRC treatment.



Prostate cancer

During the castrated progression of a prostate cancer xenograft model, SREBP-1a and SREBP-1c are significantly greater than precastrated levels. The staining for the clinical specimens shows a high level of SREBP-1 compared with non-cancerous prostate tissue and SREBP-1 is decreased after hormone withdrawal therapy for 6 weeks (71). SREBP-1 and its downstream effectors, FASN and ACC, are upregulated in a TCGA cohort of prostate cancer and late-stage transgenic adenocarcinoma of mouse prostate tumor (72). Furthermore, SREBP-1 expression is positively associated with the clinical Gleason grades and promotes prostate cancer cell growth, migration, and castration-resistant progression, which may be mediated by the alterations of metabolic signaling networks, including androgen receptor (AR), lipogenesis, and NAPDH oxidase 5-induced oxidative stress (13). More importantly, the results from overexpression or RNA interference of SREBP-1c demonstrate that SREBP-1c specifically inhibits AR transactivation by binding to the endogenous AR target promoter, which may be associated with the recruitment of histone deacetylase 1, suggesting that SREBP-1 plays an important role in regulating AR-dependent prostate cancer growth (73). On the other hand, AR and mTOR bind to the regulatory region of SREBP-1 to promote its cleavage and translocation to the nucleus. The synthetic androgen R1881 can induce SREBP-1 recruitment to regulatory regions of its targets, which is abrogated by the inhibition of the mTOR signaling pathway. These data suggest that the AR/mTOR complex can promote SREBP-1 expression and activity to activate its downstreams for reprogramming lipid metabolism (74). Additionally, phospholipase Cϵ, Kruppel-like factor 5 (KLF5), and protein kinase D3 can directly or indirectly interact with SREBP-1 to control lipid metabolism in the occurrence and progression of prostate cancer (75–77). Considering the key roles of miRNAs or lncRNAs, miRNA-21 transcriptionally regulates insulin receptor substrate 1/SREBP-1 signaling pathway to promote prostate cancer cell proliferation and tumorigenesis (18). Two other miRNAs, miRNA-185 and miRNA-342, can block SREBP-1/2 and its downregulated targets, FASN and hydroxy-3-methylglutaryl CoA reductase (HMGCR), to inhibit prostate cancer tumorigenicity (78). A long non-coding RNA molecule, PCA3 is inversely correlated with miRNA-132-3p to regulate the antimony-induced lipid metabolic imbalance, which is closely related to the SREBP-1 protein level, not influencing the SREBP-2 expression in mRNA and protein levels (79). Collectively, these data from cell and animal models or clinical specimens demonstrate that SREBP-1 plays a very important role in prostate cancer progression and that multiple signaling pathways, such as AR and miRNAs, can regulate SREBP-1 activation to mediate the dysfunction of lipid metabolism in prostate cancer.



Breast cancer

As the pattern in other cancers, the mRNA and protein levels of SREBP-1 are higher in tissues of breast cancer, compared with paracancerous tissues. A higher expression of SREBP-1 is positively correlated with tumor differentiation, metastatic stage, and metastasis in lymph nodes. Moreover, in vitro studies reveal that SREBP-1 inhibition can inhibit the cell migration and invasion of breast cancer cells, such as MDA-MB-231 and MCF-7 (14). In aromatase inhibitor-resistant breast cancer cells, SREBP-1 can drive Keratin-80 upregulation to directly promote cytoskeletal rearrangements, cellular stiffening, and cell invasion (80). In MCF-10a breast epithelial cells with H-ras transformation and inhibition of MAP kinase, SREBP-1c and FASN are upregulated and SREBP-1a shows less change. In a panel of samples with primary human breast cancer, SREBP-1c and FASN are increased and correlated with each other (81). miRNA expression profiling shows that miRNA-18a-5p is most evidently decreased in breast cancer cells, which can target SREBP-1 to repress E-cadherin expression. This suggests that the miR-18a-5p/SREBP-1 axis plays a crucial role in the epithelial–mesenchymal transition and metastasis of advanced breast cancer (82). A hormone derived from adipose tissue, leptin can induce ATP production from fatty acid oxidation and intracellular lipid accumulation in MCF-7 cells and tumor xenograft models, which is mediated by SREBP-1 induction and autophagy in breast cancer (83). Additionally, two key molecules, glucose-regulated protein 94 (GRP94) and nuclear protein p54(nrb)/Nono, can regulate the SREBP-1 signaling pathway in in vitro and in vivo models, which have been potential targets for breast cancer treatment (84, 85). GRP94 can upregulate genes for fatty acid synthesis and degradation, including SREBP-1, LXRα, and acyl-CoA thioesterase 7, to favor the progression of breast cancer metastasis (84). As shown in immunohistological staining for human breast cancer tissues, the level of p54(nrb) is positively correlated with SREBP-1a, and its conserved Y267 residue is required for the interaction with nuclear SREBP-1a. It suggests that p54(nrb) is a key regulator for the nuclear form of SREBP-1a, which might be a potential target for treating breast cancer (85). Taken together, SREBP-1 can favor breast cancer progression, which can be regulated by multiple signal molecules, such as miRNA-18a-5p, GRP94, and p54(nrb).



Glioblastoma

In clinic, the therapeutic efficacy of drugs on GBM might be closely related to EGFR amplification, its mutations, or PI3K hyperactivation (86). EGFR induces the SREBP-1 cleavage and nuclear translocation, which is mediated by Akt but is independent on mTORC1 (40). EGFR-activating mutation (EGFRvIII) can promote SREBP-1 cleavage and cause a higher expression of nuclear SREBP-1 to elevate LDLR expression in GBM patient samples, tumors cells, and mouse models, which is dependent on the PI3K/Akt pathway (15, 87). Moreover, EGFR signaling binds to specific sites of the enhanced miRNA-29 promoter to increase its expression in GBM cells by upregulating SCAP/SREBP-1 whereas miRNA-29 can suppress SCAP and SREBP-1 expression to inhibit lipid synthesis in GBM (88, 89). Additionally, it is found that SREBP-1 depletion can induce apoptosis and endoplasmic reticulum stress in U87 GBM cells and tumor xenograft models, which is the result of Akt/mTORC1 signaling-mediated cancer growth and survival (90). Except EGFR and Akt/mTORC1 signaling, sterol O-acyltransferase highly expressed in GBM can control the cholesterol esterification and storage as a key player via upregulation of SREBP-1 (91). Collectively, the oncogenic EGFR/PI3K/Akt pathway upregulates SREBP-1 activation to control lipid metabolism in GBM.



Hepatocellular carcinoma

Lipogenesis participates in the initiation and progression of HCC, one of the leading causes of cancer-related deaths worldwide. Multiple pathways can control SREBP-1 to regulate lipogenesis in HCC, such as hepatoma-derived growth factor (HDGF), apoptosis-antagonizing transcription factors (AATF), or acyl-CoA synthetases. HDGF is found to be closely associated with HCC prognosis, which is coexpressed with SREBP-1. The changes of the first amino acid or the type of PWWP domain are crucial for HDGF-mediated SREBP-1 activation for the lipogenesis promotion in HCC (92). In human non-alcoholic steatohepatitis, HCC tissues, and various human HCC cell lines, AATF expression is higher, which can be induced by TNF-α. Promoter analysis reveals that AATF can bind SREBP-1c to regulate HCC cell proliferation, migration, colony formation, and xenograft tumor growth and metastasis (93). As an HCC-associated tumor suppressor, zinc fingers and homeoboxes 2 (ZHX2) is negatively associated with SREBP-1c in HCC cell lines and human specimens. ZHX2 can increase miRNA-24-3p at the transcription level to induce SREBP-1c degradation for the suppression of HCC progression (94). A member of the acyl-CoA synthetase (ACS) family, acyl CoA synthetase 4 (ACSL4) has been identified as an oncogene and a novel marker of alpha-fetoprotein-high subtype HCC. ACSL4 upregulates SREBP-1 and its downstream lipogenic enzymes via c-Myc to modulate de novo lipogenesis during the progression of HCC (95). A tissue microarray analysis shows that 60 of 80 HCC tissues have a positive staining and high expression of spindlin 1 (SPIN1), which are positively associated with malignancy of HCC. SPIN1 coactivates and interacts with SREBP-1c to increase the levels of intracellular triglycerides, cholesterols, and lipid droplets, which can enhance HCC growth (96). Hepatitis B virus (HBV)-encoded X protein (HBx) significantly promotes HepG2 cell proliferation and lipid accumulation through increased protein levels of C/EBPα, SREBP-1, FASN, and ACC1 (97). Histone deacetylase 8 (HDAC8) is directly upregulated by SREBP-1 where it is coexpressed in dietary obesity models of HCC. HDAC8 can inhibit cell death mediated by p53/p21 and cell-cycle arrest at the G2/M phase and promote β-catenin-dependent cell proliferation by the interaction with chromatin modifier EZH2 to repress the Wnt antagonist in HCC (98). The deficiency of signal transducers and activators of transcription 5 (STAT5) causes the upregulation of SREBP-1 and peroxisome proliferator-activated receptor γ signaling. The combined loss of STAT5/glucocorticoid receptor can cause approximately 60% HCC at 12 months, which is associated with enhanced TNF-α and ROS and the activation of c-Jun N-terminal kinase 1 and STAT3 (99). Additionally, neddylation by UBC12 can prolong SREBP-1 stability with decreased ubiquitination. In human specimens of HCC and the Gene Expression Omnibus (GEO) database, the SREBP-1 level is positively correlated with UBC12 and contributes to HCC aggressiveness, which can be blocked by an inhibitor of NEDD8-activating enzyme E1, MLN4924 (100). Importantly, both mTOR signaling and SREBP-1 can increase fatty acid desaturase 2 expression to activate sapienate metabolism in the HCC cells and xenograft models (101). Certainly, SREBP-1 expression in HCC tissues is significantly higher than that in adjacent tissues, especially in large tumor sizes, high histological grade, and stage of tumor node metastasis (TNM). The level of SREBP-1 is correlated with a worse 3-year overall and disease-free survival of HCC patients, which is not dependent on the prediction for the prognosis. Moreover, SREBP-1 overexpression or knockdown can regulate cell proliferation, invasion, and migration of HCC cells (42). Especially, SREBP-1c, rather than SREBP-1a, is elevated and activated in HCC (102). Collectively, multiple upstream molecules, such as HDGF, AATF, ZHX2, ACSL4, SPIN, HBx, HDAC8, and STAT5, can regulate SREBP-1 expression, activation, and stability to promote HCC proliferation, invasion, and migration for tumor growth and metastasis.



Lung cancer

The phosphorylation of Akt-mediated phosphoenolpyruvate carboxykinase 1 (PCK1) at S90 can reduce its gluconeogenic activity and use GTP as a phosphate donor to phosphorylate Insig1/2 in the endoplasmic reticulum, which activates SREBP signaling for lipid synthesis in cancer (103). In non-small cell lung cancer (NSCLC), PCK1 can promote nuclear SREBP-1 activation by phosphorylating Insig1/2, which is associated with TNM stage and progression of NSCLC (104). The mature form of SREBP-1 is overexpressed and correlated with Akt phosphorylation at Ser473 for lipid synthesis, which may be reversed by protein arginine methyltransferase 5 (PTMI5) knockdown in lung adenocarcinoma (105). B7-H3, a glycoprotein, results in aberrant lipid metabolism in lung cancer, which is mediated by the SREBP-1/FASN signaling pathway (106). In mutant KRAS-expressing NSCLC, KRAS increases SREBP1 expression in part by MEK1/2 signaling and SREBP-1 knockdown significantly inhibits cell proliferation through regulating mitochondrial metabolism (107). In EGFR-mutant NSCLC cells, SREBP-1 is a key feature of the resistance to gefitinib, which might be a promising target for the treatment of EGFR mutation in lung cancer (108). As that in other cancers, miRNA-29 reduces lung cancer proliferation and migration through inhibition of SREBP-1 expression by interacting with the 3′-UTR of SREBP-1 (109). Taken together, Akt activation and its mediated PCK1, B7-H3, and KRAS can regulate SREBP-1 expression and activation in lung cancer progression.



Skin cancer

In melanomas, SREBP-1 predominantly binds to the transcription start sites of genes of de novo fatty acid biosynthesis (DNFA). The inhibition of DNFA or SREBP-1 by enzyme inhibitors or antisense oligonucleotides exerts obvious anticancer effects on both BRAFi-sensitive and -resistant melanoma cells (27). BRAF inhibition can induce SREBP-1 downregulation to inhibit lipogenesis, and SREBP-1 inhibition can overcome the acquired resistance to BRAF-targeted therapy in both in vitro and in vivo models (110). In addition, the PI3K/Akt/mTORC1 pathway, not by BRAF mutation, can regulate SREBP-1 activity and subsequent cholesterogenesis in melanoma (111). In another type of skin cancer, squamous cell carcinomas (SCCs), SREBP-1 can link tumor protein 63 (TP63)/KLF5 to regulate fatty acid metabolism, including fatty acid, sphingolipid, and glycerophospholipid biosynthesis, by binding to hundreds of cis-regulatory elements, which is associated with SCC viability, migration, and poor survival of patients (112). Thus, multiple signal pathways, such as BRAF, PI3K, and TP63/KLF5, can control SREBP-1 for the regulation of skin cancer progression.



Other cancers

In esophageal tumors, SREBP1 is overexpressed and associated with worse overall survival rate of patients. Overexpressing SREBP1 in OE33 cells leads to increased biological phenotypes, including colony formation, migration, and invasion, which is mediated by reduced mesenchymal markers (vimentin, zinc finger E-box binding homeobox 1 (ZEB1), N-cadherin) and increased epithelial markers (E-cadherin). Mechanistically, SREBP-1 can regulate T-cell factor 1/lymphoid enhancer factor 1 and their target proteins, such as CD44 and cyclin D1, and increase the levels of SCD-1, phosphorylated GSK-3β, and nuclear β-catenin for the proliferation and metastasis of esophageal carcinoma (113, 114). SREBP-1 and ZEB1 are potential targets of miRNA-142-5p, a tumor suppressor, and they are associated with tumor progression and poor prognosis (114). Moreover, the levels of PCK1 pS90, Insig1 pS207/Insig2 pS151, and SREBP-1 are associated with the tumor, metastasis stage, and progression of esophageal squamous cell carcinoma, suggesting PCK1 activity-regulated SREBP-1 as a potential target for the diagnosis and treatment of esophageal cancer (115). In gastric cancer tissues and cells, SREBP-1c is activated and promotes the expressions of FASN and SCD-1 to mediate malignant phenotypes, which has been identified as a potential target for the treatment of gastric cancer (116). In the poorest cancer of the digestive system, pancreatic cancer, the lipogenic liver X receptor (LXR)–SREBP-1 axis controls polynucleotide kinase/phosphatase (PNKP) transcription for regulating cancer cell DNA repair and apoptosis. Compared with the adjacent tissues, the levels of LXRs and SREBP-1 are significantly reduced in the tumor tissues, which are inhibited by a small molecule, triptonide, by activating p53 and DNA strand break for cell death (117). Insulin induces transgelin-2 via SREBP-1-mediated transcription, which has been a novel therapeutic target for diabetes-associated pancreatic ductal adenocarcinoma (118). High glucose can enhance the SREBP-1 level to promote tumor proliferation and suppress apoptosis and autophagy (119). A high expression of TNF-α is associated with significant reductions of SREBP-1, FASN, and ACC at the mRNA level in pancreatic ductal adenocarcinoma (120). Importantly, SREBP-1 is overexpressed in both pancreatic cancer tissues and cell lines, which is critical for cancer proliferation, apoptosis, tumor growth, and overall survival (41). Therefore, the SREBP-1 signaling axis has been a promising target for the prevention and treatment of pancreatic cancer.

Compared with controls, SREBP-1 is significantly increased and positively correlated with serum triglyceride in endometrial cancer (121). Ten single-nucleotide polymorphisms (SNPs) of SREBP-1 are associated with endometrial cancer, and rs2297508 SNP with the C allele accounts for 14%, which may serve as a genetic marker for early detection (122). In a progestin-resistant Ishikawa cell line, sirtuin 1 (SIRT1) and SREBP-1 at the mRNA and protein levels are upregulated, while progesterone receptor and forkhead transcription factor 1 (FoxO1) are downregulated, suggesting that the SIRT1/FoxO1/SREBP-1 pathway is involved in the progestin resistance of endometrial cancer (123). It is also found that FoxO1 can inhibit proliferative and invasive capacities by directly inhibiting SREBP-1 in this cancer (124). Salt-inducible kinase 2 can upregulate SREBP-1c to enhance fatty acid synthesis and SREBP-2 to promote cholesterol synthesis in in vitro and in vivo ovarian cancer models (125). In the obesity host, increased SREBP-1 is linked to ovarian cancer progression and metastasis (126) and meditates malignant characteristics, such as cell proliferation, migration, invasion, and tumor growth (127). In clear cell renal cell carcinoma (ccRCC) patients, high levels of E2F transcription factor 1 (E2F1) and SREBP-1 are associated with poor prognosis. E2F1 can increase ccRCC cell proliferation and epithelial–mesenchymal transition (EMT) and promote tumor progression of a mouse xenograft model by inhibiting SREBP-1-mediated aberrant lipid metabolism (128). In bladder cancer, PKM2 interacts with SREBP-1c through the regulation of the Akt/mTOR signaling pathway, which in turn activates FASN transcription for tumor growth (129). Collectively, SREBP-1-regulated lipid metabolism is essential for the cancer progression of the urinogenital system, including endometrial, ovarian, and bladder cancer and renal cell carcinomas. The results from cell lines and clinical tissues demonstrate that long intergenic non-protein-coding RNA 02570 can adsorb miRNA-4649-3p to upregulate SREBP-1 and FASN, which promotes the progression of nasopharyngeal carcinoma (NPC) (130). Epstein–Barr virus-encoded latent membrane protein 1 is expressed in NPC and increases the maturation and activation of SREBP-1 to induce de novo lipid synthesis in the tumor growth and metastasis, which can be inhibited by two inhibitors, luteolin and fatostatin (131). In oral squamous cell carcinoma, glutathione peroxidase 4 (GPX4) can reduce the ferroptosis-mediated cell number via downregulation of SREBP-1 (132). Compared with normal thyroid tissue or benign thyroid nodules, SREBP1 expression is significantly higher in invasive thyroid cancer, which is associated with extrathyroidal extension, advanced stage, and shorter survival of patients (28, 133). The in vitro results demonstrate that SREBP-1 can obviously increase the rate of oxygen consumption and the capacities of invasion and migration in thyroid cancer cells, which is mediated by the upregulation of the Hippo-YAP/CYR61/CTGF pathway (133). In addition, the nuclear form of SREBP-1 (nSREBP-1) can bind to the promoter of protein kinase RNA-like endoplasmic reticulum kinase (PERK) to augment its expression and phosphorylation, which might be the main reason that nSREBP-1 regulates cell proliferation, cell cycle arrest, apoptosis, and autophagy under endoplasmic reticulum (ER) stress in sarcomas (chondrosarcoma and osteosarcoma) (134). Together, SREBP-1 is upregulated and participates in the progression of NPC, oral squamous cell carcinoma, thyroid cancer, and sarcomas. Collectively, these findings indicate that the various key pathways that control SREBP-1 activation and SREBP-1-regulated lipogenesis significantly participate in tumor growth and progression and may be a promising target in multiple malignancies (Table 2, Figure 2).


Table 2 | SREBP-1-regulated lipogenesis in different cancers.






Figure 2 | SREBP-1-mediated lipogenesis in the five types of cancers. Multiple pathways can regulate SREBP-1 and its downstream targets to mediate aggressive characteristics, including proliferation, invasion, migration, EMT, tumorigenesis, metastasis, angiogenesis, and drug resistance in colorectal, prostate, breast, hepatocellular cancer, and glioblastoma. Meanwhile, in these cancers, SREBP-1 activation can increase de novo lipogenesis and regulate fatty acid metabolic programming, lipid droplets, and sapienate metabolism. EMT: epithelial–mesenchymal transition, ER: endoplasmic reticulum, TGs: triglycerides.





Targeting the SREBP-1 signaling pathway for cancer therapy

As reported, SREBP-1 has been a potential target and its inhibition by small molecules or natural products has been potential therapeutics for preventing and treating cancer (12). A specific inhibitor of SREBP activation, fatostatin is a diarylthiazole derivative and binds to SCAP to inhibit the translocations of SREBP-1 and SREBP-2 from the ER to Golgi (135, 136). In prostate cancer, fatostatin suppresses cell proliferation and colony formation in both androgen-responsive or -insensitive cancer cells and causes G2/M cell cycle arrest and cell death, which is mediated by the blockade of the SREBP-regulated metabolic pathway and AR signaling network (136). Fatostatin can inhibit SREBP activity to influence the assembly of mitotic microtubule spindle and cell division in various cancer cells (137). In breast cancer, fatostatin is more sensitive to estrogen receptor-positive cells in response with cell cycle arrest and apoptosis through accumulation of lipids under ER stress, such as polyunsaturated fatty acids (PUFAs), not the inhibition of SREBP activity (138). Moreover, fatostatin can reverse progesterone resistance through inhibition of the SREBP-1/NF-κB pathway in endometrial cancer (139). In pancreatic cancer, both fatostatin and PF429242 inhibit cell proliferation and the growth of xenograft tumor by reducing SREBP-1 and its downstream signaling cascades, such as FASN and SCD-1 (17). Additionally, the combination of fatostatin with tamoxifen has a synergistic effect on the inhibition of PI3K/Akt/mTOR signaling in ER-positive breast cancer (140). Together, fatostatin mainly regulates the activation of SREBP-1/2 to block different cancer progressions, while it also regulates the accumulations of PUFAs and the PI3K/Akt/mTOR pathway. Nelfinavir, a HIV protease inhibitor, induces ER stress and caspase-dependent apoptosis and increases SREBP-1 protein half-life by blocking intracellular trafficking of SREBP-1 and activating transcription factor 6 (ATF6) from site-2 protease (S2P) inhibition in liposarcoma cells and xenograft mouse models (141). In prostate cancer, nelfinavir inhibits AR activation and nuclear translocation of SREBP-1 and ATF6 by regulating S2P-mediated intramembrane proteolysis, which is associated with ER stress, inhibition of unfolded protein response, apoptosis, and autophagy for treating castration-resistant prostate cancer (142). In addition, nelfinavir and its analogs, #6, #7, and #8, have more potent effects on S2P cleavage than 1,10-phenanthroline, a metalloprotease-specific inhibitor. These molecules can block S2P cleavage activity to lead to the accumulations of precursor SREBP-1 and ATF6 against castration-resistant prostate cancer (143). These findings indicate that nelfinavir is a potential agent targeting S2P cleavage for cancer therapy. Currently, several targeted drugs targeting tyrosine kinase can regulate the SREBP-1 pathway to play anticancer effects. Osimertinib, the first-approved third-generation EGFR inhibitor, facilitates SREBP1 degradation and reduces the levels of its targets and lipogenesis in EGFR-mutant NSCLC cells and tumors, which suggests an effective strategy for overcoming acquired resistance of EGFR inhibitors by targeting SREBP-1 (144). Sorafenib, a multikinase inhibitor targeting RAS/MEK/ERK, VEGFR, and PDGFR, significantly affects SCD-1 expression to decrease the synthesis of monounsaturated fatty acids and suppresses ATP production to activate AMPK, which can reduce the levels of SREBP-1 and phosphorylate mTOR for the inhibition of liver cancer (145).

Furthermore, several small molecules or new dosage forms are reported as the regulators for SREBP-1-regulated lipogenesis. An AR degradation enhancer, ASC-J9 suppresses PCa cell growth and invasion by the AR/SREBP-1/FASN pathway in AR-positive cells and PI3K/Akt/SREBP-1/FASN signaling in AR-negative cells, which indicates that it mainly suppresses FASN-mediated PCa progression in both AR-dependent/independent manners (146). A newly developed AR antagonist, proxalutamide, significantly inhibits proliferation and migration, induces the caspase-dependent apoptosis, and diminishes the level of lipid droplets in PCa cells by regulating the levels of ACL, ACC, FASN, and SREBP-1. Moreover, proxalutamide can decrease AR expression in PCa cells, which may overcome the resistance of AR-targeted therapy (147). Leelamine, a pyruvate dehydrogenase kinase inhibitor, can downregulate the expressions of SREBP-1 and key fatty acid synthesis enzymes (ACLY, ACC1, FASN) at the mRNA and protein levels to suppress fatty acid synthesis against PCa progression (148). An HDAC inhibitor, valproic acid can inhibit prostate cancer cell viability and induce apoptosis by regulating the C/EBPα/SREBP-1 pathway based on the results of in vitro and in vivo experiments (149). A novel anti-beta2-microglobulin monoclonal antibody decreases cell proliferation, induces massive cell death, and decreases AR expression via inhibition of SREBP-1-mediated fatty acid synthesis in the models of multiple PCa cell lines and xenograft tumor (150). N-Arachidonoyl dopamine, a typical representative of N-acyl dopamines, can inhibit breast cancer cell migration, EMT, and stemness and cause decreased cholesterol biosynthesis by inhibiting SREBP-1, its key targets, and endoplasmic reticulum kinase 1/2 (ERK1/2) pathways (151). A novel small-molecule, SI-1, 1-(4-bromophenyl)-3-(pyridin-3-yl) urea inhibits aerobic glycolysis and enhances the antitumor effect of radiofrequency ablation in the HCC cells and xenograft tumors via inhibition of SREBP-1 activation (152). The treatment of docosahexaenoic acid, but neither n-6 PUFA arachidonic acid nor oleic acid, can inhibit the levels of the precursor of SREBP-1 and its mature form, and FASN is induced by estradiol and insulin to mediate breast cancer proliferation, which is the result from reduced phosphorylated Akt, not from ERK1/2 phosphorylation (153). In different GBM cells, phytol and retinol show cytotoxic effects at dose dependence, which might be mediated by the levels of SREBP-1, FASN, and farnesyl-diphosphate farnesyltransferase (FDFT1) to downregulate cholesterol and/or fatty acid biosynthetic pathways (154). In addition, it is reported that platinum complexes or micelles can regulate the SREBP-1 pathway to play a more effective function against cancer growth and progression. The pyridine co-ligand-functionalized cationic complexes, including C2, C6, and C8, can suppress cancer invasion, migration, and tumor spheroid formation through inhibition of SREBP-1-mediated lipid biogenesis (155). PB@LC/D/siR is synthesized by cross-linking for docetaxel and siSREBP1 delivery fused with PCa cell membranes and bone marrow mesenchymal stem cells, which show the enhanced antitumor effects in bone metastatic castration-resistant PCa, with the characteristics of deep tumor penetration, high safety, and bone protection via downregulation of SREBP-1 and SCD-1 at the mRNA level (156).

Importantly, natural products can regulate SREBP-1-regulated lipogenesis for the prevention and treatment of different cancers, including CRC, PCa, HCC, and breast cancer. In CRC, there are four compounds for regulating multiple signaling pathway-medicated SREBP-1 activation. One of ginger derivatives, 6-shogaol, can attenuate the adipocyte-conditioned medium effect by controlling the SREBP-1 level mediated by Akt, p70S6K, and AMPK signaling pathways in 5-FU-treated CRC (157). Ilexgenin A, the main bioactive compound from Ilex hainanensis Merr., significantly inhibits inflammatory colitis of mice induced by azoxymethane/dextran sulfate sodium and reverses the metabolites associated with colorectal cancer, which might be mediated by reprogramed lipid metabolism of the HIF-1α/SREBP-1 pathway (158). RA-XII, a natural cyclopeptide isolated from Rubia yunnanensis, decreases the motility of HCT 116 cells via inhibition of the β-catenin pathway and inhibits CRC growth and metastasis by downregulating the levels of SREBP-1, FASN, and SCD for restraining lipogenesis (159). Berberine inhibits colon cancer cell proliferation and induces cell cycle arrest of the G0/G1 phase via the Wnt/β-catenin pathway. Importantly, berberine blocks SREBP-1 activation and SCAP expression to downregulate the levels of lipogenic enzymes against tumor growth (160). The studies report that three compounds have effective anti-HCC effects by inhibiting SREBP-1 and its downstream targets. Cinobufotalin is extracted from the skin secretion of the giant toad and can effectively promote cell apoptosis, induce cell cycle G2/M arrest, and inhibit cell proliferation by downregulating SREBP-1 expression and the interaction with sterol regulatory elements for the inhibition of de novo lipid synthesis in HCC (161). Moreover, emodin, a main active component from Reynoutria multiflora (Thunb.) Moldenke, triggers apoptosis and reduces mitochondrial membrane potential by regulating intrinsic apoptosis signaling pathway in HCC cells. SREBP-1 and its downstream targets, such as ACLY, ACCα, FASN, and SCD-1, are inhibited to mediate the anticancer effect of emodin against HCC (162). Additionally, In HCC cells and xenograft tumors, betulin treatment inhibits cellular glucose metabolism to prevent metastatic potential and also facilitates the inhibitory effect of sorafenib on HCC through inhibition of SREBP-1 (163). In breast cancer cells, theanaphthoquinone, a member of the thearubigins generated by the oxidation of theaflavin, can block the EGF-induced nuclear translocation of SREBP-1 and also modulate the phosphorylation of ERK1/2, Akt, and EGFR/ErbB-2 induced by EGF, which can cause the blockade of FASN for the inhibition of cell viability and induction of cell death (164). Furthermore, in HER2-overexpressing breast cancer cells, piperineis strongly inhibits proliferation, induces apoptosis, and enhances paclitaxel sensitization through inhibition of SREBP-1/FASN signaling, which might be mediated by HER2 expression, ERK1/2, p38, and Akt signaling pathways (165). Additionally, vitexin and syringic acid from foxtail millet bran can inhibit breast cancer proliferation and block the conversion of saturated fatty acids to monounsaturated fatty acids, which is mediated by the decreases of glucose regulated protein 78 and SREBP-1, and its target, SCD-1 (166).

In NSCLC, ginsenoside Rh2 suppresses SREBP-1 expression and its nuclear translocation to disturb the interaction of SREBP-1 and FASN, which can enhance the immune effect and have a synergistic antitumor effect with cyclophosphamide (167). In gallbladder cancer, α-mangostin, a dietary xanthone, represses the proliferation, clone formation ability, and de novo lipogenesis; induces cell cycle arrest and apoptosis; and enhances gemcitabine sensitivity of gallbladder cancer cells, which might be mediated by AMPK activation and the inhibition of nuclear SREBP-1 translocation in cancer cells and tumor xenograft models (168). In cervical carcinoma, quercetin, a naturally occurring dietary flavonoid, decreases cell proliferation and induces cell death in Hela cells by reducing the O-GlcNAcylation of AMPK and the interaction of OGT and SREBP-1 (169). In both in vitro and in vivo models of pancreatic cancer, resveratrol induces gemcitabine chemosensitivity and suppresses sphere formation and markers of cancer stem cells by targeting SREBP-1, which indicates that resveratrol can be an effective sensitizer for chemotherapy (170). Timosaponin A3 can inhibit SREBP-1 and its targets, FASN and ACC, to reduce cell viability and increase cell cycle arrest and apoptosis of BxPC-3 cells and pancreatic cancer xenograft growth, which is independent in the Akt/GSK-3β pathway (171).

Besides these natural compounds, the extract, polysaccharides, or decoction from various herbs can also regulate the SREBP-1-mediated lipogenesis against PCa and pancreatic cancer growth and progression. In PCa, the ethanol extract of Ganoderma tsugae, a Chinese natural and herbal product, significantly inhibits the expressions of SREBP-1 and its downstream genes associated with lipogenesis and downregulates the levels of AR and PSA to block cancer growth and progression with androgen response and castration resistance (172). The results from the in vitro and in vivo experiments demonstrated that the ethanol extract of Davallia formosana can suppress proliferation, migration, and invasion in PCa cells by inhibiting the levels of SREBP-1, FASN, AR, and PSA, suggesting that SREBP-1/FASN/lipogenesis and the AR axis could be potential targets for the treatment of PCa (173). The cell suspension culture extract from Eriobotrya japonica significantly inhibits PCa cell growth, migration, and invasion by decreasing the SREBP-1/FASN-mediated lipid metabolism and AR signaling pathway in the cell and mouse models (174). Moreover, the polysaccharides from Astragalus membranaceus (APS) greatly inhibit the proliferation and invasion of PCa cells in a dose-dependent and time-dependent manner. Mechanistic studies demonstrate that APS treatment reduces the expressions of miR-138-5p, SIRT1, and SREBP-1 to block tumorigenesis and lipid metabolism in PCa (175). In addition, a traditional herbal decoction TJ001 has significant cytotoxicity, induces cell cycle arrest at the G1/S stage, and inhibits lipid accumulation in D145 and PCa cells with p53 mutation by regulating the ACC expression, SREBP-1 proteolytic cleavage, and the inhibition of AMPK/mTOR, which suggest that the combination of mutant p53 targeting and TJ001 can be considered as the potential strategy for PCa treatment (176). In pancreatic cancer, the CO2 supercritical extract of Yarrow (Achillea millefolium) can downregulate the levels of SREBP-1, FASN, and SCD to induce cytotoxicity in cancer cells and diminish tumor growth of xenograft mouse models, which can be developed as a complementary adjuvant or nutritional supplement (177). Taken together, the current findings of targeting SREBP-1-mediated lipogenesis by small molecules, natural products, or herb extracts are summarized in Table 3 and Figure 3.


Table 3 | Targeting SREBP-1-mediated lipogenesis in different cancers.






Figure 3 | The interaction of the treatment by small molecules, natural products, or the extract of herbs, the targets (SREBP-1 expression/cleavage/stability), effects, and cancer types. The pink/purple circles represent upstream and downstream targets of SREBP-1. The blue diamonds represent the effects from the inhibition of the SREBP-1 pathway. The orange rectangles represent cancer types. The number of edges connected between the nodes in the network represents the count of their connections.





Conclusions

This review mainly summarized the recent findings of SREBP-1-mediated lipogenesis in different cancer and as potential targets by small molecules, natural products, or the extracts of herbs against cancer growth and progression. Multiple signaling pathways, such as EGFR and PI3K/Akt/mTOR, control SREBP-1 expression and activation to regulate the transcription of multiple genes for fatty acid synthesis (ACLY, ACC, FASN, SCD-1/5) and lipid uptake (LDLR) in human cancer. Multiple signaling molecules can regulate SREBP-1 expression, activation, stability, and binding. Furthermore, SREBP-1 can regulate downstream signaling pathways to mediate cancer proliferation, apoptosis, endoplasmic reticulum stress, and epithelial–mesenchymal transition for tumor growth and metastasis of different cancers, including colon, prostate, breast, lung, and hepatocellular cancer. Additionally, many studies have demonstrated that fatostatin, nelfinavir, AR antagonist, natural compounds, or herbal extracts can target SREBP-1 and its downstream targets for the inhibition of lipid biosynthesis in tumor growth and progression of various cancers. This review could provide new insights into the critical function of the SREBP-1-regulated lipogenesis in different cancers and its potential for cancer therapy for targeting SREBP-1.

Critically, several issues and future perspectives are concerned, as in the following: 1) Targeting SREBP-1 can inhibit multiple enzymes in lipogenesis to significantly block cancer growth and aggressive progression, which is a promising strategy of multitarget therapeutics. 2) Current studies of targeting the SREBP-1 pathway against cancer are preclinical studies for investigating their effects and molecular mechanisms. It is necessary to conduct a clinical evaluation of SREBP-1-targeted therapy against cancer in future. 3) Except its role in cancer, SREBP-1 also plays a critical role in lipid metabolism of metabolic-related diseases. At present, no research is reported showing that those treatments targeting SREBP-1 have side effects, which might be related with the lower level of SREBP-1 in normal tissues, compared to that in cancer. The development of new and specific drugs targeting SREBP-1 with less or no toxic should be potential research directions.
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Glossary

SREBPs: sterol regulatory element-binding proteins

bHLH-LZ: basic helix–loop–helix leucine zipper

GBM: glioblastoma

EGFR: epidermal growth factor receptor

PI3K: phosphatidylinositol 3-kinase

PKB: protein kinase B

mTOR: mammalian target of rapamycin

SCAP: SREBP cleavage-activating protein

SREs: sterol regulatory elements

ACLY: ATP citrate lyase

ACC: acetyl-CoA carboxylase

FASN: fatty acid synthase

SCD-1/5: stearoyl-CoA desaturase 1 and 5

LDLR: low-density lipoprotein receptor

mTORC1: mammalian/mechanistic target of rapamycin complex 1

GS: glutamine synthetase

O-GlcNAcylation: O-linked N-acetylglucosaminylation

Sp1: specificity protein 1

OGT: O-GlcNAc transferase

AMPK: AMP-activated protein kinase

sCLU: secretory clusterin

TDG: thymine DNA glycosylase

MAP: mitogen-activated protein

CRC: colorectal cancer

SNAIL: snail family transcriptional repressor 1

AR: androgen receptor

KLF5: Kruppel-like factor 5

HMGCR: hydroxy-3-methylglutaryl CoA reductase

GRP94: glucose-regulated protein 94

EGFRvIII: EGFR-activating mutation

HDGF: hepatoma-derived growth factor

AATF: apoptosis-antagonizing transcription factors

ZHX2: zinc fingers and homeoboxes 2

ACS: acyl-CoA synthetases

ACSL4: acyl CoA synthetase 4

SPIN1: spindlin 1

HBV: hepatitis B virus

HBx: hepatitis B virus-encoded X protein

STAT5: signal transducers and activators of transcription 5

GEO: Gene Expression Omnibus

TNM: tumor-node metastasis

PCK1: phosphoenolpyruvate carboxykinase 1

NSCLC: non-small cell lung cancer

PTMI5: protein arginine methyltransferase 5

DNFA: de novo fatty acid biosynthesis

SCCs: squamous cell carcinomas

TP63: tumor protein 63

ZEB1: zinc finger E-box-binding homeobox 1

LXRs: liver X receptors

PNKP: polynucleotide kinase/phosphatase

SNPs: single-nucleotide polymorphisms

SIRT1: sirtuin 1

FoxO1: forkhead transcription factor 1

ccRCC: clear cell renal cell carcinoma

E2F1: E2F transcription factor 1

EMT: epithelial–mesenchymal transition

NPC: nasopharyngeal carcinoma

GPX4: glutathione peroxidase 4

nSREBP-1: nuclear form of SREBP-1

PERK: protein kinase RNA-like endoplasmic reticulum kinase

ER: endoplasmic reticulum

PUFAs: polyunsaturated fatty acids

ATF6: activating transcription factor 6

S2P: site-2 protease

ERK1/2: endoplasmic reticulum kinase 1/2

FDFT1: farnesyl-diphosphate farnesyltransferase

APS: polysaccharides from Astragalus membranaceus.
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The interaction of non-kinase transmembrane glycoprotein CD44 with ligands including hyaluronic acid (HA) is closely related to the occurrence and development of tumors. Changes in CD44 glycosylation can regulate its binding to HA, Siglec-15, fibronectin, TM4SF5, PRG4, FGF2, collagen and podoplanin and activate or inhibit c-Src/STAT3/Twist1/Bmi1, PI3K/AKT/mTOR, ERK/NF-κB/NANOG and other signaling pathways, thereby having a profound impact on the tumor microenvironment and tumor cell fate. However, the glycosylation of CD44 is complex and largely unknown, and the current understanding of how CD44 glycosylation affects tumors is limited. These issues must be addressed before targeted CD44 glycosylation can be applied to treat human cancers.
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Introduction

CD44 is a nonkinase family and single-transmembrane glycoprotein that is expressed at different levels on the cell membranes of embryonic stem cells, bone marrow cells, tumor cells, etc. (1). In humans, CD44 is encoded by 19 exons, 10 of which are constant across all subtypes. The canonical forms of CD44 (CD44s) are encoded by 10 constant exons. CD44 variant isoforms (CD44v1-10) are produced by alternative splicing with any combination of 10 constant exons and the remaining 9 variant exons (2, 3). CD44s and various CD44v isoforms have overlapping and distinct functional roles. CD44v isoforms have additional binding motifs that facilitate CD44 interactions with molecules in the microenvironment (4). CD44v isoforms can act as coreceptors by binding/sequestering growth factors on the cell surface and presenting these growth factors to their specific receptors (5). CD44 promotes the stemness of cancer stem cells through interactions with HA, extracellular matrix components, growth factors, and cytokines (1). CD44 has been identified as a surface marker of cancer stem cell (CSC), especially the CD44v subtype is widely used to isolate and enrich CSC in different types of cancers (6). The CD44 transmembrane glycoprotein family not only establishes specific transmembrane complexes but also organizes signaling cascades through association with the actin cytoskeleton (7). Thus, CD44 is a signaling platform that integrates cellular microenvironmental signals, growth factor and cytokine signals and transduces signals to membrane-associated cytoskeletal proteins or the nucleus to regulate cell-matrix adhesion, cell migration, proliferation, differentiation and survival (6). Therefore, targeting different CD44 variants may be a promising therapeutic target for malignancies.

As a common feature of cancers, aberrant glycosylation is involved in fundamental molecular and cellular biological processes in cancer such as cell signaling and communication, tumor cell division and invasion, cell-matrix interactions, tumor angiogenesis, immune regulation, and metastasis formation (8). A growing body of biochemical, molecular and genetic studies suggests that alterations in protein glycosylation may be a major contributor to the tumorigenic transformation process, with significant effects on tumor disease progression (9). In this review, we describe the glycosylation modification characteristics and the potential of glycosylation alterations as a tumor therapy involving the glycoprotein CD44.



The Structure and Glycosylation Domain of CD44

The CD44 protein has four main structures: an extracellular region, a stem region (standard stem region and/or variable stem region), a transmembrane region (TM) and a short C-terminal intracellular/cytoplasmic region (CP) (10). The extracellular part consists of 7 extracellular domains (constant exons 1, 5, 6, 7), including the N-terminal domain (ligand binding region). The stem region (alternatively spliced region) inserts one or more variant exons between exon 5 and exon 6. The transmembrane region is encoded by exon 8, whereas the cytoplasmic region is encoded by exons 9 or 10. However, exon 9 is spliced out in almost all CD44 cDNA isoforms (11). CD44v has different structures in the stem region (Figure 1A), resulting in different functions (10). Due to the attachment of side chains, the conserved form of CD44 (37 kDa) expands to 80-100 kDa, with some isoforms exceeding 200 kDa due to the high degree of glycosylation (11). The extracellular domain of the CD44 protein is also known as the extracellular HA-binding domain (HABD) (13). CD44-HABD mainly binds to hyaluronic acid (HA), collagen, laminin and fibronectin (14–16).




Figure 1 | CD44 gene and CD44s protein structure. (A) Schematic representation of full-length CD44, CD44s, CD44v3, CD44v6 and CD44v8-10. (B) Example structure and N-glycan pattern of myeloma CD44-HABD monosialo (12).



Notably, the CD44 extracellular structure is posttranslationally modified by N-glycans, O-glycans and glycosaminoglycans (heparan sulfate [HS], chondroitin sulfate [CS] and keratan sulfate) (17–19). Five conserved N-glycosylation consensus sites are located at amino-terminal 120 aa of CD44 (Figure 1B) (20). Mutation of any one of the five N-glycosylation sites of human CD44 results in the loss of wild-type CD44-mediated adhesion in active human cell lines (21). Nonsialylated and nonsucucosylated complex glycans dominate the N-glycans of CD44s (Figure 2) . In addition, the site-specific N-glycan profiles analyzed using LC-ESI-MS (E) showed that the vast majority of glycosyl groups, except for glycosyl N100, contained complex-type sugars, and high-mannose-type N-glycans occupied glycosyl N100 (22). The level of N-glycosylation may play a key role in CD44 activation-specific ligand binding (23–25). Most of the potential sites for O-glycosylation are located at the membrane proximal end of the CD44 ectodomain. A total of 146 O-glycan sites were predicted (26). Colon cancer cells modify CD44 with O-linked glycosyl groups, blocking CD44-mediated adhesion to HA (27). However, some studies suggest that the binding of HA to CD44 is not related to the level of CD44 O-glycosylation (25, 28).




Figure 2 | N-Glycans mudel presented on CD44s.



Signals for glycosaminoglycan (GAG) assembly are encoded by the proteoglycan backbone. GAG synthesis occurs at serine followed by glycine, one or more proximal acidic amino acids. In addition, some acceptor sites are modified with CS only, and some acceptor sites are modified with both CS and HS (29). This suggests that CS synthesis occurs by default wherever GAGs can be attached, whereas HS assembly requires an additional signal. Duplication of the SG motif and signals found in the proteoglycan backbone also include proximal hydrophobic residues, when HS is assembled (30–32). The SGSG motif in the exon of CD44v3 is the only assembly site for HS, and the HS and CS linking at this site is abolished by serine to alanine (AGAG) mutation in the V3 motif. Eight amino acids downstream of the SGSG site in the V3 region are responsible for the specific addition of HS to this site (29). The E5 exon is the only exon in CD44 that supports GAG assembly and is modified by CS. If the 8 amino acids downstream of the first SG site of the CD44 E5 exon are exchanged with the 8 amino acids downstream of the SGSG site of the V3 exon, the SG site of E5 is modified by HS and CS. The 8 amino acids downstream of the first SG found in E5 are located downstream of SGSG in V3, and this site is modified by CS but not HS (29).



N-Glycosylation and Sialylation Levels Regulate CD44 Binding to HA

HA is a group of polysaccharides, originally designated acid mucopolysaccharides, which are now labeled as glycosaminoglycans and are usually found in the connective tissue of vertebrates (33). Although HA is similar to other glycosaminoglycans, it consists of a single polysaccharide chain due to its molecular weight, which is in the millions of daltons (34). HA is composed of repeating disaccharide units of N-acetyl-D-glucosamine and D-glucuronic acid and is abundantly present in the extracellular matrix (35). HA is a polyanion that can self-associate or bind to water molecules, creating a viscous, gel-like environment when it is not bound to other molecules (35). The size of the HA polymer ranges from 50 to 20 million Da, and the function of HA is largely determined by its size (36). High molecular weight HA is present in normal, intact, healthy tissues and helps maintain normal homeostasis by inhibiting cell proliferation, migration, angiogenesis, inflammation and immunogenicity (37). Low-molecular-weight HA regulates tumor cell motility by binding to the CD44 receptor (38, 39). The interaction between HA and the CD44 receptor affects cell proliferation, survival, motility, invasiveness and chemoresistance (40). Posttranslational modifications, including glycosylation, sulfation, phosphorylation and clustering can all regulate the binding capacity of CD44 to HA (38, 41).

CD44 N-glycosylation regulates the "on" or "off" status of CD44 binding to HA (12, 24). Of the five N-glycosylation sites in CD44-HABD, Asn25 and Asn120 are required for HA binding and subsequent biological functions (20, 42). The negatively charged sugar chain attached to Asn25 directly hinders the binding of CD44 to HA (12), and N25 glycans can interact closely with nearby N100 and N110 glycans to form a sugar shield covering the typical binding sites of HA (43). Asn120 is located on the backside of the HABD close to Arg29 and does not appear to directly hinder the binding of CD44 to HA (12). A possible explanation is that charged glycans attached to Asn120 interfere with CD44 self-association and optimal binding of cross-linked CD44 molecules by directing them to adjacent sites on the same HA molecule (44). Furthermore, two mutations (IRAWB14 and IRAWB26) immediately adjacent to Asn120 in the CD44 structure, centered on Lys68, affect CD44 binding to HA (45).

The CD44 antigen is modified with sialic acids at the terminus of its glycans (46). The sialidase inhibitor 2-deoxy-2,3-dehydro-N-acetylneuraminic acid blocks HA recognition (47). When CD44 N-glycans are modified with sialic acid, sialic acid forms a competing intramolecular contact with the arginine side chain, thereby hindering the binding of HA (48). When CD44 N-glycans are modified with sialic acid, sialic acid forms a competing intramolecular contact with the arginine side chain, thereby hindering the binding of HA (48). Sialidase catalyzes the removal of sialic acid (49), including NEU1, NEU2, NEU3 and NEU4 and is associated with apoptosis, neuronal differentiation, and tumorigenesis (50). After NEU4 overexpression or activation, the modification of α-(2,3)-sialylation on CD44 decreases, and the binding affinity of CD44 for HA increases in HCC (51). Similarly, in airway inflammation, CD44 HA binding activity is also dependent on Neu1 enzymatic activity (52). The sialylation status of CD44 may be more important than its degree of expression for binding to HA (53).

N-glycosylation at specific sites of CD44 and the level of sialylation modification on N-glycans together affect HA binding. The extent of primary CD44 glycosylation and the size of the attached oligosaccharides determine the coverage of the binding site to HA. It is worth noting that the addition of sialic acid had little effect on binding site coverage compared with similarly sized nonsialylated N-glycans (43). The inhibition of HA binding by sialylation may be due to the increased degree of negative charge. Smaller N-glycan types, such as simple GlcNAc residues, lack the range and charge necessary to negatively affect HA binding. Conversely, the presence of GlcNAc residues provides HA with an additional binding surface, potentially facilitating HA recognition by providing additional polar interaction sites and minimal binding barriers (43, 54). In addition, N-glycosylation of CD44-HABD promotes a secondary, less shielded but weaker (>10 μM) HA binding site (12, 55). In the case of CD44 N-glycosylation, the flanking arginines (R150, R154 and R162) are relatively more likely to interact with HA (43). Modulation of glycosylation alone cannot completely block CD44 binding to HA; however, this binding is weak enough that modulation of the CD44 N-glycan/HA axis remains a potential therapeutic target.



CD44 O-Glycosylation Regulates The Aggressiveness of Cancer

The O-glycosylation process refers to the addition of N-acetylgalactosamine (GalNAc) to serine or threonine residues in proteins and the addition of other sugar branches to create more complex structures (56, 57). The biosynthesis of O-glycans is controlled by T-synthase (C1GalT1) (58, 59). The endoplasmic reticulum-localized chaperone Cosmc is required for C1GalT1 activity and expression (60, 61). Cosmc dysfunction results in inactive C1GalT1 and subsequent expression of the Tn antigen (62). Cosmc deficiency disrupts the CD44 O-glycosylation structure and subsequent inhibition of MAPK signaling leads to the inhibition of breast cancer cell growth in vivo (63). Deficiency or overexpression of Tn antigens occurs in many types of cancer, including gastric, colon, breast, lung, esophageal, prostate and endometrial cancers (64), which suggests that aberrant O-glycosylation occurs frequently during tumor development. In the complex O-glycosylation process, the formation of the Core 1 O-glycosyl is considered to be one of the main modes of glycosylation. Core 1-mediated disruption of CD44 O-glycosylation allows truncated CD44 in human colon cancer cell lines to be secreted into the extracellular environment via microvesicles; thus, exosome CD44 may be a potential vehicle for aberrant O-glycosylation (65). In addition, higher levels of serum CD44 protein containing the STn structure have been shown to distinguish gastric cancer patients from healthy subjects (66, 67).

C1GalT1 is overexpressed in many cancers of epithelial origin, including colon, breast, gastric, HNSCC, esophagus, prostate, and hepatocellular carcinoma. C1GalT1 overexpression is also frequently associated with poorer prognosis and poorer patient survival (68). The oncogenic effects of C1GalT1 may be achieved by altering the glycosylation and function of receptor tyrosine kinases, cell surface integrins, and cell surface death receptors (68). However, human pancreatic cancer cells with knockout of C1GALT1 had an increased tendency for tumorigenesis and metastasis (69). By localizing Tn-containing glycoproteins in C1GalT1 KO cells, Leon et al. (70) found that Tn was significantly enriched on the CSC glycoprotein CD44. C1GalT1-mediated truncation of O-glycans on CD44 inactivates the ERK/NF-κB signaling pathway, resulting in NANOG expression in pancreatic cancer (PC) cells and changes in tumor stem cell characteristics. However, high C1GALT1 expression is associated with poor survival in pancreatic duct adenocarcinoma patients (71). Why does truncation of CD44 O-glycosylation contribute to downstream signaling? We speculate that excessive O-glycosylation, similar to incomplete O-glycosylation of CD44, affects the efficiency of CD44 function (68–71). Furthermore, the increased tumorigenicity of pancreatic cancer caused by knockdown of C1GalT1 may be also related to the truncation of o-glycosylation on MUC16 (69).

Proteoglycan 4 (PRG4) is a mucin-like glycoprotein originally found in synovial fluid, a secreted product of the intimal cells of joint tissue and present on the surface of articular cartilage (72). Extensive O-glycosylated mucin-like domains are required for the boundary lubrication and lytic properties of PRG4 at various biological interfaces in vivo, including articular cartilage, tendon, pericardium, and the ocular surface (72). PRG4 is a ligand for CD44 (73–75). Removal of CD44 O-glycosylation significantly increases rhPRG4 binding to CD44 (76). PRG4 has been observed to inhibit cancer progression through the CD44/TGF-β pathway (77, 78). However, it is unknown whether PRG4 inhibits tumor progression by binding to CD44, thereby competing with HA or other ligands.



Fucosyltransferase-Mediated CD44 Fucosylation Promotes Tumor Progression

Fucosylation comprises the attachment of a fucose residue to N-glycans, O-glycans and glycolipids, and is one of the most common modifications (79). All fucosylation reactions in cells are catalyzed by focusyltransferases (FUTs). To date, 13 FUTs—FUT1 to 11, protein O-focusyltransferase 1 (POFUT1) and POFUT—have been identified (80). After CD44 N-acetylglucosamine is modified by α-(1,3)-focusylation, it can further form a sialyl-Lewis X (sLeX) structure, which can effectively bind to E-selectin (81, 82). Cell adhesion mediated by selectin and its carbohydrate ligand sLeX plays an important role in cancer metastasis (83). CD44 fucosylation improves the stemness of mouse bone marrow mesenchymal stem cells (84–87). During chemotherapy in canine lymphosarcoma, Xiong et al. (88) found that the concentration of CD44 fucosylated protein decreased by more than 2-fold, which may be related to tumor cell adhesion and migration. Increasing some specific forms of CD44 fucosylation in tumors is also thought to promote tumor progression.

MicroRNA 29b is a tumor suppressor with important effects on cancer progression (89). Specificity protein 1 (Sp1) is a well-known member of a family of transcription factors that also includes Sp2, Sp3, and Sp4, which are involved in processes such as cell growth, differentiation, apoptosis, and carcinogenesis (90). Sp1 is one of the targets of miR-29b (91, 92). Liu et al. (93) found that miR-29b/Sp1 mediates the malignancy of leukemia stem cells by regulating FUT4-mediated CD44 fucosylation in acute myeloid leukemia. CD44/E-selectin-binding signaling upregulates intercellular adhesion molecule 1 (ICAM-1) expression on the cell surface via the PKCα/p38/Sp1 pathway, thereby promoting melanoma cell metastasis (94). The E-selectin ligand activity of CD44 is conferred by sialylation and fucosylation modification of CD44 N-glycans (95). The lncRNA HOX transcribed antisense RNA (HOTAIR) is elevated in broad-spectrum tumors and is associated with metastasis and poor prognosis (96). In human tumors, HOTAIR competitively binds to miR-326, thereby regulating miR-326 expression (97–99). The HOTAIR/miR-326 axis was shown to regulate FUT6 expression to promote fucosylation of CD44 in colorectal cancer, and fucosylated CD44 could activate the PI3K/AKT/mTOR pathway to promote tumor progression (100). FUT6 mediates cell surface α-(1,3)-fucosylation, induces sLeX expression, and converts CD44 to hematopoietic cell E-/L-selectin ligand (HCELL) (82). Both FUT4 and FUT6 can modify α-(1,3)fucosyl bond formation. In addition, transfection of α-(1,2)-focusyltransferase (FUT1/2) cDNA into colon cancer cell lines resulted in cell surface expression of CD44 variants carrying the amino acid sequence encoded by exon v6 (CD44v6), thereby promoting tumorigenesis progress (101–104). CD44v6 is thought to be expressed and to have increased tumorigenicity in various human tumors, including colorectal, and head and neck squamous cell carcinoma (HNSCC) (105–107).

The enzyme α-(1,6)-focusyltransferase (FUT8) is the only fucosyltransferase responsible for protein N-glycan core fucosylation (108). In the Golgi apparatus, FUT8 transfers an L-focal site from guanosine diphosphate (GDP-β-L-focus) (GDP-fuc) to the innermost GlcNAc of N-glycans to form an α-1,6 fucosyl bond (109, 110). FUT8 knockout homozygous mice experience early postnatal death, severe growth retardation, and emphysema-like changes in the lungs (111). FUT8 has an important stabilizing effect on N-glycan structure, which allows FUT8 to regulate key glycoproteins. FUT8-mediated core fucosylation plays an important role in regulating the biological functions of EGFR, TGFBR, E-cadherin, PD1/PD-L1 and α3β1 integrin (80). However, there is still no report on the effect of removing core fucosylation modification from the CD44 protein.



CD44 N-Glycosylation Regulates its Binding to TM4SF5

Hepatic transmembrane 4 L six family member 5 (TM4SF5) is a membrane protein and a member of the tetrase protein family, with four transmembrane domains, a cytoplasmic N- and C-terminus, and an intracellular loop. TM4SF5 is N-glycosylated on residues N138 and N155 and palmitoylated on cysteine residues near the cytoplasmic boundary of the transmembrane domain (112). Similar to other tetraterpenoids, TM4SF5 has been shown to interact with a variety of membrane proteins and receptors on the cell membrane, resulting in TM4SF5-enriched microdomains (T5ERMs) (113). TM4SF5 has been shown to form protein–protein complexes with CD44 (114), CD133 (115), CD151 (116), epidermal growth factor receptor (EGFR) (117), insulin-like growth factor 1 receptor (IGF1R) (118) and integrin-α5 (119) on the cell surface and play roles in tumor cell migration and anticancer drug resistance. The TM4SF5/CD44 interaction activates the proto-oncogene tyrosine-protein kinase Src (c-Src)/signal transducer and activator of transcription 3 (STAT3)/Twist-related protein 1 (Twist1)/B-cell-specific Moloney murine leukemia virus integration site 1 (Bmi1) signaling pathway (120), and epithelial-mesenchymal transition (EMT) (111), which makes TM4SF5/CD44 a potential target for tumor-targeted therapy with coexpression of TM4SF5 and CD44. The interaction between TM4SF5 and CD44 and the activation of the c-Src/STAT3/Twist1/Bmi1 pathway occur through the N-glycosylation modification of the extracellular domain of TM4SF5 and CD44 (114). Targeted therapy of TM4SF5 or TM4SF5/CD44 interaction may effectively inhibit tumor progression.



CD44 Terminal Sialic Acids on Tumors Regulate Their Binding to Siglec-15

Siglec-15 was originally identified as a member of the Siglec family with structural features of sialic acid-binding immunoglobulin-type lectins (121). Siglec15 is upregulated in many human cancers, and as an immunosuppressive molecule that plays a role in the tumor microenvironment (TME), it is mutually exclusive with PD-L1 and has potential implications in patients with anti-PD-1/PD-L1 resistance (122, 123). CD44 is a ligand for Siglec-15 (124). In the presence of CD44 N-glycan α-(2,6)-linked sialic acid modifications, Siglec-15 interacts with CD44 and mediates liver cancer progression and metastasis by preventing CD44 lysosome-mediated degradation (125).

The ST3GAL4 gene encodes β-galactosidase α-(2,3) sialyltransferase 4 and is involved in the biosynthesis of tumor antigens sLeX and sulfo sLeX (126). MicroRNA 193b targets ST3GAL4 to regulate CD44 sialylation via the NF-κB pathway, thereby accelerating osteoarthritis progression (127). The α-(2,3)-sialyltransferases ST3GAL1 and ST3GAL4 are the main enzymes for the synthesis of Siglec7 and Siglec-9 in tumor cells. Both ST3GAL4 and Siglec-7/9 have been shown to play important roles in human tumors (128, 129). However, whether ST3GAL4 regulates CD44 sialylation and plays a role in tumors still needs to be confirmed. In conclusion, inhibition of tumor progression by modulating CD44 sialylation appears to be a viable option.



HCELLs Are Major E-/L-Selectin Ligands in Tumors

E-selectin is a cytokine-activated cell adhesion molecule expressed on endothelial cells and plays an important role in the adhesion of inflammatory and metastatic cancer cells to endothelial cells (130). L-selectin is an L-type transmembrane glycoprotein and cell adhesion molecule expressed on most circulating leukocytes and plays a role in regulating monocyte protrusion during monocyte transendothelial migration (131). Hematopoietic cell E/L-selectin ligand (HCELL) is a specific glycated form of sialofucosylated CD44 that is characteristically expressed on human hematopoietic stem cells and is the most potent E-selectin and L-selectin expressed on human cell prime ligands (132). According to the current commonly used CD44 nomenclature, the activities of HCELL on standard and variant CD44 isoforms are designated as HCELLs and HCELLv, respectively (133). The two isoforms of HCELL differ from each other at the protein backbone and glycosylation levels. The two HCELL isoforms have significantly different molecular weights: HCELL migrates as a band of 90-100 kDa on SDS–PAGE gels, whereas the HCELLv of colon cancer cells typically has a molecular weight of approximately 150 kDa (134). Metastatic MDA-MB-231 breast cancer cells express high levels of the ~170 kDa HCELLv4 isoform (135). HCELLs have been shown to be present at high levels in human malignant hematopoietic cells, including neonatal acute myeloid leukemia (AML) cells and the AML-derived primitive human hematopoietic progenitor cell line KG1a (95, 132, 136). In contrast, malignant cells of solid cancers predominantly express the HCELLv subtype (132, 133, 137).

HCELLv is characterized by the presentation of sialofucosylated glycosyl groups on O-glycans of the CD44 subtype. Despite these differences, cleavage-based in vitro assays suggest that HCELLs and HCELLv are equally potent ligands for E- and L-selectin (81). Current evidence suggests that HCELL is a key E-selectin ligand in breast cancer (138) and a major E-/L-selectin ligand in colon cancer (139). Human bone marrow-derived mesenchymal stem cells migrate across endothelial cells without the need for chemokine signaling through a VLA-4/vcam-1-dependent "Step 2-bypass pathway" after forced targeted expression of HCELL (140, 141). The discovery of HCELL and its function as a bone marrow homing receptor may have enormous implications for the realization of inverted glycobiology in clinical medicine.



CD44 Chondroitin Sulfate Modification Mediates CD44 Binding to Fibronectin and Collagen in Tumors

Chondroitin sulfate (CS) is a sulfated glycosaminoglycan (GAG) distributed on the cell surface and in the extracellular space. CS chains are covalently linked to a core protein called CS proteoglycan (CSPG), which mediates protein–protein interactions between cells and the extracellular matrix (ECM) by maintaining the physical structure of the tissue, supporting various biological functions of CSPG (142). CSPG interacts with multiple transmembrane proteins, including integrins and receptor tyrosine kinases, and modulates cell signaling related to tumor cell proliferation, invasion, migration, angiogenesis, and metastasis (143, 144). CS and keratin sulfate are found on CD44 in certain cell types (145, 146). The addition of this glycosaminoglycan has been shown to modify the function of CD44. The keratin sulfate side chain on CD44H in highly metastatic colon cancer cells significantly reduces HA binding (146). Keratin sulfate modification of CD44 regulates hyaluronic acid adhesion through its B-loop domain (146). Tumor necrosis factor alpha or lipopolysaccharide and interferon gamma (LPS/IFNγ) stimulation in mouse bone marrow-derived macrophages induces HA binding by downregulating the sulfation of CD44 by CS (147). Chondroitin sulfate-modified CD44 (110 kDa) in mouse melanoma promotes melanoma cell motility (not adhesion and spread) on type I collagen. Furthermore, the binding of CD44 to type I collagen was mediated by chondroitin sulfate by affinity chromatography and solid-phase binding assays (148). The nonspliced core protein of CD44 is glycosylated by chondroitin sulfate, which promotes the migration of fibroblasts to the fibrin clot and the migration of endothelial cells on the fibrin matrix. The attachment of CD44 to fibronectin requires chondroitin sulfate modification (16, 149). CD44 chondroitin sulfate modification may be a target for inhibiting tumor cell motility and metastasis.



CD44 Heparan Sulfate Modification Mediates CD44 Binding to Growth Factors

HS proteoglycan is ubiquitously expressed on the surface of most animal cells and in the extracellular matrix, and its function mainly depends on the interaction of the HS side chain with various proteins such as cytokines, growth factors and their receptors, and it plays an important role in tumor progression (150). In HS polysaccharides, negatively charged sulfate and carboxylic acid groups are arranged in various domains and generated through tightly regulated biosynthetic reactions, with great potential for structural change (151). The CD44v3 isoform containing the HS attachment site is overexpressed on the tumor epithelium of colorectal adenomas and most carcinomas compared with normal colon (152). CD44v3 is modified by HS and has been shown to bind growth factors (153, 154), promoting the binding of CD44 molecules to the cytoskeleton in colon cancer (155). In colorectal cancer, the heparin-like and chondroitin sulfate B side chains of CD44 bind to the laminin A5G27 peptide (156, 157). The A5G27 peptide has excellent specificity for cancer cells overexpressing CD44v3 and CD44v6 and inhibits the migration and invasion of cancer cells (158). A5G27 shares considerable sequence homology (69%) with a sequence in fibroblast growth factor 2 (FGF2) that binds heparin and the FGF receptor, which is essential for central cavity formation in FGF2 (159). CD44 binding to FGF2 specifically increases FGF2-mediated proliferation, migration and survival of tumor and endothelial cells, thereby increasing tumor growth and metastasis (160, 161). The A5G27 peptide inhibits melanoma metastasis and angiogenesis by reducing the biological activity of FGF2 by blocking the binding of FGF2 to the HS side chain of CD44v3 (162). Modulation of CD44 heparan sulfate modification may be a promising antitumor therapy.



CD44 Glycosylation Negatively Regulates Podoplanin-CD44 Binding in Squamous Cell Carcinoma

Podoplanin (PDPN) is a type I transmembrane mucin-like sialoglycoprotein (163). PDPN is highly expressed on lymphatic endothelial cells and used as a marker of lymphangiogenesis (164). Mice deficient in PDPN die soon after birth due to abnormalities in the lungs, heart, and lymphatic vasculature (165). PDPN increases tumor cell clonality, EMT, migration, invasion, metastasis and inflammation in tumors including glioma, squamous cell carcinoma, mesothelioma and melanoma and is considered a potential tumor biomarker and therapy target (166). Podoplanin molecules lack obvious enzymatic motifs, so they must exert their biological and pathological functions through protein–protein interactions. The C-type lectin-like receptor 2 (CLEC-2), ERM (ezrin, radixin, moesin) protein family members ezrin and moesin, CD9 tetraspanin, standard isoforms of CD44s and CD44s have been found in different cell types and environments in which PDPN interacts (167). In squamous cell carcinoma (SCC) cells, CD44 and PDPN colocalize on cell surface protrusions, and CD44 is required for PDPN to promote directional and sustained movement of epithelial cells (168). CD44v3-10 is the main variant isoform coexpressed by CD44s and PDPN in human SCC cell lines (169). The interaction of PDPN and CD44 is mediated by the transmembrane and cytoplasmic domains and is negatively regulated by glycosylation of the extracellular domain of CD44 (169). Inhibition of PDPN-mediated tumor progression by regulating CD44 glycosylation deserves further in-depth research.



Conclusion and Prospect

The level of CD44 N-glycosylation and sialylation negatively regulates the binding to HA; however, whether O-glycosylation has a similar effect still needs further study. The functioning of CD44 generally involves combining with some membrane proteins or the extracellular matrix, and N-glycosylation and O-glycosylation on the extracellular domain of CD44 cover or constitute the corresponding binding site, thereby regulating the tumor microenvironment and intracellular signal transduction.

The development of glycosyl-based cancer neoantigens as cancer vaccines and targeted therapies may pave the way for more effective and specific tumor targeting (170). The monoclonal antibody F77 is highly specific for prostate cancer and can recognize the glycosylation structure of CD44v10 (171). Bivalent F77 can induce apoptosis in prostate cancer cells, particularly at 4°C (172), where F77 has a higher binding affinity to its antigen (173). Downregulation of CD44 or FUT1 genes significantly reduced F77-induced apoptosis in prostate cancer cell lines, suggesting that the binding site of F77 may require fucosylation modification (172). KMP1 is an IgG1 antibody that specifically binds EJ, BIU-87, and T24 bladder cancer cell lines and bladder cancer tissue but not Lovo, HeLa, K562, HepG2, Jurkat, 293, or HCV29 cell lines, human erythrocytes, human lymphocytes or normal bladder tissue (174). However, the effectiveness of CD44 as a therapeutic or diagnostic target has not been fully demonstrated in some other studies. In addition, polysaccharide-based biomaterials HA and CS have attracted great interest as tumor drug delivery systems due to their good biocompatibility with and targeting to CD44. The use of such drugs, combined with drugs targeting the CD44 glycosylation site, may be able to achieve better therapeutic effects (175).

The critical biological roles of CD44s and CD44v in tumors have been extensively studied; however, the glycosylation patterns of CD44s and CD44v in different tumors are unknown. How to engineer the glycosylation pattern of the CD44 extracellular domain to achieve antitumor effects still requires much effort. Notably, the CD44 glycosylation pattern as a precise diagnostic marker in different tumors has also not been reported. The identification of glycan epitopes by tumor subtype may have potential applications in patient treatment stratification. Furthermore, the prospects for creating CAR-T cells specific to CD44 glycosylation could be very interesting work. The complexity of the glycosylation process and the lack of specific methods to study it hinder related research progress. However, recent advances in new methods such as cellular glycoengineering and high-throughput screening (HTS) have opened new avenues of discovery (176), which helps to explore the effect of different glycosylation of specific amino acid residues on the binding of different ligands
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Circular RNAs (circRNAs) were considered non-coding RNAs. Nowadays, a large number of studies have found that these RNAs contain open reading frames that can be translated in a cap-independent manner, such as internal ribosome entry site (IRES) and N6-methyladenosine (m6A). The encoded peptides or proteins affect the occurrence and development of tumors by regulating the Yap-hippo and the Wnt/β-catenin signaling pathways, as well as the malignant progression of tumors through phosphorylation and ubiquitination of specific molecules. This review will summarize the regulation of circRNA translation and the functional roles and underlying mechanisms of circRNA-derived peptides or proteins in digestive tract tumors. Some circRNA-encoded peptides or proteins may be used as tumor biomarkers and prognostic factors for early screening and treatment of clinical gastrointestinal tumors.
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Introduction

Only 1-2% of the human genome encodes proteins, while non-coding RNAs (ncRNAs) account for most of the RNAs, suggesting that ncRNAs represent most of the human transcriptome. Previously, circular RNAs (circRNAs) were a unique subclass of ncRNAs characterized by covalently closed loops, considered “evolutionary junks”. However, accumulating evidence indicated that circRNAs play a critical role in physiological regulation and various diseases (1, 2). Given the lack of typical mRNA characteristics, circRNAs are often considered a subtype of ncRNAs (3). However, some characteristics of circRNAs suggest translational potential. For example, most circRNAs are composed of exon sequences, mainly located in the cytoplasm, and may carry a translatable open reading frame (ORF) containing a start codon (4). A study in 1995 showed that the synthetic circRNA recruits 40S ribosomal subunits and translate through an internal entry site to produce detectable peptides in human cells (5).

Currently, masses of translated circRNAs have been detected with the advent of advanced high-throughput technology, including RNA sequencing (RNA-seq) combined with polysome profiling and circRNA-specific bioinformatics algorithms (6–9). Natural circRNA translation does not depend on the m7G cap but on internal ribosome entry elements, including IRES, such as m6A-IRES (MIRES) (6, 8, 10, 11). Furthermore, circRNAs can be translated through a rolling circle amplification (RCA) mechanism (9, 12). The peptides or proteins encoded by circRNAs can modulate various tumor-related physiopathological processes. For instance, MAPK1-109aa is encoded by circMAPK1, which can compete with MEK1 and inhibit the activation of MAPK signaling pathway and suppress the proliferation and metastasis of GC cells (13). CircDIDO1 induces apoptosis in gastric cancer cells by encoding DIDO1 protein isoform which interacts with the poly ADP-ribose polymerase 1(PARP1) protein to inhibit its DNA repair ability (14). The translation function of circRNAs remarkably enriches genomics and proteomics and provides a new perspective for tumor diagnosis and treatment.

Due to the change in human eating habits, digestive cancers, such as colorectal cancer, gastric cancer, and liver cancer, are common worldwide (15). Therefore, the survival rate of digestive cancer patients can be increased via early diagnosis and therapy. In this review, we illustrated how peptides encoded by circRNAs are translated. We assessed a series of studies on the association of peptides or proteins encoded by circRNAs with gastrointestinal tumors to classify the effects of such peptides or proteins on tumors, such as cell proliferation, metastasis and apoptosis.



Translation of CircRNA-Derived Peptides or Proteins

Protein synthesis in eukaryotes consists of four stages, initiation, elongation, termination, and ribosome recycling (16), wherein the initiation stage is the rate-limiting stage of translation. The classical translation of eukaryotic mRNAs relies on the m7G cap for the recognition of the cap-binding protein initiation factor eIF4E complex, including eIF4E, eIF4G (a scaffold protein), eIF4A (a helicase protein), and the assembly of the 43S initiation complex to direct protein synthesis (17). However, cap-independent translation of circRNAs requires IRES or MIRES to bind to the initiation factor eIF4G2 or eIF3 complex containing eIF4G2, eIF4A, and eIF4B, anchoring the 43S complex for protein translation (18, 19) or requiring infinite ORFs and initiation codons to initiate translation in rolling translation pathways (8, 12, 20). Next, we will assess the three ways of circular RNA translation.


IRES-Dependent CircRNA Translation

Due to the lack of 5’ cap and 3’ terminal structure, the circRNAs do not have the ability to encode proteins. Recently, this theory has been challenged by the discovery of IRES elements. An IRES-mediated mechanism is one of the widely accepted methods for the translation initiation of circRNAs. IRES, a secondary structure sequence located in the noncoding region of the 5’-end of mRNA, can directly recruit ribosomes to initiate translation (21). Originally, these IRES elements were detected in the sequences of some viral and cellular mRNAs (6). They mediate translation initiation without prior scanning through the 40S subunit from the 5’ end of the IRES-containing mRNA. Thus, 40S subunits enter the IRES-containing mRNAs either by direct binding to the IRES elements or at the 5’ end of the mRNA and then transferring to the IRES (22, 23). Typically, these IRES elements require the IRES-transacting factors (ITAFs) to recruit ribosomes on the internal structure of mRNAs and initiate translation (24).

A previous study has shown that eukaryotic mRNAs can initially be translated through the IRES-mediated process under physiological and environmental stresses, such as hypoxia, heat shock, or viral infection (Figure 1A) (25). This is an alternative translation mechanism in eukaryotes that compensates for defective cap-dependent translation. Some studies have shown that this model is optimal for circRNAs (26, 27). For instance, peptides were encoded by circ-ZNF609 in a cap-independent manner and were initiated by IRES elements in noncoding regions (6). IRES-mediated translation is ubiquitous in circRNAs, and studies have shown that circRNAs can produce the peptides or proteins involved in colon, liver, and gastric cancer development (13, 28–30). For example, Pan et al. verified the activity of IRES in circFNDC3B by dual-luciferase assay, demonstrating that circFNDC3B encodes circFNDC3B-218aa with an IRES-mediated translation initiation mechanism; this protein can inhibit colon cancer progression and epithelial-mesenchymal transition (EMT) (29).




Figure 1 | (A) IRES-mediated translation: Under physiological and environmental stresses, such as hypoxia, heat shock, or viral infection, eukaryotic mRNA initiates IRES-mediated translation to compensate for defective cap-dependent translation; (B) MIRES-mediated translation: In cooperation with the initiation factor eIF4G2 and the m6A reader YTHDF3, a single m6A site is sufficient to initiate circRNA translation. This mode of translation is enhanced by methyltransferase METTL3/14 and inhibited by the demethylase FTO.





MIRES-Dependent CircRNA Translation

In addition to regular hairpin-like IRESs, short sequences containing m6A sites can also act as specialized IRESs to initiate the translation of circRNAs. m6A is an abundant modification in mRNA and DNA in higher organisms, with the addition of a methyl group at the N6 position of RNA adenosine (31–33). Yang et al. found that a single m6A site is sufficient to initiate circRNA translation, which also requires initiation factor eIF4G2 and the m6A reader-YTH N6-Methyladenosine RNA Binding Protein 3(YTHDF3). Moreover, this mode of translation is enhanced by the methyltransferase methyltransferase-like 3/14(METTL3/14), suppressed by demethylase fat mass and obesity-associated protein (FTO), and activated under heat shock conditions (11). For example, the reverse splicing of exons 2 and 3 of tumor suppressor gene ARHGAP35 forms circARHGAP35, which encodes a truncated protein without Rho gap domain composed of four FF domains and is mediated by the starting codon modified by m6A (Figure 1B) (10).



Rolling Circle Amplification (RCA)-Mediated Translation

Several studies have shown that IRES and m6A are crucial common elements for translation initiation of circRNAs, and RCA is a putative mechanism for circRNAs’ translation (21). In 2015, Abe et al. designed a circRNA sequence with unlimited ORF but without any of the above elements necessary for translation initiation to test its translational efficacy in the eukaryotic systems. The results suggested that circRNAs with unlimited ORFs can be translated by RCA (34).




CircRNA-Encoded Proteins or Peptides in the Digestive System Neoplasm

With social development, environmental changes, and changes in people’s lifestyles, the incidence of digestive system diseases is increasing every year. Due to the fast-paced life and significant work pressure of modern people, most people’s digestive systems are in a sub-healthy state. Compared to the high incidence of gastrointestinal tumors, the early diagnosis rate is low (35). Many gastrointestinal tumors have insidious onset and no symptoms in the early stage. The majority of patients were in the middle and late stages. Several studies reported that the peptides or proteins encoded by circRNAs have an impact on the occurrence and development of digestive tract tumors (12, 29, 36, 37). We have listed circRNAs acting as template for translation in human digestive tract tumors in Table 1. Thus, the early screening rate of tumors and the prognosis and survival of patients can be improved by studying the peptides or proteins encoded by these circRNAs as diagnostic markers or drug targets. In the following section, we categorized the effects of circRNA translation products on gastrointestinal tumors.


Table 1 | Summarsy of peptides encoded by circular RNAs in gastrointestinal tumors.




Effects on EMT

Pan et al. reported that circFNDC3B originates from exons 5 and 6 of FNDC3B gene in chr3 and encodes a 218-amino acid (aa) novel protein that was termed the circFNDC3B-218aa. The product of circFNDC3B exerted its tumor-suppressive effect in Snail/FBP1/EMT axis. Fructose-Bisphosphatase 1(FBP1) is one of the limiting enzymes in gluconeogenesis, playing a critical role in glucose metabolism. Notably, the Warburg effect refers to a metabolic shift from glycolysis to aerobic phosphorylation, which affects the development of EMT and promotes tumor malignancy. This phenomenon provides abundant nutrients to cancer cells while initiating extracellular matrix destruction and inducing metastasis. The study found that circFNDC3B-218aa inhibited tumor progression and EMT by alleviating the inhibitory effect of Snail on FBP1 in colon cancer (29).



Effects on Tumor Proliferation and Metastasis

Zheng et al. provided evidence that circPPP1R12A encoded a conserved small peptide, circPPP1R12A-73aa. The study used nude mouse xenografts for a series of experiments and found that it was circPPP1R12A-73aa, but not circPPP1R12A, that promoted colorectal cancer proliferation and metastasis. Also, the analysis of subclasses of signal transduction pathways in the KEGG pathway database found that circPPP1R12A-73aa affected the hippo-Yap signaling pathway. Next, the colon cancer cell lines overexpressing circPPP1R12A-73aa were treated with a Yes-associated protein 1(Yap1) specific inhibitory peptide 17, which showed that peptide 17 significantly alleviates the promotion of the proliferation, migration, and invasion abilities of colon cancer cells by circPPP1R12A-73aa overexpression (42).

Collagen α-3(VI) chain (COL6A3), encoded by the host gene COL6A3, is a major component of the extracellular matrix and structurally has a short triple-helical domain and two large globular N- and C-terminal non-collagen domains (38). Endotrophin is a COL6A3-cleaved C5 domain fragment that directly regulates cancer phenotypes by activating the TGFβ-dependent signaling pathways (39). In accordance with the data from The Cancer GenomeAtlas Program(TCGA), COL6A3 expression levels were higher in colorectal cancer tissues compared to the normal tissues. In the study by Zhang et al., hsa_circ_0006401 results from 2–4 exons of its host gene COL63 and is localized in the cytoplasm. Hsa_circ_0006401 encodes a novel 198-aa functional microprotein that reduces the mRNA and protein levels of host genes COL6A3 and TGFβ1 and promotes colorectal cancer proliferation and metastasis by protecting COL6A3 mRNA from degradation (37). In addition, they speculated that the hsa_circ_0006401 microprotein might be involved in the decay process of poly(A) mRNA as an RNA-binding protein because the poly A tail maintains the activity of the mRNA as a translation template and increases its stability (40). Moreover, the hsa_circ_0006401 peptide is closely related to poly(A) binding and mRNA processing (37).

Li et al. identified the protein cGGNBP2-184aa encoded by cGGNBP2, a circRNA derived from exons 3–6 of gametophyte-binding protein 2 by mass spectrometry and Western blotting. This peptide directly interacted with signal transducer and activator of transduction 3 (STAT3) enhancing its phosphorylation at Tyr705, followed by translocation of phosphorylated STAT3 to the nucleus to activate the transcription of the target genes, thereby promoting the proliferation and metastasis of intrahepatic cholangiocarcinoma cells. The translation of cGGNBP2 protein is regulated by IL-6 and DEH-box helicase 9 (DHX9); IL-6 significantly upregulates cGGNBP2 levels by downregulating DHX9 expression (Figure 2) (43).




Figure 2 | cGGNBP2 is derived from a circRNA of exons 3–6 of gametophyte-binding protein 2, encoding cGGNBP2-184aa. It interacts with signal transducer and activator of transduction 3 (STAT3), enhances its Tyr705 phosphorylation, which is susceptible to the localization to the nucleus and activates the transcription of target genes, thereby promoting the proliferation and metastasis of intrahepatic cholangiocarcinoma cells. IL-6 significantly upregulates the expression level of cGGNBP2 by downregulating the expression of DHX9.



In addition, Li et al. used RNA-seq analysis of ribosomal RNA-depleted total RNA to analyze the circRNA transcripts from 12 paired hepatocellular carcinoma (HCC) and adjacent cancer tissues. qRT-PCR assays identified a circRNA with exons 2 and 3 of the ARHGAP35 gene (hereafter referred to as circARHGAP35) that was upregulated in HCC. circARHGAP35 contains a large ORF with an m6A-modified start codon in the linker sequence, encoding a truncated protein containing four FF domains and lacking the Rho-GAP domain. The circARHGAP35 protein mainly resides in the nucleus and interacts with TFII-I to promote the proliferation and metastasis of liver cancer cells. HNRNPL was shown to promote the biogenesis of circARHGAP35, and its high expression level upregulates the circARHGAP35 in HCC (Figure 3) (10).




Figure 3 | circARHGAP35 is formed by back-splicing of exons 2 and 3 of the tumor suppressor gene ARHGAP35 (also known as P190-a), and the RNA-binding protein HNRNPL promotes circARHGAP35. circARHGAP35 encodes a truncated protein containing four FF domains and lacking the Rho-GAP domain. This truncated protein mainly resides in the nucleus and interacts with the TFII-I protein to promote the proliferation and metastasis of hepatoma cells.



Moreover, Liang et al. found that circβ-catenin was mainly localized in the cytoplasm (41). Compared to the adjacent normal tissues, it was highly expressed in liver cancer tissues, while the knockdown of circβ-catenin inhibited cancer cell growth in vivo and in vitro. The Wnt/β-catenin pathway is widely involved in multiple pathological events, such as tumor growth, evasion of programmed cell death, cell fate determination, and maintenance of self-renewal capacity (44). circβ-catenin generates a novel 370-aa β-catenin isoform, β-catenin-370aa, which acts as a decoy for GSK3β, preventing it from binding to full-length β-catenin, thereby evading GSK3β-induced β-catenin degradation. The degradation of catenin causes β-catenin accumulation in the cytoplasm, followed by the translocation of β-catenin from the cytoplasm to the nucleus. The nuclear β-catenin interacts with the T-cell factor/lymphoid enhancer-binding factor (TCF/LEF) complex and subsequently initiates the transcription of target genes, thereby promoting liver cell growth and metastasis (Figure 4) (41).




Figure 4 | circβ-catenin production of β-catenin isoforms by antagonizing GSK3β, which induces β-catenin phosphorylation and degradation. Nuclear β-catenin interacts with the TCF/LEF complex, which triggers the transcription of target genes and promotes the proliferation of hepatocellular carcinoma cells.



In another study, Peng et al. demonstrated that circ AXIN1 consists of exon 2 of the parental gene AXIN1 that is 959 nt long. CircAXIN1 is highly expressed in GC tissues compared to its expression in paired adjacent normal gastric tissues. The overexpression enhances GC cell proliferation, migration, and invasion, while the knockdown inhibits GC cell malignant behavior in vitro and in vivo. The study also performed nuclear and cytoplasmic RNA extraction combined with polymerase chain reaction (PCR) and fluorescence in situ hybridization (FISH) and found that circAXIN1 was mainly localized in the cytoplasm. CircAXIN1 encodes a novel protein of 295 aa, AXIN1-295aa. The RGS domain of AXIN1-295aa interacts with a 25 aa SAMP from APC, i.e., AXIN1295aa competes with AXIN1 for binding to APC. Consequently, it competes with APC and GSK3β in the destruction complex, preventing AXIN1, CKα, and GSK3β from forming a normal destruction complex. β-catenin then translocates to the nucleus and activates the downstream genes to promote gastric cancer cell proliferation and migration (45).

circMAPK14 (mitogen-activated protein kinase 14) is formed by reverse cleavage of MAPK14 precursor mRNA, and the encoded 175 amino acid polypeptide circMAPK14-175aa can competitively bind to MKK6 to reduce the nuclear translocation of MAPK14. This in turn promotes ubiquitin-mediated degradation of FOXC1, rendering it unable to activate the transcription of downstream molecules, and thus blocking the proliferation and metastasis of colorectal cancer cells. Due to its decreased level, FOXC1 can promote the transcription of U2AF2 and enhance the biogenesis of circMAPK14, forming a positive feedback mechanism to enhance the inhibitory effect of this peptide on the proliferation and metastasis of colorectal cancer (30).

MAPK signaling cascade, with the Ras-Raf-MEK-MAPK signaling pathway, is involved in various cellular and physiological processes essential to life (46). When extracellular stimulators bind to transmembrane receptors, inactive Ras-GDP in the plasma membrane is converted to active Ras-GTP, which then stimulates active homodimerization consisting of A-Raf, B-Raf, and C-Raf formation of dimeric or heterodimers. Raf enzymes catalyze the phosphorylation and activation of bispecific mitogen-activated protein kinase kinases (MEKs); the activated MEKs stimulate MAPK and its downstream factors. Jiang et al. demonstrated that circMAPK1 (hsa_circ_0004872) was downregulated in gastric cancer tissues compared to the adjacent normal tissues, which inhibited the proliferation and metastasis of gastric cancer cells in vitro and in vivo. It also encoded a new protein with a length of 109 aa, MAPK1-109aa. This peptide competes with MEK1 as a tumor suppressor to reduce MAPK1 phosphorylation, which in turn inhibits the activation of MAPK1 and its downstream factors, thereby inhibiting the proliferation and metastasis of GC cells (13).



Effect on Apoptosis

Hsa_circ_0061137 is formed by back-splicing of exons 2–6 of the linear transcript of the DIDO1 gene, 1787 nt in length (henceforth termed as circDIDO1). Bioinformatics analysis by Zhang et al. showed that circDIDO1 has IRES, an ORF, and m6A modification. The study by Zhang et al. found that circDIDO1 encodes a novel DIDO1 protein isoform, which interacts with the poly ADP-ribose polymerase 1 (PARP1) protein to inhibit its DNA repair ability. When single-strand DNA breaks occur in cells, PARP-1 is actively involved in the repair process through various mechanisms. PARP-1 recognizes single-strand DNA breaks through the DNA-binding domain (DBD) and modifies the receptor protein to regulate its conformation, stability, and activity through the CAT domain, thereby repairing DNA damage. PARP-1 inhibition impairs DNA damage repair and induces apoptosis in gastric cancer cells (14).



Correlation With Tumor Chemoresistance

Li et al. demonstrated that circMRPS35 was highly expressed in HCC post-sorafenib treatment based on the analysis of RNA-seq, indicating that circMRPS35 is associated with chemotherapy (28). circRNADb analysis revealed that circMRPS35 has two IRES putative regions that may encode a 168-aa peptide, which could encode circMRPS35-168aa; this peptide was significantly induced by cisplatin, doxorubicin(DOX), and etoposide. Further experiments demonstrated that overexpressed circMRPS35-168aa mainly induced cisplatin resistance. Western blot results showed that high expression of circMRPS35-168aa counteracted cisplatin-induced high levels of cleaved Caspase-3, an inactive enzyme class that plays a key role in apoptosis (47). These findings demonstrated that circMRPS35 encodes a novel peptide circMRPS35-168aa that is significantly induced by chemotherapeutic drugs and promotes cisplatin resistance in HCC cells (28).




Conclusions

Peptides or proteins encoded by circRNAs have gained significant attention. Some studies have identified the presence and importance of functional peptides encoded by circRNAs. Herein, we reviewed recent advances in small peptides- or proteins-regulated human digestive tract tumors encoded by circRNAs. This review suggested that future research on functional peptides encoded by circRNAs may be investigated with respect to the following aspects, whether there are other translational mechanisms of circRNAs, the factors and specific mechanisms that affect the protein encoded by the circular RNA, and whether there are other factors that affect the function of the functional peptides encoded by the circRNAs. Based on the current research on circRNA-encoded peptides or proteins in digestive tract tumors, the potential development value and clinical efficacy of circRNA-encoded functional peptides have been discovered. In the future, this approach may be routinely used in cancer research, primary screening, treatment and prognosis.
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Cancers are complex adaptive diseases regulated by the nonlinear feedback systems between genetic instabilities, environmental signals, cellular protein flows, and gene regulatory networks. Understanding the cybernetics of cancer requires the integration of information dynamics across multidimensional spatiotemporal scales, including genetic, transcriptional, metabolic, proteomic, epigenetic, and multi-cellular networks. However, the time-series analysis of these complex networks remains vastly absent in cancer research. With longitudinal screening and time-series analysis of cellular dynamics, universally observed causal patterns pertaining to dynamical systems, may self-organize in the signaling or gene expression state-space of cancer triggering processes. A class of these patterns, strange attractors, may be mathematical biomarkers of cancer progression. The emergence of intracellular chaos and chaotic cell population dynamics remains a new paradigm in systems medicine. As such, chaotic and complex dynamics are discussed as mathematical hallmarks of cancer cell fate dynamics herein. Given the assumption that time-resolved single-cell datasets are made available, a survey of interdisciplinary tools and algorithms from complexity theory, are hereby reviewed to investigate critical phenomena and chaotic dynamics in cancer ecosystems. To conclude, the perspective cultivates an intuition for computational systems oncology in terms of nonlinear dynamics, information theory, inverse problems, and complexity. We highlight the limitations we see in the area of statistical machine learning but the opportunity at combining it with the symbolic computational power offered by the mathematical tools explored.
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Introduction

Cancer is the second leading cause of disease-related death globally, and a tremendous burden to progressive medicine. Deciphering the minimal set of interactions in the complex multiscale networks driving cancer gene expression and signaling remains an intractable problem due to its collective emergent behaviors, including phenotypic (epigenetic) plasticity, intra-tumoral heterogeneity, therapy resistance, and cancer stemness (1). Cancer is essentially a genetic disease and given the vast amounts of scientific works on the genetic and chromosomal instabilities/mutations driving tumorigenesis and cancer evolutionary dynamics, we shall not directly explore these conventional realms herein. Rather the review will focus on the cell fate dynamics emerging from these genetic/chromosomal instabilities, and hallmarks of cancer progression/adaptivity. Further, molecular heterogeneity is observed across many scales of cancer cybernetics, necessitating multiomics and multimodal profiling methods to dissect cancer ecosystems (2). In this regards, systems biology and computational medicine have paved many powerful tools in single-cell analyses including network theory, data science, statistical machine learning, and multivariate information theoretics. However, current approaches in network medicine rely on static (single time-point) visualizations of spatial cancer cell-signaling and gene expression profiles. These predominant snapshot approaches are fundamental limiting factors in the advancement of precision oncology since they are causal agnostic, i.e., they remove the notion of time (dynamics) from cancer datasets. Instead, pseudotemporal ordering techniques are used to infer gene expression patterns and cell fate trajectories in cancer processes on dimensionality-reduced pattern spaces. Although these static patterns may provide us insights into statistical correlations in complex cancer processes, statistical correlation does not imply causation. The lack of time-series measurements in single-cell multi-omics (e.g., gene expression dynamics, protein oscillations, histone marks spreading, etc.) and cell population fluctuations (i.e., ecological dynamics), in patient-derived tumor and liquid biopsies, remains a central roadblock in reconstructing cancer networks as complex dynamical systems.

Let us suppose we do have time-sequential measurements to infer signaling and gene expression dynamics in cancer networks by the methods suggested herein. What kinds of patterns emerge in time-series which cannot be inferred from the currently predominant snapshot approaches? How do we detect these causal patterns in cancer dynamics? The review was written precisely to address these questions and provide a general intuition for nonlinear dynamics, chaos, and complexity in cancer research. The central dogma in systems biology remains that gene expression dynamics are stochastic processes. However, unlike stochastic systems, deterministic chaos, although difficult to distinguish from randomness, has a defined causal pattern in state-space (3). Chaotic systems exhibit an underlying (multi)fractal topology, defined as strange attractor(s). Unlike randomness, these causal patterns allow the short-term predictions of the chaotic system’s time-evolution (up to some Lyapunov time) and their global state-space trajectory (orbit). Chaotic systems also exhibit patterns of emergent behaviors, i.e., collective patterns and structures which are unpredictable from the individual components (3).

The primary theme of the paper is, if chaotic behavior or complex dynamics plays an important role within cancer dynamics, how do we characterize chaos/complexity and distinguish it from randomness? The review comprises of a detailed discussion of tools from complex systems science and nonlinear dynamics (dynamical systems theory) to decode multiscale processes and behavioral patterns in cancer cellular dynamics. Various detecting tools, measures and algorithms exist which remain under-explored in (computational) systems medicine. Complex multiscale/multiomic networks driving cancer emergence/progression are discussed across different scales of cancer processes, from gene regulatory networks to epigenetic stemness/plasticity networks. An intuition for cellular oscillations (both intracellular flows and population dynamics) and causality inference in cancer cell fate dynamics are presented under the lens of complex systems. The remaining bulk of the paper is devoted to a step-by-step blueprint of algorithms and tools to capture multiscale chaotic dynamics (if they exist) within cancer cell signaling and cellular processes. Dynamical systems theory is a relatively new framework to most cancer researchers further stressing the lack of time-series cancer datasets. As such, some codes for a selected set detection tools/algorithms are provided in the Appendix. A summary table of some inference methods discussed are also provided as Table 1 in the Appendix. Furthermore, traditionally, signaling refers to protein-protein interactions or signal transduction pathways in cell communication networks. Examples of such signaling includes physiological cybernetics such as psychoneuroendocrine control, immune-inflammatory pathways, neurotransmitter dynamics, extracellular vesicles-mediated communication networks, and other receptor-ligand regulatory feedback loops/signaling cascades. However, we may simply refer to various scales of cancer cybernetics, including cancer-immune population dynamics, protein density fluctuations, epigenetic patterns/chromatin modifications, metabolomics, and gene expression (transcriptional) dynamics, to name a few, simply as signaling herein in reference to signal (information) processing in control systems (cybernetics). Due to the limited space allocated to the comprehensive review, additional information such as biological insights into epigenetic complexity, some fine-details of the mathematical treatments/methods, and prospective techniques for the acquisition of time-resolved multicell data are provided In the the Appendix.


Table 1 | GLOSSARY.





Complex Dynamics

Complexity theory is an interdisciplinary paradigm in systems science merging nonlinear dynamics, statistical mechanics, information theory, and computational physics. It deals with the study of whole systems which exhibit emergent behavioral patterns, often due to their multi-scale nonlinear interactions, and multi-nested feedback loops. Therefore, complex systems are (in general) nonlinear feedback systems (including computational systems) with many interacting parts which give rise to collective behaviors (i.e., emergence) (80). Complex systems or their signature, emergence, may be best defined by the non-reductionistic Aristotelian dictum the whole is more than the sum of its parts (7). Complexity theory is thus the quantitative study of collective processes, patterns, and behaviors in complex systems. Chaotic systems are at the heart of biological/physiological complex systems and warrant our deepest attention.

The universality of chaotic dynamics in physiological control systems has been well-established. Based on the findings of the Jacob-Monod model of lac operon regulation, Goodwin, a student of Waddington, first derived an oscillatory model of gene regulatory networks to describe negative feedback loop oscillators as seen in a wide range of biological processes including circadian rhythms, enzymatic processes, developmental biology, and cell cycle dynamics (81). Later, the Mackey-Glass equations, a set of first-order nonlinear delay-differential equations, demonstrated that complex dynamics ranging from limit-cycle oscillations to chaotic attractors can emerge in respiratory and hematopoietic diseases (82). The most prominent examples of chaotic dynamics are found within cardiac oscillations (83–85). The works of Winfree and Kuramoto further extended the study of biological oscillators in physiological control processes/rhythms (46, 86). Chaotic oscillations have also been well-studied in glycolytic oscillations and cellular calcium fluxes. For instance, tumor glycolytic oscillations have been experimentally suggested to confer adaptive cellular behaviors such as therapy resistance in tumor ecosystems. In this model system, Pomuceno-Ordunez et al. (87) investigated the effects of pulses and periodic glucose deprivation in a kinetic model of HeLa cells glycolysis. A system of ordinary differential equations were obtained from the model to quantify the glycolytic oscillations. Various measures were used to assess the complex dynamics including ability analysis of the steady state, stroboscopic analysis, and Lempel-Ziv index. The study concluded that periodic glucose pulses can lead to an increase in the energy charge, while periodic glucose deprivation of the tumor ecosystem prevented the increase in the complexity of glycolytic oscillations and caused a decrease in the cellular energy charge of tumor cells (87). However, it should be emphasized that complex tumor ecosystems such as GBM exhibit adaptive heterogeneity and phenotypic plasticity amidst a diverse range of transcriptional and metabolic cellular states. While some cellular states may be glycolytic phenotypes, others may favor oxidative phosphorylation, and others are inclined towards other metabolic programs.

Further, the detection of chaotic oscillations in other cellular rhythms such as the circadian clock remain experimentally dormant. Only mathematical models and numerical simulations have by far shown the emergence of chaotic behavior at the level of clock protein oscillations in simpler model systems like Drosophila (88). The detection of intracellular chaotic oscillations in proteins and genetic networks, is recently emerging as a paradigm shift in complexity science (18, 19). Most biological systems at varying length and time scales, including networks of genes, proteins, and populations of cells, behave like coupled nonlinear oscillators (16, 17). In principle, chaotic oscillations can arise in these biological oscillators (16). In the context of cancer networks, there are many timescales and interconnected regulatory feedback loops manifesting time-delays in their oscillatory dynamics. The time-delays may give birth to signaling cascades and a symphony of complex dynamics, including chaotic oscillations (15, 17). For instance, calcium oscillations within cells are in the timescales of seconds, whereas protein oscillations such as transcription factor oscillations, the cell cycle, and circadian rhythms span from hours to days. This is the key insight cancer researchers should be aware of, that oscillatory dynamics occur in all length and time scales, including networks of gene expression (transcriptional dynamics), protein signals, multicellular networks, and ecological/population dynamics (e.g., tumor-immune predator-prey systems). When these oscillations become aperiodic and irregular, they may either be stochastic (random) or chaotic. However, unlike randomness, chaotic flows have an underlying causal pattern, a structure, in state-space to which their irregular trajectories are confined to (15). The methods for detecting different behavioral regimes in the experimental time-traces of cancer signals depend on the timescales of the oscillations and the multi-nestedness (interactions) of the complex network patterns or dynamics they form. Thus, the resolution of the time-series datasets acquired must also be considered in chaos/complex dynamics discovery.

The time-series signal, whether it be the oscillation of a single protein, a protein concentration density during cellular patterning, or gene expression dynamics, of cancer cells, can be represented as a state-vector X(t). For instance, the gene expression matrix acquired from a single-cell RNA-Seq experiment is a state vector at a given time point t. The state-space, also known as phase-space, determines the set of all possible values of the signal’s state-vector (15). Any state of the dynamical system at a moment frozen in time can be represented as a point in phase space. All the information about its position and velocity is contained in the coordinates of that fixed-point. As the system evolves, the point would trace a trajectory in phase space (15). In the context of the given example, the state-space would describe the entire range of possibilities in the oscillator(s), or all the possible gene-gene network configurations described by the count matrix. The state-space reconstruction of the signals’ time-traces (trajectories) exhibit a set of universal patterns called attractors. Attractors are self-organized causal structures governing the fate of a dynamical system in state-space. They are finite regions bound to state-space to which the trajectories of the dynamical system are confined to or pulled towards (i.e., attracted to) (Note: the opposite flow analog also exists, repellors, regions in state space from which the system is pushed away from) (15). The detection of attractors provides a route to reduce the combinatorically vast state-space of all network configurations conferring cancer states towards a finite set of values. However, only fixed-point attractors (equilibrium points), the simplest of attractors, are analytically solvable.

In the chaotic and complex regimes of dynamical systems, multiple attractors may self-organize for a wide range of initial conditions. Some attractors may entangle with those nearby to form complex webs of attractors. We need three dimensions (or higher) to analyze chaotic attractors, and hence, observing a single protein oscillation in time as a one- dimensional system is insufficient to detect chaotic behavior (15). As such, the most effective classical method for chaotic behavior detection is to embed the time-trace signal onto state-space by Takens’ theorem and quantify its Lyapunov exponents and fractal dimension. Time-delay embedding allows us to reconstruct a higher dimensional space of the protein flows or gene expression. However, there may be still smearing by noise. Denoising algorithms can be used as a filtering and pre-processing step prior to the attractor embedding. Denoising algorithms can be of many sorts from basic normalization techniques to wavelet analysis and imputation techniques, used for noise reduction in the dataset. From the time-embedded signaling data, one can identify two points that are very close in the phase space and subsequently measure the initial, exponential separation away from each other (15). This procedure determines the spectrum of Lyapunov exponents, where the presence of one or more positive Lyapunov exponents imply chaotic behavior (15). The presence of a chaotic attractor is further confirmed by assessing the embedded attractor’s fractal dimension in state-space (15). However, when large complex datasets in the order of thousands of genes or proteins within thousands of cells are considered, as is the case for patient-derived tumor/liquid biopsies and their single-cell analyses, the application of these embedding techniques and traditional chaotic behavior measures may not be sufficient due to dimensionality constraints. Therefore, as will be discussed, machine learning algorithms and algorithmic information dynamics are suggested as robust tools for mapping complex dynamics and inferring chaotic behavior in larger multidimensional datasets pertinent to systems oncology.

Chaotic behavior implies long-term unpredictability, irregularity, and complexity, making the disease difficult to treat. A healthy cell phenotype may correspond to a stable attractor in state space such as a fixed-point or a limit cycle (oscillations). However, a cell if found to be a chaotic attractor, is an unstable state with irregular and aperiodic signaling dynamics. Chaotic dynamics in certain biological oscillations may be robust biomarkers or patterns for diseases. An emerging paradigm in the study of complex diseases, such as cancers, is that chaotic dynamics can emerge in biological oscillators such as gene and protein networks. According to mathematical and computational models, the emergence of chaotic attractors in complex cancer processes have been suggested as indicators of therapy resistance, cancer relapse, emergence of aggressive phenotypes, increased phenotypic plasticity, and metastatic invasion (19, 89, 90). However, most of these studies were limited to cell population dynamics. Further, Huang et al. (91) were amidst the first to suggest using transcriptomic analyses that cancer cell fates are aberrant, embryonic-stem cell like attractors of the Waddington developmental landscape (78). Further, they suggested that cancer stem cells occupy higher energy states of the landscape, thus representing more complex attractors with higher differentiation potency (91).

Chaotic dynamics at the level of protein and gene oscillations may also confer dynamical heterogeneity and adaptive survival in individual cell states to withstand extreme environmental conditions due to their large signaling fluctuations (19). As such, it is further suggested here chaotic attractors may be signature hallmarks of cancer stemness. Measuring chaotic attractors then provides a solution to forecast the complex adaptive behaviors and dynamics of the disease system. The chaotic attractor provides a control system framework to reprogram the disease state dynamics in signalling state-space. If chaotic behavior emerges or is at the origin in cancer signaling dynamics, two fundamental questions arise: (1) How do we detect chaotic behavior of or in cancer cells? More specifically, how do we detect strange attractors in the (multiomic) signaling state-space of cancer networks? and (2) How do we distinguish chaotic oscillations from stochastic oscillations (randomness) or noise in the signaling state-space? To address these questions, a brief survey of tools and methods to detect strange attractors in cancer signaling state-space are outlined in this paper. While chaotic oscillations may occur in any cancer-related process, we will primarily focus our attention to the complex networks steering cancer cell fate dynamics and differentiation processes.



Oscillations and Cell Patterning Systems

Given the reconstruction of the complex network patterns/dynamics steering cancer cell fate decision-making, we must understand how their regulatory feedback loops behave in time (i.e., oscillations). As mentioned, cells, genes, and proteins, can be treated as physiological oscillators. Thus, a brief intuition for oscillations is required to understand the use of chaotic-behavior detection tools, in the context of forecasting cancer cell signaling/dynamics. Cancers are essentially characterized by their abnormal, uncontrolled cell division due to chromosomal/genomic instabilities. The tumor suppressor transcription factor p53 is highly conserved at the protein level and plays a key role in DNA damage response. It is a master regulator of the cell cycle and hence, cell proliferation. In cancer cells, the TP53 gene is mutated (loss of function) in about 50% of all cancers and serves as the critical bifurcation point for tumorigenesis on the cell developmental/differentiation landscape (92). The core p53-MDM2 negative feedback loop shows that the synthesis-degradation kinetics of p53 and MDM2 governs their oscillations within cells. The oscillations of this regulatory feedback mechanism are essential for the signaling dynamics of all other intertwined proteins and genes regulating cell homeostasis and cell cycle control. Within this circuit, p53 transcriptionally activates mdm2. Mdm2, in turn, negatively regulates p53 by both inhibiting its activity as a transcription factor and by enhancing its degradation rate. Models of negative feedback loops, such as between p53 and Mdm2, suggest that they can generate an oscillatory behavior due to a time delay between the two proteins activity (conformation states). However, with DNA damage (as in the case of tumors harboring~ hundreds of mutations), excessive continuous p53 oscillations are observed (92).

Fluorescently tagged fusion proteins can be used for the time-lapse imaging of these proteins and quantify their oscillatory dynamics within cells. For different parameters of the feedback loop, the dynamics can show either a monotonic response, damped oscillations, or undamped oscillations. The stronger the coupling interactions between the proteins, the more oscillatory the dynamics tend to be. The kinetic parameters act as damping or signal-amplifying coefficients. For instance, high basal degradation rates of the proteins act as damping coefficients of the oscillations. To illustrate an experimental approach to measuring cellular protein oscillations, Geva-Zatorsky et al. (93) experimentally investigated fluorescently labelled p53 and Mdm2 dynamics in living breast cancer (MCF7) cells with perturbation analysis by gamma irradiation. In a large fraction of cells, they found undamped oscillations of p53-CFP and Mdm2-YFP, which lasted for at least ∼3 days post- gamma irradiation. Aside from the noise fluctuations in cell-cell variability, two characteristic properties were found in the protein oscillations: (1) the oscillation amplitudes fluctuated widely, yet the oscillation frequency was much less variable, and (2) while some cells regularly oscillated, other cells showed a dynamic fluctuation of protein levels (i.e., signaling heterogeneity) indicating the presence of complex, irregular oscillations. Essentially, the negative feedback loop amplified slowly varying noise in the protein production rates at frequencies near the resonance frequency of the feedback loop. However, none of these studies performed chaotic behavior detection such as time-delay embedding of the signal followed by calculation of Lyapunov exponents nor computing the fractal dimension of observed attractors. The description of the fluctuations and increases in cellular oscillations were qualitative in most part.

Similarly, many embryonic developmental factors (i.e., morphogens) involved in cellular patterning systems are known to exhibit oscillatory dynamics. The oscillatory states of these signals show typical time periods of a few hours (1-4 hrs) and are referred to as ultradian oscillations (94). A key example of ultradian oscillations is the coupling of Wnt and Notch signaling (95). One of the theoretical frameworks for understanding these protein/gene oscillations in developmental pattern formation has been laid by the clock-and-gradient, or clock-and-wavefront model, originally proposed by Cooke and Zeeman (96). The dynamic signal encoding based on relative timing of oscillatory protein signals are essential for the development of the embryo. It has been shown that a phase-shift in morphogen oscillations fine-tune segmentation in the developing embryo (95). These morphogens are aberrantly expressed in cancer stem cells and are key signaling factors of the cancer stem cell niche (20; 97). However, the experimental study of morphogen oscillations via time-lapse imaging within pathological cell states (such as cancer stem cells) remain nearly absent. Their oscillatory dynamics have not been investigated experimentally in time-series cancer stem cell differentiation or during cancer cell fate decisions such as proliferation and differentiation dynamics. Moreover, the detection of quantitative cellular behavioral techniques as advocated herein are virtually unknown to most cancer researchers investigating protein-mediated pattern formation. Therefore, the lack of experimental time-series cancer datasets (due to technological limitations) and a lack of dynamical systems theory applications in cancer research go hand in hand and limit our understanding of how complex dynamics may be orchestrating tumor patterning systems.

As explained, when the amplitude of an oscillation by coupling to some external signal increases beyond a critical threshold, chaotic dynamics can emerge as indicated by aperiodicity/irregularity in the oscillations or period-doubling bifurcations. To illustrate, the Mackey-Glass equations have shown that variations of chemical concentrations, such as the production rates of proteins within cells or the cell-density variation, may exhibit a time-delay (82). An increase in production rate k caused by a time-delay k(t — τ) may result in pathological diseases. Time-delays are control parameters which above a certain value may result in chaotic cellular oscillations (82). According to Jensen et al. (18) a negative feedback loop is a sufficient requirement for chaotic behavior to emerge within cell signaling. A negative-feedback loop ensures the presence of a time-delay in cellular oscillations, and thereby may act as precursor for the onset of chaotic dynamics (18).

There are also theoretical works by Kaneko and Furusawa exploring the cancer stem cell hypothesis through the lens of cell adhesion and oscillatory nonlinear dynamics which warrant further investigation (98–100). In their chaos hypothesis, they propose that the robustness and differentiation of stem cells towards their multipotent complex cellular states can be predicted by chaotic intra-cellular chemical dynamics (98). Intracellular chaotic oscillations were suggested as markers of pluripotency (stemness) (100). Dysregulated focal adhesion dynamics to the extracellular matrices are hallmarks of cancer metastasis and EMT state-transitions/plasticity dynamics. Most cancer-related deaths are caused by metastatic invasion, and hence elucidating the nonlinear dynamics underlying such plasticity transitions/differentiation dynamics may help identify causal markers in controlling and regulating their behavioral patterns.

While mathematical models, such as differential equations with time-delays, may in principle capture strange attractors within cellular protein flows and gene signaling, experimental confirmation of intracellular chaos remains a fundamental roadblock in complex systems research. Therefore, the quantification of protein oscillations, using the techniques described above must be performed in cancer cells and (CSCs) in time-series and subjected to the various behavioral detection methods enlisted herein. For instance, we can identify the negative feedback loops regulating the Suvà glioma stemness network (POU3F2, SOX2, SALL2, and OLIG2) and experimentally quantify their oscillations using time-lapse fluorescent-imaging within GBM-derived cancer stem cells to understand their cell fate dynamics and reprogrammability (71). Without such experimental datasets, the plausibility of chaotic dynamics as a hallmark of cancer signaling/progression cannot be verified and computational/systems oncology will remain bound to computational and mathematical models. Having laid the basic intuition for cancer stemness and the complex feedback loops regulating their oscillatory dynamics, the following methods are discussed as approaches to detecting chaotic behavior and complex dynamics in cancer networks given their time-series signals are made available.



Takens’ Theorem

Let us suppose the flows of protein densities and gene expression dynamics of cancer (stem) cells are available in time-series, and a normalized gene expression (or protein oscillation) matrix, array of genes (proteins) by cells with their count, is produced for each time-point. Takens’ time-delay coordinate embedding is the state-of-the-art approach for the attractor reconstruction underlying these complex signals. In 1981, Takens demonstrated in his embedding theorem that the topological dynamics of a complex multidimensional system can be derived from the time-series of a single observable variable (101). The embedding theorem was first demonstrated in the study of fluid turbulence. The term strange attractors was coined by Ruelle and Takens to describe the multifractal patterns observed in the bifurcations of turbulent fluid flows (3, 102). They defined a strange attractor as the local product of a Cantor set and a piece of a two-dimensional manifold (102). Takens’ theorem can be used to embed the three-dimensional flows of not only turbulent flows but in principle, any chaotic signal in state-space.

According to Takens’ theorem, you can roughly reconstruct the state-space of a dynamical system by delay-embedding only one of its time-series projections, given the assumption that the variable X contains redundant information about Y and Z variables (i.e., they are causally- related) (See rEDM link in the Appendix). From the perspective of Shannon’s information theory, the optimal time-delay τ to reconstruct the state-space attractor would correspond to the minimum Mutual Information (MI) of the system (103). The complex structure obtained by the embedding is the attractor. As discussed, in chaotic systems, an attractor with a (multi) fractal dimension is observed, known as the strange attractor to which the trajectories of the chaotic system are bound to. Thus, once an attractor is obtained from the time-series embedding, the fractal dimension and Lyapunov exponents can be computed to assess the stability of the dynamical system and verify if the identified attractor is a strange attractor. This time-delay embedding procedure scales with the time-series. The longer the time-series, the larger the network and the more complex the attractor obtained. Perturbation analysis can assess the stability and robustness of the complex attractor and provides a powerful toolkit for complex networks analyses in Algorithmic Information Dynamics (AID), as will be discussed later.

An rEDM package for time-delay embedding on experimental time-series is provided in the Appendix. rEDM is an R-package for Empirical Dynamic Modelling and Convergent Cross Mapping (CCM) as devised by Sugihara et al. (104). The causal relationships in complex disease signaling networks can be identified using CCM (105). The rEDM package uses a nearest neighbor forecasting method with a Simplex Projection, to produce forecasts of the time-series as the correlation between observed and predicted values are computed (104). CCM is an embedding technique which combines Takens’ theorem and Whitney’s embedding theorem. CCM measures the extent to which states of variable Y(t) and Z(t) can reliably estimate states of variable X(t), as explained above. This happens only if X(t) is causally influencing Y(t) and Z(t). There is a simpler R-package called ‘multispatialCCM’ (multi-spatial Convergent Cross Mapping), an adaptation of CCM, for chaotic time-series attractor reconstruction available, as well. CCM (Takens’ theorem) should be amidst the first set of causality-inference algorithms used to embed the time-series cancer signals in state-space and reconstruct their underlying attractors. However, there may be dimensionality limits for such approaches when dealing with multi-dimensional complex systems like the cancer transcriptome. These embedding methods may be useful for trajectory inference in cell population dynamics or for brute-force approaches in cellular signaling. For instance, we can embed the time-traces of proteins or signals with predicted chaotic dynamics from literature analysis. Otherwise, the task may be too complex for these methods, and non-traditional detection tools must be employed (i.e., machine intelligence).



Lyapunov Exponents

Once the chaotic signal has been time-embedded and its attractor(s) has been reconstructed in state-space, quantitative-behavioural detection algorithms can be used to determine if the identified attractor is indeed chaotic (strange). As such, Lyapunov exponents and fractal dimension estimates remain the most robust classical measures of chaotic behavior detection. Positive Lyapunov exponent(s) are robust signatures of chaos quantifying sensitive dependence on initial conditions. Prior to measuring the Lyapunov exponents or fractal dimension on the identified attractor, de-noising and filtering algorithms can be used as a pre-processing step to reduce the noise and data dispersion. The intuition behind this is to consider nearby points in the phase space generated by time-embedding and then perturbing each point proportional to a weighted average of the nearby points. Using this, one can recover the fine structure of the attractor in higher dimensions, especially if this is combined with signal smoothening methods (e.g., imputation algorithms).

To illustrate Lyapunov exponents, consider two points of a cancer signal’s trajectory (e.g., a single protein flow or gene expression time-trace) separated by a very small distance in time, x(t), in phase space, then the separation (bifurcation) of its trajectory from its initial position is given by:

	

for a small time, t, where the λL is the Lyapunov exponent. In multi-dimensional dynamical systems, there may be a spectrum of Lyapunov exponents to consider. The Lyapunov exponent measures how far two initially close by points on a dynamical system’s trajectory separate (bifurcate) in time. If the Maximal Lyapunov exponent λL > 0 (positive), there may be a chaotic attractor (15). That is, in a chaotic system, the trajectories exponentially diverge apart from each other. In hyperchaotic systems, at least two positive Lyapunov exponents are observed (106). The inverse of the positive Lyapunov exponent   denotes the Lyapunov time τL, the finite predictability horizon of a chaotic system. However, unlike a random (stochastic) system, the exponentially diverging trajectories will map onto a finite fractal structure in phase space: the strange attractor. As mentioned, the fractal topology of chaotic attractors provides the explanation for this counter-intuitive pattern. The fractal topology allows the stretching and folding of phase-space analogous to making taffy candies (3). The NP-hard question then is how to find these taffies in the state-space of a given complex system/network’s state-space?

Lyapunov exponents have been used in mathematical and numerical simulation models of cancer population dynamics to verify the presence of chaotic attractors. For example, Itik and Banks (89) demonstrated using a set of ordinary differential equations (ODE) to model the tumor-immune-host cell density dynamics the emergence of chaotic attractors at certain critical parameters such as the growth rate. The existence of chaotic behavior was confirmed by calculating the Lyapunov exponents and the fractal dimension of the observed attractor, which was found to be near that of the Lorenz attractor’s fractal dimension. Thus, the pairing of computational models and simulations with empirical dynamics is fundamental to complex systems research. Chaotic dynamics were confirmed in the model by a positive maximum Lyapunov exponent. As the α parameter increased, transition to chaotic behavior was observed in the bifurcation plot by period-doubling cascades, signatures of chaotic dynamics (89).

More recent mathematical modelling of tumor-immune cell predator-prey dynamics have been performed with time-delay as a bifurcation parameter (90). Chaotic attractors emerged in the system’s phase-space and were suggested as indicators of aggressive metastatic transition in cancer cells (89, 90). However, as stated, the lack of time-series experimental datasets remains a roadblock in experimentally confirming the presence of these chaotic attractors in cancer-immune-host dynamics. As such, a python and MATLAB code for Lyapunov exponents calculation from time-series is provided in the appendix to encourage its applications in medical systems. The ‘nolds’ package in python, a small numpy based library, also provides various measures of nonlinear dynamics such as the Lyapunov exponent and Hurst index (see Appendix).



Fractal Dimension and Multifractal Analysis

Fractals are ubiquitous in nature. They are universal patterns exhibiting self-similarity which iterate themselves across many scales (i.e., power law scaling). We tend to think of trees, snowflakes, clouds, blood vessels, bronchi, neural networks, or the coastlines of geographic landscapes when thinking of fractal structures (107). They demonstrate that complex geometric patterns can spontaneously emerge from simple recursive rules. Chaotic attractors and many complex systems exhibit (multi)fractal scaling. A such, fractals serve as a robust measure of both, complexity, and chaotic dynamics. However, there is a caveat. The complexity we refer to here is not algorithmic complexity, but rather complex dynamics and irregularity. From the viewpoint of algorithmic complexity, only a very short program is required to generate fractal patterns. Hence, there is some ambiguity between complex fractal dynamics and algorithmic complexity measures, in this domain of research. Fractal geometry explains the paradox of how strange attractors compactify infinite curves into a finite space (area or volume), and as such we may define this recursive irreducibility as complex dynamic structures.

The word fractal, coined by Mandelbrot, is derived from the Latin word fractus meaning fragmented. Formally, a fractal is defined as a mathematical object with a fractional (non-integer) dimension (107). Gaston Julia first demonstrated that iterated functions of complex numbers can generate fractal patterns. However, Mandelbrot computationally generated fractals and demonstrated their universality in Nature and chaotic systems (107). The simplest example of a fractal is the Cantor Set (dust) in which one starts with a straight line and as we keep removing the middle one-third of the line with each iteration, the fractal is generated. Another set of examples are the Serpinski’s gasket and Koch’s snowflake, both generated by simple recursive rules starting from an equilateral triangle. Fractals can also be continuous. A good example would be Hilbert’s space-filling curves which remind us of Escher’s tessellations or the honey-comb lattices in beehives. However, the most popular example of a fractal is the Mandelbrot Set, the set of all Julia sets, described by the iterative complex function z defined at n-iterations by the rule: zn+1 = zn + c, where the complex number c is its initial condition z0. The Mandelbrot set demonstrates a central property of many complex systems, that complex structures and patterns can be generated from simple, recursive feedback loops.

Fractals are some of Nature’s most stable structures demonstrating the optimization of space (compactification) and its spatial resources. A system exhibiting fractal architecture is robust to environmental changes. For example, bees use a fractal space-filling architecture, composed of hexagonal symmetry to optimize the area: curve length (perimeter) ratio in building their beehive structures. The same principles of hierarchical spatial organization and resource optimization may apply to Nature’s intelligent exploitation of fractal geometry, as an adaptive strategy to minimize the amounts of resources used and wastes produced by a complex system (107). For instance, oil spills exhibit fractal patterns in ocean floors and lakes (108). The fractal dimension can be computed from their imaging power spectra (the ratio between powers at different scales) to characterize their texture analysis (108). Their fractal structure may imply that they are difficult to treat as their patterns and information repeatedly span across many scales. Similarly, studies have shown that tumor textures can be characterized as multifractal structures (109–111). In the study of tumor structures, fractals have been restricted to describing the self-similarity of abnormal blood vessels (angiogenesis) and tumor contours across many length scales, as a measure of its spatial roughness (110). However, it can also be applied to time-series analysis as well, as in the case of detecting strange attractors from complex signals. The multifractality of tumors may reveal their aggressiveness, resilience (to environmental perturbations) and hence, be indicators of tumor relapse and therapy resistance (89). Mesoscopic mathematical models of tumor pattern formation dynamics have also suggested that a fractal dimension analysis could provide a quantitative measure of its growth forecasting and irregularities (112, 113).

The Fractal Dimension (FD) is a statistical measure of complexity which occupies a fractional dimension, in between two consecutive integers. That is, if a point has a dimension of zero, a line is 1-D, a plane is 2-dimension and volume is 3-D, fractals occupy dimensions in between these integers. FDs can be used to characterize the structural complexity (roughness) of tumors and their irregularity in their signaling dynamics (time-traces). For example, the tumor vasculature was shown to have a higher fractal dimension of 1.89 ± 0.04, whereas normal arteries and veins yield dimensions of 1.70 ±0.03 (109, 110). The higher FD indicates an increased roughness and complexity of the vasculature. The fractal dimension of an image, such as medical imaging of tumor structures, may be estimated by various techniques: (a) box-counting/cube-counting (for volumetric systems); (b) correlation; (c) sandbox; (d) Fourier spectrum, etc. When applied to images of blood vessels, these methods yield scaling relationships that are statistical best fits to a power-law relationship within a finite range of scales. Although, these fractal dimension estimation algorithms differ, they obey to the same calculation basis summarized by the three steps: (1) Measure the quantities of the object using various step sizes, (2) Plot log (measured quantities) versus log (step sizes) and fit a least-squares regression line through the data points, and (3) Estimate FD as the slope of the regression line (15, 114).

The most widely used FD computing algorithm is the Box count algorithm. In the Box counting method the signals are represented on a finite scale grid and the grid effects interplayed with the computing fractal dimension. The box-counting method asks: How many boxes are needed to cover the fractal? A fractal can be described by a power law scaling given by N∝r−D where N is the number of boxes needed to cover the object/pattern, r is the length of the box, and D is the fractal dimension. Then,  ,where 1/r is the inverse of the box size r (114). Therefore, the slope of the log-log plot of N and r is the Fractal dimension. However, what if the system requires more than one FD to characterize its statistical patterns? Complex dynamical systems may exhibit multifractality when there are scaling processes in time. The time-series power (frequency) spectra of fluid turbulence exhibit intermittency and fluctuations, which necessitate the use of multifractal analysis (57). There may be hidden spikes (sudden transitions) in the intermittent fluctuations of experimental fluid turbulence (57). Multifractal analysis provides a powerful tool to characterize these fluctuations in complex dynamical systems.

Multifractal analysis was first introduced by Mandelbrot in the study of turbulence-mediated flow velocity patterns. The Multifractal spectrum can be quantified by the following descriptors: (a) the Hurst exponent, (b) the slope of the distribution produced by the collection of the Hölder regularity index α, and (c) the width spread (broadness) of the spectrum, characterizing the variability of the Hölder exponents (115). The local Holder exponent α is a local measure of roughness, and an exponent of a power law characterizing the multifractality of the system. As the word spectrum implies a multifractal is a process exhibiting scaling for a range of different power laws. Various methods exist for computing the multifractal spectrum of Hölder exponents (i.e., the slope of the log-log plot of the power law system), which include fractional Brownian motion (fBm) methods, and the most popular are the wavelet-transform based methods. For instance, the Wavelet Transform Modulus Maxima (WTMM) method, uses the continuous wavelet transform to compute the Hölder exponents. It is more efficient than the box-counting algorithm. The local Holder exponent is defined as:

	

Where the Prob (…) term is the probability that the point (x,y) of the signal lies in a square with indices (i1…in). N addresses the number of squares containing (x,y). As we take the limit defined, we get the multifractal spectra a collection of all points of the fractal having the local Hölder exponents alpha (i.e., dloc becomes alpha) (116). The Hurst index, H, describes the roughness of the time-series. It takes a value in between 0 and 1 wherein H= 0.5 denotes a true random process (i.e., Brownian time-series). The smaller the value of H, the higher the roughness, and vice versa.



Criticality

A feature of many robust complex systems is criticality (i.e., edge of chaos). The transition from criticality to chaotic dynamics may be most useful for our discussion of cancer cell fate dynamics. Critical systems are a class of nonequilibrium systems exhibiting scale-invariant spatial-organization and scale-free dynamics (117). In nonequilibrium systems, the critical points indicate regions where the attractors governing its phase-space dynamics are located (118). It has long been suggested by Kauffman et al. that gene regulatory networks operate in the critical phase between regularity and chaos. Critical dynamics of the network were suggested to permit the coexistence of robustness and adaptability/resilience in cellular systems, thereby allowing both the stability of cell fates and their epigenetic switching between multiple phenotypes (network states) in response to environmental fluctuations/perturbations and/or developmental cues (119). The emergence of phenotypic plasticity may be deep-rooted in critical dynamics in complex networks and chromatin states configuration. However, the lack of time-series datasets limits the observations of critical network dynamics and critical cell-state transitions to computational models such as Boolean networks (120). Further, the lack of time-series data points has fundamentally limited the investigation of critical dynamics in cellular processes to simulations. Therefore, simulations-driven artificial intelligence (AI) is a powerful platform in complex systems research granting us insights into otherwise intractable problems.

In dynamics, a critical point or tipping point is a state that lies at the boundary between two phases or regions that have differing behaviors and rules. According to Renormalization Group theory, phase transitions are characterized by a divergence (i.e., tends to infinity) in the coherence length (the characteristic length scale) of a system near some critical point (55). The corresponding quantity of interest in a dynamical system is the correlation time, the length of time for which perturbations are propagated into the future. Critical systems exhibit power law behaviors as signatures of their long-range interactions in the system. Criticality may be an indicator a complex system’s potential to transition to chaotic behavior (53, 55). As such, the detection of power law statistics can be indicators of complex dynamics, and studying criticality reduces the search space of potential chaotic oscillators within a complex network.

Critical dynamics have been modelled in the cell fate transitions (differentiation dynamics) from healthy to cancer cell states (72). Rockne et al. (72) demonstrated the state-transition dynamics from healthy peripheral mononuclear blood cells (PBMC) to acute myeloid leukemia (AML) in mice can be described by a double-well potential with two critical points. They demonstrated the critical points in the transcriptomic state-space can predict the cell fate trajectories during disease progression. The 2D transcriptomic state-space was obtained from dimensionality reduction analysis (PCA- principal component analysis) on the time-series bulk RNA-seq data (72). The transcriptome was modelled as a particle undergoing Brownian motion using the Langevin equation in a double-well quasi-potential U(x) with two stable states, the critical points, representing the healthy and AML states, respectively. To calculate the mean expected stochastic behavior of the cells, they considered every point in the transcriptome state-space as a particle characterizing a cell. The evolution of the probability density function of all such particles (cells) was obtained by the Fokker–Planck equation (FPE) (72). Although, the model beautifully illustrates critical dynamics in cancer cell fate transitions, the assumption that the healthy state and AML state critical points are stable phenotypes may be the issue with the model. The cell states were assumed to be stable fixed-point attractors separated by an unstable transition-state higher in potential energy. As discussed herein, cell phenotypes may correspond to various types of attractor patterns (i.e., fixed-points, limit cycles, tori, chaotic) on the multidimensional signaling state-space. However, one-dimensional dynamical systems, as modelled in this study and most studies in systems oncology, are limited to fixed-point attractors only.

Cell fate bifurcations may exhibit critical dynamics. A key mechanism for cell fate transitions in cancer systems is the EMT program (Epithelial-Mesenchymal Transition) and remains as one of the primary examples of critical cell fate dynamics observed in the computational models by Nieto-Villar et al. and Jolly et al. EMT programs govern many cancer-related behaviors such as the transition from one cancer phenotype to another, stem cell plasticity, cancer metastasis and chemoresistance. EMT switches are essential in the critical dynamics of CSCs and non-CSC phenotypic switching (20; 97).

EMT transitions have been modelled as first-order phase -transitions, a signature of critical systems, in computational tumor dynamics models by Guerra et al. (121). Cancer evolves along three basic steps: avascular, vascular, and metastatic, all emerging downstream of biological phase transitions. Guerra et al. (121) demonstrated a network model of EMT dynamics consisting of four interacting cell types, wherein N represented the population of normal cells exposed to pro-carcinogenic stimulus, H the healthy cell population (mainly epithelial phenotype), and M is the population of mesenchymal cells (121). The immune population I was used as the control parameter (can fluctuate). The network consisted of various cellular processes including mitosis and apoptosis of the proliferating tumor cells. Mathematical models of chemical kinetics were used to reduce the network to a system of ODEs representing the EMT dynamics. Lempel-Ziv compression algorithm, Lyapunov exponents, and the Lyapunov fractal dimension were assessed on the computational model dynamics. At some threshold of the control parameter I, EMT was observed in the dynamics as characterized by a supercritical Andronov-Hopf bifurcation and emergence of a limit cycle (121). As the control parameter I further decreased below critical thresholds, complex Shilnikov-bifurcations were observed, and the population dynamics eventually gave birth to chaotic dynamics. The computational model exhibited that under decreased immune dynamics (i.e., lower I value), the tumor cells exhibited apparently random behavior (i.e., chaotic dynamics), thus promoting mesenchymal phenotypes as indicated by the EMT phase-transition (121).

Further in evidence to critical dynamics in EMT systems, one of the many complex signals mediating EMT transition is the microRNA-200/ZEB mutual inhibitor feedback loop, driven by the transcription factor SNAIL (122). A simulation-based study found that mRNA levels of ZEB can indicate the critical tipping point for EMT phase transitions in cancer cells (122). An increased variance, autocorrelation, and conditional heteroskedasticity were shown to dynamically vary during the phenotypic transitions, with an increased attractor basin stability observed for the hybrid EMT state, indicating it may be the fittest phenotype for metastatic progression (122). The mathematical models by Sarkar et al. showed a cusp-like catastrophe in the EMT plasticity bifurcation diagram, suggestive of a critical phase-transition.

Sarkar et al. (122) considered a mathematical model of microRNA-based chimeric circuit capturing the binding/unbinding catalytic kinetics of associated protein complexes and transcriptional machineries. Given m is the abundance (number) of mRNA, let n be the abundance of microRNA, and B be the TF protein of interest, then, we have the first-order kinetic equations:

	

	

	

Where g corresponds to the synthesis rates of the respective molecules in subscript, and in particular, gB is the translation rate of protein B for each m in the absence of n. The k parameters denote the degradation rates of the molecules, Y and L are the n-dependent functions denoting the various effects of miR-mediated repression (122). These differential equations were computationally simulated using Monte Carlo simulation in which each reaction event is considered as a Markov process (122). The time and species numbers were updated stochastically by choosing a random reaction event. The miR-200 based chimeric tristable miR-200/ZEB circuit was simulated by casting 10 reaction events as a function of the number of SNAIL molecules. The corresponding Master Equation was simulated with the Gillespie algorithm to obtain the stochastic trajectories from which the critical transitions was identified with a cusp-like phase-transition in the bifurcation plot (122, 123) have extended the understanding of these EMT switches by use of network approaches to investigate cellular decision-making in EMT phenotypic transitions and how they regulate emergent behaviors such as phenotypic plasticity dynamics (i.e., the ability to reversibly switch/transition in between heterogeneous phenotypes) in tumor ecosystems. The study shows that network topology influences phenotype commitments and canalization signatures of the tumor differentiation/developmental landscape. Many other mathematical studies demonstrating phase-transitions and complex dynamics in metabolic tumor growth models with glycolytic oscillations have been established by the Nieto-Villar group, which shall not be discussed herein (124–126).

The above-listed studies show that computational simulations/modelling paired with complex networks analysis pave fruitful insights into many other complex cancer processes. There are various other tools borrowed from nonequilibrium statistical physics one can use to investigate criticality and phase-transitions in complex systems. The breadth of this topic deserves a separate paper of its own and cannot be confined to this brief survey. However, the gist of these approaches are summarized below by two of three key techniques that may be useful for cancer research: percolation clustering, the Ising spin glass model, and Cellular Automata (CA).

Cancer networks can be visualized as Boolean networks, in which the elements of the networks, such as gene expression, can either be on or off, described by 1 and 0, Boolean states. This allows them to be ideal models for the Ising model adaptation, where the Boolean states correspond to gene-type spins (spin up and spin down). Further, many complex cancer processes including phosphoproteomics (on/off switches of protein conformations) and epigenetic-chromatin states (e.g., acetylation/methylation dynamics of histones) can be defined as binary states. As such, Ising models are simple yet powerful tools to study cell fate transitions from such complex gene and protein network dynamics (54, 127). However, even the optimization of a two-dimensional Ising model is NP-hard. Therefore, mean-field theory approximation or iterative random searching algorithms such as Monte-Carlo methods (e.g., the Metropolis algorithm) are used to find approximate solutions. For example, Lang et al. (128) using single-cell data demonstrated the rugged energy landscapes of Ising models can be used to visualize/reconstruct the distinct cell states from transcriptomic data as attractors of the Waddington epigenetic landscape (128). The flipping of spins caused the step by a step-change in the phenotype of the cell, mapping cell fate transitions from one attractor to another. Ising models can predict the co-existence of structurally or functionally organized clusters in complex networks, as well. Ising models also serve as the theoretical framework of Artificial Neural Networks such as the Hopfield neural networks (129). Hopfield networks are emerging as machine learning approaches for causal inference in complex multiscale cellular dynamics including classifying or predicting gene expression patterns and forecasting their epigenetic landscapes (130).

One of the issues in the understanding of critical dynamics, such as EMT processes in cancer cells, is the lack of a mathematical theory/mechanisms to explain their transition to chaos. The works by Kauffman et al. in this regard have only been qualitative for the most part (119). On a tangential note, in literature, one usually distinguishes chaos from “order.” This phrasing is extremely common in complex systems research, but it is technically ambiguous. In the 1960s, Prigogine, a pioneer of complexity, demonstrated that disordered, far-from equilibrium chemical systems can spontaneously give birth to orderly stable states (i.e., dissipative structures) (131). Prigogine defines the self-organization of these dissipative structures as order out of chaos. Therefore, order may be an emergent behavior of chaotic systems. As such, it is technically more accurate to distinguish chaos from “regularity” or periodicity, rather than “order.”

Cellular Automata (CA) are discrete dynamical systems, consisting of a grid/lattice of adjacent cells updated by simple local rules. As mentioned, the Bak sandpile model was a CA which showed self-organized critical dynamics and emergent patterns of behaviors. As such, CA are versatile tools for modelling complex and critical systems (56, 132). Further, powerful complex systems frameworks such as tools from Algorithmic Information Dynamics can be coupled with CA to study complex networks dynamics and biological pattern formation (133).

CA are spatiotemporally discrete patterning systems represented by lattices of local interactions. The transition rules are local and only depend on the site neighborhood interactions on the lattice. Traditionally, at every time step, every lattice suite updates its state simultaneously. However, there are variants of CA such as asynchronous CA and/or inhomogeneous CA where such rules do not apply, as seen in tumor growth models (134). There is a vast amount of literature on the use of CA to model tumor growth dynamics. Some examples include avascular tumor growth models with the CA system modelling reaction-diffusion equations, partial differential equations (PDE) modelling the tumor-immune-host cell dynamics in varying nutrient conditions (135). Similar works were seen with inclusion of the effects of chemotherapeutic drugs on the tumor growth in reaction-diffusion PDE models by Ferreira et al. (136) and in the ODE models of de Pillis and Radunskaya (137).

In a typical avascular tumor growth model, we have a regular lattice wherein the discrete states correspond to biological (Cancer) cells. If a cell dies, the lattice is unoccupied (134). A cell can survive, divide, or die, and local rules can be updated asynchronously. We can also simulate the ecological dynamics or competitive interactions between multiple cell types, as seen in heterogeneous tumor microenvironments (134). For instance, the hybrid PDE-CA simulations by Mallet and Pillis (135) closely match the population dynamics observed in experimental tumor-immune dynamics. The models can also simulate complex tumor processes such as immune-cell filtration and tumor immune escape (135). The nutrient species’ reaction-diffusion dynamics govern the tumor growth model in these CA systems. Let us consider a simple model system with two nutrients, then the reaction-diffusion system is given by:

	

	

Where, M and N represent the proliferation nutrient and survival nutrient concentrations, respectively (135). The cell species’ abundance are given by H for the host cells, T for the tumor cells, and I for the immune cells. D refers to the diffusion coefficient of the respective nutrient species indicated by their subscript (135). The rate constants k indicate the respective consumption rates for each of the nutrient for each of their assigned cells (H, T, and I). The nutrients can also represent activators, inhibitors, or other protein complexes (e.g., enzymes, epigenetic modulators, drugs, chemical exposures/carcinogens, therapies/perturbations, etc.) as chosen appropriate for the model system of interest.

Further, CA such as Conway’s Game of Life can stochastically simulate cancer cell kinetics and their multi-scale tumor population dynamics (138). CA are thus tools for computational systems oncology, to monitor tumor growth dynamics under drug perturbations or targeted therapies, in software space (in silico) (139. For example, (140) demonstrated that CA models can simulate the behavioral dynamics of cancer stem cells (CSCs), which as discussed, are believed to be in large part, responsible for the emergent adaptive behaviors in tumor ecosystems. To further illustrate, in another set of studies, stochastic CA models well-captured the dynamics of avascular tumors under chemotherapy and immunotherapy perturbations and provided computational insights into how drug delivery should be optimized to inhibit tumor proliferation (141).

To further illustrate, in a model by Qi et al. (142), a two-dimensional lattice was used with four discrete states, one denoted cancer cells, one represented normal healthy cell, and the other two represented immune cells interacting with the tumor and host cell environments. Probabilistic rules with non-local and non-homogeneous transition rules updated synchronously, resulted in the emergence of cancer cell behaviors which closely matched experimentally observed Gompertz growth models. Similarly, Kansal et al. (143) simulated a brain tumor growth model via a three-dimensional Voronoi network, with three discrete states representing three types of malignant cells: proliferating cells, quiescent cells, and necrotic cells. Similar local transition rules and conditions as the model by Qi et al. were then used to model the tumor growth dynamics. The pattern dynamics closely matched those observed in experimental brain tumor data.

A rich repertoire of experimentally validated work on cellular automata-based approaches in tumor modelling has been performed using the Cellular Potts model (CPM). The CPM, also known as the Glazier-Graner-Hogeweg model is a time-discrete Markov chain spatial lattice model for studying complex cellular dynamics in biological populations (144). Some pertinent examples of such complex cellular processes include cell-interactions mediated collective behaviors (e.g., collective cell migration, cell fate decision-making/differentiation dynamics, etc.), and multiscale pattern formation systems including cancer morphogenesis and tumor invasion dynamics (145–148). The individual cells are represented by simply-connected domains on nodes for a given cell index. The CPM dynamics evolves by updating the lattice configuration one cell at a time based on probabilistic transition rules following a modified Hamiltonian-dependent Monte Carlo simulation/Metropolis algorithm (144). The experimental works of Sen’s and Bhat’s groups have well-supported the applications of the CPM model and similar CA-based computational modelling in decoding the complex multicellular dynamics underlying cancer metastasis and invasive- extracellular matrix (ECM) remodelling (149–151). For instance, (151) validated that the reaction-diffusion mediated multiscale focal adhesion dynamics and ECM-remodelling of breast carcinoma can be accurately model the cancer invasion processes.

Other models of multi-cellular tumor growth systems and tumor angiogenesis (i.e., vascular tumors) have also been successfully reproduced using CA systems (134). For instance, in a two-dimensional lattice CA, a square topology with a nine-membered Moore neighborhood was used in a tumor growth model by Serra and Villani (152). The model accurately reproduced in vitro tumor cultures’ growth dynamics with varying growth conditions such as the difference after exposure to carcinogens and the resultant development of transformation foci. The model quantified the effects of the chemicals and the change in the culture medium by its exposure to good precision matching those obtained by mean-field theoretic approaches on underlying ordinary differential equations. In principle, these approaches can also be extended to in vivo tumors and patient-derived xenografted tumor modelling for monitoring the responses of targeted precision therapies. These are some of the many examples to illustrate that CA are robust tools in quantitative and computational oncology to model tumor growth dynamics under therapy control and help regulate/adjust clinical decision making towards optimized precision medicine.

Criticality, the state of being poised between regularity and chaos, was illustrated as a hallmark characteristic of cancer processes including EMT switches, cell fate plasticity dynamics, tumor pattern formation, metastatic invasion, and complex dynamics in computational epigenetics (e.g., chromatin-epigenetic modifications during cell state transitions). Cellular automata (CA) was discussed as a powerful computational modelling approach to investigate these critical dynamics in multiscale cancer systems.



Entropy

Entropy is seen as a measure of uncertainty or disorder in traditional branches of physics such as statistical mechanics and thermodynamics, respectively. For instance, a gas of molecules has a higher entropy than its liquid or solid phases because a greater number of rearrangements of its microstates (particles) would correspond to the same macrostate (gas). However, in complex systems theory, (Kolmogorov-Sinai) entropy is discussed as an information-theoretic measuring the flow of information across state-space by the trajectories of a dynamical system. Takens (101) described topological entropy as one of the traditional measures for chaotic-behavior detection in fluid turbulence. The phase-space flows of the system can then be quantified as a transfer of information. The time evolution of the set of orbits originating from all possible initial conditions of the system generates a “flow” in state-space, governed by a set of n first-order differential equations:  , where n is the dimensionality of the space and X is the state-vector characterizing the trajectory of the dynamical system. If we can assign probabilities Pi to each of the possible outcomes in the bifurcations of the system, we can define the information associated with the outcome as given by the Shannon’s entropy: H = ΣiPilog2Pi. When entropy increases sufficiently high beyond some critical value of the governing parameters, a phase-transition can occur as denoted by the bifurcations of the attractor dynamics (e.g., transition from a fixed-point to a limit cycle or, from an oscillation to chaotic attractor). The dynamical systems analog of Shannon’s entropy is formally referred to as the Kolmogorov-Sinai (KS) entropy or metric entropy. A system with positive Lyapunov exponents will show a positive KS entropy (153). There is also another useful entropy measure for dynamical systems known as topological entropy, a variant of the metric entropy, wherein instead of a probability measure space we use a metric space with a continuous transformation. Their uses may depend on whether we are dealing with ergodic, flow preserving systems.

The onset of phase-transitions can be quantitatively measured using an information production rate given by the entropy rate: dH/dt. In chaotic systems, an increasing (positive) entropy rate is observed. Intuitively, the increased entropy rate can be interpreted as a measure of unpredictability and irreversibility in the information flow of the system. Thus, maximal entropy and positive entropy rates can be used as predictors of the birth of complex attractors (i.e., strange attractors) in the phase-space of the dynamical system. However, some works have established that entropy is not a robust measure of complexity. The Shannon entropy fails to capture the algorithmic content of a dataset and thereby fails as a measure of graph (network) complexity (154). The KS entropy (rate) can quantify the amount of information (flow) from or within system but whether the information flow is causally related or not cannot be inferred. Regardless, they can be used as cross-validation techniques for chaos detection and may be useful for Waddington landscape reconstruction (i.e., quantify cell state attractors using metric entropy measures).



Simulations and Computational Dynamics

Due to the limited availability of three-dimensional time-series datasets, the study of complex dynamics within cellular (cancer) cybernetics heavily depends on computational simulations. Computational simulations are emerging as powerful tools for reconstructing chaotic attractors and inferring chaotic or critical dynamics in biological networks. As discussed, Sarkar et al. (122) used simulations of differential equations to infer critical dynamics in simplified cancer-EMT networks. We also discussed the appearance of chaotic oscillations in cancer-immune competitive growth dynamics when time-delay was introduced as a control parameter in simple modelling differential equations (90). The emergence of chaotic attractors was suggested as indicators of long-term cancer relapse and the emergence of aggressive cancer phenotypes (90). Let us consider an example from the works by Jensen et al. on the use of simulations to detect intracellular chaos in protein oscillations. Their works are an extension of the Goodwin oscillator model (81) to cancer-relevant protein systems.

A Transcription Factor (TF) is a protein which binds to the enhancer or promoter regions of a gene of interest with some affinity and forms a complex with RNA polymerase to transcribe the gene. The control of transcription regulates gene expression and its resultant protein translations. Many cancer-related TFs exhibits oscillatory dynamics within cells (18). For instance, the oscillations of the tumor suppressor p53, Wnt, and NF-kB are TFs central to regulating immune response, apoptosis tumorigenesis, and cancer cell division. The works by Jensen et al. (18) have shown that oscillatory external stimuli might induce chaos and phase (mode)-locking inside cells when coupled to their internal protein oscillations. Using microfluidic cell cultures, Heltberg et al. (155) delivered periodic TNF simulation to fibroblasts and recorded the NF-kB nuclear localization by live cell fluorescence imaging. CellProfiler and MATLAB peak analysis algorithms were used to track cells and quantify the NF-kB translocation, where the activation was quantified as mean nuclear fluorescence intensity normalized by mean cytoplasm intensity (155). The phase locking transitions in an oscillatory manner were observed even amidst noise fluctuations at critical bifurcation points. When the oscillations entered a chaotic state, counter-intuitively, the NF-kB protein was shown to be most effective at activating downstream genes and optimizing their signaling cascades (19).

The emergence of intracellular chaotic behavior, at the level of protein oscillations, remains highly controversial and subjected to debate. However, the computational simulations paired with experimental models, as performed by Jensen et al. (18) are the first set of studies showing deterministic chaos can drive a nonlinear internal oscillator within cells such as NF-kB with a periodic external signal such as the cytokine TNF. With low level amplitude oscillations of the external driving signal, it can entrain or synchronize with the nonlinear oscillator as indicated by the Arnold tongues observed in its bifurcation diagram (19). Arnold tongues are regions of parameter space where the NF-kB oscillations are entrained to the external TNF oscillation. Entrainment implies frequency and phase-locking. Outside the Arnold tongue, there is no synchronization. As the TNF amplitude increases beyond a critical threshold, chaotic dynamics can occur as indicated by period-doubling bifurcations and the overlapping of Arnold tongues (19). The model shown by Heltberg et al. consisted of a negative feedback loop system (with inhibitor IkBα) in a single nonlinear oscillator (19). These simulations show that the strong coupling of two nonlinear oscillators with a negative feedback loop can give rise to complex dynamics in cell states. These findings suggest that a negative feedback loop in protein oscillatory networks may be a sufficient condition for driving chaos in cells.

Lastly, we will discuss simulations and computational modelling in epigenetics as an example of multiscale dynamics in computational/systems medicine. Computational epigenetics is a field at its infancy in comparison to simulations of cancer cell population dynamics or patterns of regulatory network dynamics. As discussed, forecasting the long-range interactions in 3D-genome structure, histone interactions, and other epigenetic processes is the key to deciphering cancer stemness networks and phenotypic plasticity in cancer cell fate dynamics and commitments. These emergent behavioral patterns are the drivers of adaptive features in cancer ecosystems such as therapy resistance and intratumoral heterogeneity. One of the best examples of epigenetic control and regulation in tumor transcriptional dynamics is the polycomb memory system in pediatric high-grade glioma.

Current approaches to modelling histone mark spreading dynamics and chromatin looping dynamics include ordinary differential equations (ODEs) modelling the catalytic kinetics with their (experimentally confirmed) rate constants, or stochastic kinetic models., the latter of which remains the most widely employed approach due to the analytical constraints of ODEs. We can consider a simple epigenetic feedback circuit like the antagonistic feedback between H3K27 and H3K36 methylation (156), or a much simpler single histone modification’s methylation or acetylation dynamics for such ODE models followed by some iterative differential equation solver to approximate the solutions (e.g., Euler methods, Runge-Kutta, etc.) (157). In the case of more complex, scalable models, like the antagonistic H3K27me2/3 and H3K36me2 circuit, ODE simulation toolkits such as AMICI (combines SUNDIALS and SuiteSparse) and PESTO are available for ODE solving and gradient-based parameter estimation (156). To illustrate, the methylation dynamics of the histone mark H3K79me0/1/2/3 by the enzyme DOT1L (known for impaired functions in leukemias), can be given by the following system of ODEs:

	

	

	

	

Where t denoted time, kon is the forward methylation reaction rate and koff is the reverse reaction rate (also accounts for cell division, nucleosome turnover, and demethylation) (157). The brackets [] denote the concentration of the specific histone methylation marks, where 0 is unmodified H3K79 and 3 refers to the trimethylation.

In contrast, the more popular set of approaches in epigenetic modelling of chromatin or histone state dynamics involve stochastic models such as Monte Carlo simulations, Langevin dynamics/Random walks, and coarse-grained molecular dynamics. For instance, a recent study has shown that stochastic computational simulations can well predict PRC2 dynamics in glioma systems, even under the presence of antagonistic H3K36 modifications and H3K9me3 marks propagation dynamics (31). The stochastic simulation STOPHIM adopts a bi-modal random walk model of PRC2-mediated histone methylation dynamics across a simulated genomic region represented as a 1D-vector. The study found that H3K27me 2/3 marks which are widely deposited by PRC2 across broad genomic regions, show globally inhibited methylation distribution patterns in H3K27M glioma cells (31, 158). Although, the model includes cooperativity in PRC2 dynamics, and the simulated kinetics/catalysis of the methylation rates agree with experimental data, chromatin phase-separation and 3D-genomic structural organization is lacking due to the adopted 1D- linear model. The integration of ChIP-Seq and Hi-C data is required to model the 3D conformation dynamics, which is an essential step to forecast critical dynamics (phase-transitions) in histone marks or chromatin states. The next mission for AlphaFold-like algorithms should be chromatin folding and inferring transcriptional states/dynamics from chromatin/epigenetic states.

There are other stochastic/probabilistic simulation approaches available in modelling epigenetic states and histone mark spreading dynamics in cancer systems. Some examples include the use of coarse-grained molecular dynamics from chemical master equations over 1D- lattice models with mean-field approaches (for analytic solutions) used for sirtuin-2 mediated acetylation dynamics in simple yeast systems (159) and Markov Chain Monte-Carlo algorithms (160). The general approach is that a master equation describes the time-evolution of the probability distribution P for times between DNA replication, at which point histone components are distributed to the daughter DNA molecules in conjunction with semi-conservative replication (i.e., half retention of epigenetic marks). The models often assume a two-state or three-state epigenetic marks, where the histone sites are A (Acetylated), U (unmodified), or M (Methylated). At each time-step a random lattice site representing a nucleosome is chosen and one of the biochemical (kinetic) reactions underlying the chemical master equation (CME) are randomly simulated with a probability proportional to their respective rate constants for the methylation or acetylation dynamics (159, 161). Mean-field approximations must be employed to derive equilibria points (i.e., stable epigenetic states/marks). With cooperativity in the epigenetic marks, bistability (presence of two stable equilibria) is observed in the system representing on/off epigenetic states (162). As such, algorithmic information dynamics can be employed in prospective studies to treat these epigenetic switching systems as discrete dynamical systems suited for Ising spin-glasses, cellular automata, or artificial neural networks.

If we assume s, the density of marked nucleosomes, is always large and exhibits faster dynamics than the unmodified states, one can take to the limit of large number of nucleosomes the Fokker-Planck Equation (FPE) for the probability P. Also, for the general situation where recruitments of enzymes by active or inactive marks are asymmetric, the steady-state distribution of FPE has at most three fixed points on the bifurcation diagram with a cusp-like catastrophe indicative of critical dynamics (phase-transition) (67). Further, the FPE approximations have been shown to closely match simulations of the CME approach by Gillespie algorithm. For example, the Gillespie algorithm has been used to model polycomb memory systems in simpler model systems (163). Further details of CME and FPE are provided in the respective citations of the studies, and in Uthamacumaran (164).

However, what happens with 3D-conformation dynamics and long-range interactions? Multi-protein complexes and transcriptional marks are involved in the dynamics of epigenetic states, where many types of histone co-modifications are involved. Current models are thus simplified to at most two or three histone modifications. Long-range interactions need to be accounted for in the modelling by integrating Hi-C data with ChIP-Seq tracks. For instance, few groups have previously investigated how long-range looping interactions may be involved in H3K9me3 domain (constitutive heterochromatin) formation by use of Monte Carlo simulations coupling nucleosome turnover with methylation kinetics (157, 165). The stochastic models were able to well-reproduce the chromatin marks seen in experimental ChIP-Seq profiles. Similar studies were shown to reproduce the SETD2-catalyzed H3K36me3 marks from ChIP-Seq tracks, as well (166). Recent studies have shown stochastic chemical kinetics polymer models using Langevin dynamics to better capture histone methylation dynamics than these above-listed methods (167). Regardless of these computational approaches, the lack of 3D-chromatin modelling and a lack of time-points in conjunction with histone spreading dynamics remains the central problem in current computational epigenetics. Predicting critical dynamics in epigenetic remodelling of chromatin states and their resultant cell fate dynamics with limited time-points is a great burden to complex dynamics discovery in (cancer) epigenetic systems.

Various computational models in stochastic dynamics/simulations were discussed for investigating multiscale cancer dynamics, including population dynamics and growth/invasion processes. These coarse-grained stochastic models include molecular kinetics, differential equations-based model systems, Monte Carlo approaches, and Gillespie algorithm. A summary of molecular dynamics in the emerging field of cancer computational epigenetics was also introduced. These simulations can be paired with experimental techniques and other discussed computational toolkits within this paper to better elucidate the behavioral patterns in cancer ecosystems.



Machine Learning-Driven Causal Inference

While the above-discussed traditional chaos detection methods can verify if the state-space attractor reconstructed from the time-delay embedding of cancer signals is chaotic, they are bound to dimensionality limits. What happens if multiple chaotic attractors coexist in the signaling/expression state-space? Imagine the computational complexity of dissecting the time-series of a network of thousands of genes or proteins within thousands of cells at once. Identifying chaotic attractors in the state-space of such complex networks is an NP-hard problem. While traditional approaches may fail to dissect these complex networks, model-driven and physics-driven artificial intelligence may provide a solution for causal inference. Recurrent Neural Networks (RNNs) are recently emerging as the state-of-the-art machine learning algorithms for the spatiotemporal prediction of chaotic dynamics and attractor reconstruction in complex time-series datasets. They allow the model-free inference of chaotic dynamics from complex datasets. For example, Reservoir Computing (RC), a type of RNN has recently demonstrated applicability in the Lyapunov exponents prediction of spatio-temporally chaotic systems, such as the forecasting of the KS (Kuramoto-Sivashinsky) equation up to a few multiples of the Lyapunov-time (168, 169).

RC computing is a merging line between Liquid-State Machines and Echo-state networks, two types of random recurrent neural networks (RNNs). Liquid State Machines (LSM) are a type of spiking neural networks composed of artificial neurons with threshold activation functions (170). Each neuron is also an accumulating memory cell of random interconnections. On the other hand, ESNs are random, large, fixed recurrent neural networks. Each neuron within this reservoir network produces a nonlinear response signal. ESNs are equivalent to LSMs from a dynamical point of view. Both parallel approaches were recombined to RC computing, the current state-of-the-art machine learning to predict chaos in time-series (171). The RC neural network consists of three distinct layer types: the input layer, the Reservoir, and the Output layer. The Reservoir is a network of nonlinear units forming recurrent loops with random configuration. Only the output layer is optimized by training (adjusting the weights). No Backpropagation is needed for training thus, it is simple and quick (169). Different output layers can be trained for different tasks (i.e., parallel computing).

For a simple reservoir update, consider the input U(n), the states of the reservoir at time X(n), and the output at a given time is y(n). Let W be the connectivity of the nodes of the reservoir. Using some nonlinear function, we can recursively update the network from its data points in the current state. The reservoir update is described by the generic rule: x(n) = f(Wx(n — 1) + Win u(n)) and the network’s output computation is given by y(n) = Wout x(n). Applications of RC include dynamic pattern classification, chaotic time-series generation, and chaos forecasting (prediction). The Lyapunov exponents and chaotic attractors of spatiotemporally chaotic systems can be attained using RC computing. For example, Pathak et al. (169) exploited the RC reservoir dynamics to find the Lyapunov exponents of high dimensional dynamical systems, from which chaotic attractors could be reconstructed. Local and global metrics such as the Kullback-Leibler divergence, cross-validation measures, and mean-square error can assess how accurately the chaotic attractor was mapped by the neural network or how well the Lyapunov exponents were predicted for the chaotic system.

In some ways, one can think of predicting cell fate transcriptional dynamics or signalling dynamics as reminiscent of weather forecasting in tumor ecosystems. Both are multi-dimensional patterning fluid systems with multi-scale dynamics. As such, it may be useful, in general, to adopt AI-driven computational fluid dynamics (CFD) and fluid turbulence modelling approaches in the study of cancer patterning/cybernetics. For instance, Ling et al. (172) used custom Deep Learning architectures with Galilean invariance to approximate the Reynolds’ stress tensor in Navier-Stokes Equations flows in turbulent regimes. More recent examples of this includes machine-learned super-resolution analysis and reconstruction of complex turbulent flow fields (173). Fukami et al. used convolutional neural networks (CNN) and a hybrid down-sampled skip-connection/multi-scale (DSC/MS) model to forecast complex fluid patterns. Another example would be the shallow decoder network by Erichson et al. (174). In such approaches, we can take a few measurements or coarse-grained resolution measurements of the flow dynamics for training the neural networks, and in result forecast/predict its high-resolution flow patterns. However, there are limitations since this is an image-based training method and large, high quality image datasets are required. Furthermore, there are Lyapunov times, windows of predictability, to consider given the 3D-flow evolution of complex structures such as fractal hierarchical patterns and vortices. The reconstruction becomes poorer as we go farther away from the training interpolation region.

More recently, a class of RNNs referred to as liquid neural networks, or liquid time-constant networks, are also emerging as continuous-time neural networks for data-driven time-series forecasting of complex dynamics (i.e., causal inference) (175). These methods remain unexplored in cancer research and modelling/forecasting cancer signaling dynamics. Thereby we should extend these computational models and AI-driven simulation techniques to study cellular patterning systems and chemical turbulence (i.e., intermittent, or spatiotemporally chaotic intracellular flows in morphogens and protein oscillations). There are many other neural networks such as Generative Recurrent Neural Networks with reinforcement learning and other Deep Learning frameworks which can also be trained to detect chaotic attractors in cancer signaling/expression dynamics. The reinforcement learning model is most applicable if the amount of time-resolved data available is very little, wherein the neural network will generate new data which mimics the experimental data for pattern recognition. However, such methods will not be discussed herein.

Various causal inference algorithms and computational systems in the field of machine learning/artificial intelligence are capable of capturing causal patterns/relationships in cancer dynamics. These machine intelligence tools include certain types of neural networks such as reservoir computing, liquid neural networks, and recurrent neural networks. These tools should be exploited in pattern discovery in various cancer processes such as decoding cellular dynamics in gene expression state-space (differentiation dynamics), reconstructing protein signaling networks, and deciphering histone/epigenetic modifications in cancer chromatin-state transitions.



Algorithmic Complexity

Algorithmic Information Dynamics (AID) is an artificial intelligence platform for causality inference in dynamical systems. AID demonstrates that the algorithmic information of complex networks can be used to steer and reprogram their complex dynamics in phase-space (78, 176). AID provides a set of tools to approximate the Algorithmic (Kolmogorov) complexity of these complex networks and control them via merging algorithmic information theory with perturbation analysis in software space. Perturbation analysis can be as simple as the removal of an edge or node from a complex network. A graph network can be represented by a set string or array of binary code. The algorithmic information content of this string/array can then be described by classical measures such as Shannon entropy H(s) or Kolmogorov complexity K(s). The K-complexity, K(s), also known as Kolmogorov or algorithmic complexity quantifies the shortest bits of a string or computer program required to describe a dataset. K-complexity is a robust measure of a network’s complexity vastly unutilized in current approaches to network biology (177).

K(s) may be seen as analogous to Shannon entropy as a measure of complexity (or the lack of complexity, i.e., randomness) (78). However, K(s) is a more robust tool than Shannon entropy to measure the complex dynamics of networks. Unlike our current statistical approaches in inferring complex networks dynamics (such as Shannon’s entropy or correlation metrics), K-complexity provides causal inference of network topology and dynamics. By perturbation analysis using AID tools, one can identify the sub-structures of complex networks driving their information flow and regulating their topology (and in consequence, the cellular states/phenotypes) (78). Although Shannon entropy can quantify the amount of information in a complex system (network), it does not tell us how causally connected they are. Further, entropy provides no insights into the algorithmic content of a graph network. However, the algorithmic information content of a complex network distinguishes a process as a cause or randomness (78). Furthermore, K(s) does not depend on a choice of probability distribution like Shannon entropy does. Therefore, it is more robust than Shannon entropy in measuring the complexity of graph networks, such as cancer plasticity networks. Further, we have shown that Shannon’s information entropy rates is closely matched to lossless compression algorithms in comparison to algorithmic complexity. K(s) is also emerging as a machine intelligence platform to reconstruct attractor landscapes such as the Waddington epigenetic landscape of biological networks and causal discovery in their network state-space dynamics (78, 176).

Formally, the Kolmogorov complexity of a discrete dynamical system s is K(s) = min{|p|: U(p, e) = s}, where p is the program that produces s and halts running on an optimal reference universal Turing machine U with input e. K(s) is the length of the shortest description of the generating mechanism (of the network or system). For example, a graph network or system is defined as random (or not having a causal generating program) if the K(s) is about the same length of s itself (in bits). However, K(s) is semi-uncomputable and must be approximated using tools from AID.

K(s) can be seen as analogous to a measure of the compressibility or irreducibility of an object such as a string or network, or a dynamical system. Then, K(s) of a network matrix s is the length of the shortest compressed file producing s when decompressing it. Compression algorithms like LZ77, LZ78, Huffman coding, and LZW (Lempel-Ziv-Welch) are some examples of lossless compression algorithms (78). They are closer to Shannon entropy (rate) estimations than the graph complexity since they can detect statistical regularities within the information system. However, currently no compression algorithm can estimate the K(s) of a complex network since they are not sensitive enough for small perturbations. As such, Block Decomposition Method (BDM) (178) can be justified as the most appropriate method to study graph and network complexity perturbation analysis (78) also providing a more sensitive and robust alternative to limitations of entropy-based statistical compression algorithms such as the LZ and LZW family of compression algorithms.

The Coding theorem method (CTM) is based upon, or motivated by, algorithmic probability and is able to provide an estimation to K(s). However, CTM is computationally expensive (i.e., applicable only to short string or small object sizes). Therefore, BDM is available as an extension of CTM. It approximates the K(s) of a dataset, providing local estimates of the algorithmic complexity (78). Let U be an optimal reference universal Turing machine and p be a program that produces s running on U, then, the Solomonoff-Levin algorithmic probability is given by:

	

Then, the shortest program p, K(s), is related to the algorithmic probability by the CTM, which states: K(s) = —log2(m(s)) + 0(1) (179, 180, 182; 181).

There is also Bennett’s logical depth, a measure based on Kolmogorov complexity, defined as follows:

	

While the K-complexity measures the length of the minimal program required to generate the string or graph s, the logical depth measures the fastest program(s)/computation time T, i.e., shortest running time length, needed to generate the system (183). This is a very interesting measure because it would capture objects in the chaotic regime and place them as having deep structure even when, to some purposes, are random-looking. They are neither the simplest by their emergent behavior nor algorithmic randomness, but their dynamics require computational time to emerge at a usually small critical interval (9).

The set of graph eigenvalues of the adjacency matrix is called the spectrum of the graph. The Laplacian matrix of a graph is also sometimes referred to as the graph’s spectrum. Eigenvalues of evolving networks can be computed, and one can observe the graph complexity K(G), where G is the graph representing the string s, versus the complexity of the eigenvalues, to obtain information about the amount and kind of information stored in each eigenvalue (178, 184). Further, by assessing the maximum entropy per row of the Laplacian matrix, the eigenvalue which best characterizes the evolving network can be identified. Graph spectral analysis provides a quantitative tool for characterizing attractor dynamics in complex networks. CTM studies dynamical systems in software space, characterizing the effects of perturbations and natural or artificial changes to a system in terms of the changes in the set of the underlying explanatory computational models able to explain the system before and after the intervention (176).

The Block Decomposition Method (BDM) allows to combine the power of statistical information theory and algorithmic complexity hence extending the range of CTM to characterize local but longer-range algorithmic patterns. BDM is defined as:   , where the block size must be specified for the n-number of blocks. When the block sizes are higher, better approximations of the K-complexity are generally obtained. Although all methods listed here are applicable to causal discovery in dynamical systems, BDM is the most useful (and robust) tool in AID so far to study K(G) on all objects, including applications of perturbation analysis to graphs and networks, and as such has the potential to provide a computational framework to quantify the causal structure and complex dynamics of cancer networks (78, 185).

To apply BDM on cancer networks/datasets that operates at a discrete and binary alphabet, one can binarize the underlying adjacency matrices with a moving threshold to obtain a vector of networks and associated BDM values. Then apply the BDM on the vectors and obtain a vector of BDM values to work with. By sampling through all thresholds, the process is immune from the arbitrary choice. The identification of the essential features of complex networks- motifs, cliques, and subgraphs, is an NP-complete problem (78). Therefore, identifying cancer stemness networks is NP-complete, in principle, in traditional approaches unless some a priori assumptions are made on the underlying data distribution. However, algorithmic complexity and the AID toolbox of measures to approximate K(G) avoid such assumptions of predicted data distributions to fit the complex system and find computable candidate mechanistic models. AID provides a robust platform to identify causal structures such as chaotic attractors in cancer networks (78).

Perhaps the most elegant aspect of AID is that it provides a computational description of biological information processing. Unlike our traditional perspective of evolution by natural selection, AID provides a view of adaptive processes as algorithms steered by causal information dynamics. In systems science, one often uses the term cybernetics to denote the study of information processing (dynamics), regulation, feedback, communication, and control in complex systems. As such, cyberneticians often refer to complex systems as control systems, regulatory systems, or feedback systems. Cells, genes, and proteins, the essential structures of information processing in biological cybernetics, can then be treated as computers, programs and codes forming complex multi-scaled feedback loops and hierarchical structures. AID allows causal discovery in such complex systems. Further, in a recent study, AID measures such as BDM have been demonstrated as powerful tools which could highlight evolutionary paths in biological systems. The algorithmic probability reduces the space of all possible mutations and AID was shown able to detect biological pathways more likely to generate mutations versus those which are more stable (185). These findings demonstrate that evolutionary dynamics may be treated analogous to evolving programs in software space. Therefore, AID measures may provide a robust platform to study the cybernetics (information flow) of driver mutation networks and stemness networks in cancer evolutionary dynamics. These approaches should be extended to the study of cancer systems and CSCs to map their cell fate choices and help identify the minimal set of mutations or driver signals required to confer cancer stemness.

Algorithmic complexity provides a robust screening tool for cancer dynamics under a computational systems framework, whereas cellular processes can be viewed as programs and cells as computers. Network perturbation analysis using algorithmic complexity measures was discussed as a statistically strong method to identify causal biomarkers governing cancer cell fate dynamics.



Conclusion

In summary, various algorithms for the detection of chaotic attractors in the signaling state-space of cancer networks have been discussed. The basic insights into chaos, fractals, and complex systems have been sowed in the context of cancer dynamics. Although chaos exhibits apparent randomness, it has distinct properties and patterns which distinguish it from stochasticity. More precisely, chaotic systems exhibit emergent structures in their state-space with a (multi)fractal dimension: strange attractors. Although mathematical and computational models of cancer dynamics have demonstrated the existence of chaos and strange attractors within cancer cells, their experimental confirmation remains limited. The lack of time-series cancer datasets (largely in part due to technological barriers) and a lack of complexity science in cancer research are fundamental barriers in experimentally detecting complex dynamics in cancer cells. However, there are various emerging ways to acquire time-sequential cancer datasets in single-cell transcriptomics and proteomics, as discussed in the introduction.

A blueprint (tree-diagram) of causal inference in time-series cancer datasets is provided in Figure 1. The general road map to detecting a chaotic attractor (if it exists) in cancer signaling dynamics is such that first the time-traces of the signal of interest such as gene expression from time-resolved single-cell transcriptomics or protein oscillations from live-cell imaging is acquired (Figure 1). Then, it must be embedded via time-delay coordinate embedding to be visualized in a three-dimensional space. Following, various discussed algorithms such as fractal dimension, Lyapunov exponents, and entropy measures, can be applied to verify if the embedded pattern is a chaotic attractor(s). There are other chaos detection tools which were not discussed here and could be useful in dissecting biological cybernetics. One good example would be the 0-1 test proposed by Gottwald and Melbourne (186). However, given the dimensionality limits of such traditional techniques like time-delay embedding and topological entropy, the review strongly suggests the exploitation of machine learning algorithms like RC networks and liquid neural networks, and artificial intelligence platforms like algorithmic information dynamics (AID) for causal pattern discovery in cancer systems (Figure 1). The techniques outlined in the tree-diagram have widespread applications in systems medicine, including other single-cell multiomics datasets (e.g., protein abundance matrix from CyTOF or histone mass spectrometry, single-cell chromatin modifications matrix from EpiTOF, etc.) (187). Table 2 in the Appendix provides a simplified summary of how the complex systems techniques/tools may apply to different types of datasets and the format of the dataset required for their application.




Figure 1 | Biological inverse problem. The workflow summarizes a blueprint of causal inference methods and measures discussed in the review for systems oncology. Given time-resolved cancer data (e.g., live-cell imaging of protein flows, time-sequential transcriptomic profiling, etc.), we can employ complex systems tools such as dynamical systems modelling or statistical machine learning algorithms for pattern discovery. Dynamical systems approaches include attractor embedding followed by chaotic behavior detection tools as discussed, or complex networks inference. Chaotic behavior detection tools comprises of many approaches discussed in the paper including attractor embedding, fractal analysis, frequency spectra, and Lyapunov exponents. However, these approaches may have dimensionality limits and hence, AI-driven causal inference algorithms are proposed as promising tools for causal pattern discovery in single-cell time-sequential analyses, which include algorithmic information dynamics (i.e., measuring the algorithmic complexity of complex graph networks via perturbation analysis in software space), recurrent neural networks (e.g., RC networks, liquid neural networks, etc.), and model-driven AI (e.g., turbulence modelling/multiscale computational fluid dynamics).




Table 2 | Dataset format for complex systems methodologies.



Chaotic behavior in population dynamics/cellular ecosystems has been predicted as a signature for generating heterogeneity, tumor aggressiveness, metastatic invasion, recurrence/relapse, and therapy resistance (89, 90). Further, intracellular chaos has been suggested as a hallmark of cancer progression and aggressivity herein. Jensen et al. demonstrated the flows of protein densities may form strange attractors within cells (18, 19, 155). In extension of their findings, chaos is suggested as a causal mechanism by which tumor phenotypes can acquire adaptive properties and increase their fitness in harsh fluctuant environments. The detection of chaos within cellular oscillations and protein flows are predicted to be indicators of complex dynamics driving cancer networks. Further, chaotic dynamics in a single transcription factor were shown to orchestrate phenotypic heterogeneity and the enhancement of downstream gene signaling (18, 19). Then, the emergence of intracellular chaotic dynamics at the level of protein flows and gene regulatory networks may allow cancer cells to become highly robust to perturbations, conferring adaptive advantages to dynamic environments (resilience), promote their phenotypic plasticity, and generate aggressive phenotypes with therapy resistance.

Therefore, chaotic, or complex dynamics are not suggested as signatures of cancer pathogenesis herein, for which, as well-established, genetic instabilities and epigenetic abnormalities provide a better causal mechanism. Rather, complex dynamics are suggested as signatures of tumor progression and aggressivity in cancer cell fate dynamics (Figure 2). The detection of a chaotic attractor in cancer signaling implies the presence of cellular (disease) state, which is complex, adaptive, and difficult to treat. Hence, perturbation analysis by means of targeted therapies or cellular reprogramming methods can be used to determine which therapy/perturbation results in the loss in instability and complexity of the strange attractor, and thus, help identify effective precision therapies against aggressive cancers like GBM. Network medicine and complex systems analysis provides another tool to help identify these targeted therapies or gene/protein drug targets for the perturbation analysis. If we see the strange attractor (complex dynamics) reduce to more stable attractors such as equilibrium points as indicated by the loss of a fractal dimension of the attractor or non-positive Lyapunov exponents, we may conclude the perturbation is a robust anti-cancer therapy. In principle, such approaches provide a causal framework to not only screen for precision therapies but also control/predict cancer cell fate dynamics and reprogram their phenotypes towards benignity. Further, causal inference methods should be applied to single-cell multiomics and multimodal profiling methods.




Figure 2 | Attractors and oscillations. (A) Time-delay Coordinate Embedding. A schematic of attractor reconstruction from a time-series signal of some variable X(t) is shown by time-delay embedding (i.e., Convergent Cross Mapping). τ represent the time-delay. However, for complex large-scale datasets, machine learning algorithms such as reservoir computing (RC) and deep learning architectures are suggested (Image was adapted from 37). (B) Three different types of attractors which can self-organize in the signaling/expression state-space of cancer processes are shown: a limit cycle (periodic oscillation), quasi-periodic attractor, and a strange attractor (chaotic). The simplest of attractors, a fixed-point, is not shown herein. Their corresponding frequency spectra are shown below, with the oscillator’s angular frequency as the independent variable and the amplitude of the oscillations as the dependent variable. The oscillation of a limit cycle attractor has a defined amplitude (A) and peak in the frequency spectrum at a frequency (ω). A broad frequency spectrum is observed for the strange attractor, which exhibits a fractal-dimension in state-space. However, the frequency/power spectrum can be more complex depending on the system. For instance, complex attractors, such as those observed fluid turbulence, exhibit a broad frequency spectrum with an anomalous power-law scaling (i.e., multifractality) due to intermittency.



The future of mathematical and computational methods for cancer research holds great promise with the emergence of interdisciplinary fields such as computational oncology and systems medicine. The various tools discussed herein illustrate that they provide quantitative insights into complex cancer processes hindering therapy response and contributing to disease progression/aggressivity, including cancer differentiation dynamics, phenotypic plasticity/stemness, and adaptive heterogeneity. Such complex behavioral patterns allow cancers to develop adaptive traits such as therapy resistance, recurrence/relapse, and metastatic invasion leading to cancer-related deaths. The mathematical and computational tools allow clinician-researchers to dissect the complex networks underlying these behavioral patterns and help elucidate putative therapeutic targets specific to these behaviors. Network medicine and attractor reconstruction allow the control and regulation of patient-derived cancer systems both in silico and in experimental settings, to find novel effective strategies to prevent disease progression or permit cancer cell fate reprogramming. Further, causal inference tools such as algorithmic information dynamics, allow clinician-researchers to decode the causal relationships in driver networks steering the multiscale dynamics of cancer ecosystems, examples of which include transcriptional networks controlling cell fate plasticity and stemness discussed in the paper. Such methods allow treatments tailored towards dynamical responses in cancer therapy since they treat cancers as complex dynamic and adaptive diseases, and hence allow time-dependent progression control-predictability of cancer evolution. These approaches is most beneficial to clinical oncology as it would help pave more effective, cancer network-targeted treatments, precision diagnostics and prognosis with longitudinal screening of patients (e.g., blood-sera biomarkers), and thereby provide extension of cancer patient survival rates. We also predict the complex systems framework of computational/systems oncology may help reprogram cancer (stem) cells to benignity.
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Chemokines are a class of pro-inflammatory cytokines that can recruit and activate chemotactic cells. C‐X‐C motif chemokine ligand 5 (CXCL5) is a member of the chemokine family binding CXCR2 (C-X-C Motif Chemokine Receptor 2), a G-protein coupled receptor. Accumulated evidence has shown that dysregulated CXCL5 participates in tumor metastasis and angiogenesis in human malignant tumors. In this review, we summarized the advances in research on CXCL5, including its dysregulation in different tumors and the mechanism associated with tumor behavior (formation of the immunosuppressive microenvironment, promotion of tumor angiogenesis, and metastasis). We also summarized and discussed the perspective about the potential application of CXCL5 in tumor therapy targeting the tumor inflammatory microenvironment.
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Introduction

Tumorigenesis involves a continuous, dynamic interaction between cancer cells and the tumor microenvironment (TME). TME is a complex environment around a tumor that includes immune cells, fibroblasts, signaling molecules, and the extracellular matrix (1). The cellular components include heterogeneous subsets of tumor cells, inflammatory cells, immune cells, like monocytes, macrophages, dendritic cells, neutrophils, myelogenous suppressor cells, natural killer cells, T and B cells, as well as mesenchymal stem cells, endothelial cells, cancer-associated fibroblasts. Non-cellular components mainly include cytokines and chemokines. Recent studies have shown that chemokines and their receptors affect tumor progression by regulating the immune responses; they may affect both primary tumors and metastatic tumors. C‐X‐C motif chemokine ligand 5 (CXCL5) is a chemokine that promotes tumor formation by triggering the migration of immune cells to tumors and promotes immmuno-suppressive characteristics of the tumor microenvironment. In addition, CXCL5 can also promote tumor cell metastasis and recruit vascular endothelial cells for angiogenesis. Thus, CXCL5 has been suggested as a novel target for cancer treatment. This review summarizes the advances in research on CXCL5 and the usage of CXCL5 in future cancer treatment.



Chemokines and CXCL5

Chemokines are a class of pro-inflammatory cytokines composed of 70 ~ 100 amino acids that can recruit and activate chemotactic cells via specific seven-transmembrane receptors (2). Chemokine molecular features include four highly conserved cysteine amino acid residues, which form two disulfide bonds, pairing the first with the third cysteine and the second with the fourth cysteine. According to the insertion of other non-conserved amino acids between the first two cysteines (C) close to the N-terminal, chemokines can be divided into four structural branches (Table 1) (3, 4): CXC (the first two cysteines separated by one residue amino acid), CC (uninserted amino acid), CX3C (the first two cysteines separated by three residue amino acid), and C (only one cysteine at the N-terminal). Their corresponding receptors are CXCR, CCR, CR, and CX3CR, respectively (5). Additionally, based on the situation whether the N-terminus of the molecule that immediately precedes the first cysteine amino acid residue of CXC chemokine contains a glutamic acid-leucine-arginine motif (‘ELR’ motif; ELR+) or not, the CXC family can be further classified. CXC chemokines containing the ‘ELR’ motif (named ELR+CXC) are potent promoters of angiogenesis (6, 7).


Table 1 | chemokine receptors and their ligands.



In recent years, more and more studies have shown that chemokines and chemokine receptors in tumor tissues have important roles in tumorigenesis. Chemokines regulate the immune response of primary and metastatic tumors via the recruitment of different immune cell subsets. The pro-tumor or anti-tumor effect depends on which kind of immune cells are recruited (8). Immune cells with potent anti-tumor effects are CD8+ T cells (9), polyfunctional TH17 cells (10), and natural killer (NK) cells (11, 12). When these cells are recruited, tumor progression is suppressed. In contrast, the recruitment of tumor-promoting immune cells, such as myeloid-derived suppressor cells (MDSCs) (13), Treg cells (14), TH22 cells (15), and plasmacytoid dendritic cells (pDCs) (16, 17), endows chemokines to promote tumor growth.

Many studies have shown that partial chemokines directly promote tumor cell proliferation and metastasis in an autocrine or paracrine manner. For example, cervical cancer cells treated with exogenous chemokines CXCL3 exhibited enhanced proliferation and migration activities by regulating the expression of the extracellular signal-regulated kinase (ERK) signaling pathway associated genes, including ERK1/2, Bcl-2, and Bax (18). In addition, the angiogenesis effect of chemokine CXCL8 has been confirmed in several cancers, including breast cancer (19), non-small cell lung cancer (NSCLC) (20), melanoma (21), and colorectal cancer (22). Chemokines and their homologous receptors regulate tumor growth in direct and indirect ways: activating signaling pathways to directly regulate the metastasis of tumor cells, working on vascular endothelial cells to indirectly regulate tumor growth, and coordinating the migration and localization of immune cells in tissues.

CXCL5, also known as neutrophil-activating peptide 78 (ENA-78) or SCYB5 (23), is a member of the CXC chemokine family containing a highly conserved three amino acid motif (ELR+) (6). Encoded by the CXCL5 gene (map to chromosome 4q13-q21 and contains 4 exons and 3 introns), CXCL5 has a similar chromosome structure and chromosome location to the IL-8 gene. Clusters of basic chemokines or chemokines containing basic residue can be closely combined with acid mucopolysaccharide glycosaminoglycans (GAGs) containing carboxylate and sulfate moieties by engineering electrostatic/H-bonding complementarity (24). Unlike CXCL1 (25) and CXCL8 (26), the GAG geometry in CXCL5 is novel (Figure 1): GAG-binding amino acid residues from a continuous surface layer participate in receptor interactions (27). As a result, when the GAG-binding region and receptor binding region overlap, GAG-bound CXCL5 cannot activate the receptor.




Figure 1 | Structure and GAG-binding region of CXCL5. (A) The protein dimer comprises of a six-stranded antiparallel β-sheet and a pair of α-helices. The monomer structure consists of an extended N-terminal loop (N-loop) followed by three β- strands and a terminal α-helix. (B) CXCL5 can be secreted by various cells, including tumor cells, immune cells, and other non-immune cells. Cancer-associated mesothelial cells (CAMs), cancer-associated fibroblasts (CAFs), dendritic cells (DC cell), Schwann cell (SCs). (C) The GAG-binding region and CXCR2-binding region overlap. GAG-bound CXCL5 is unable to activate the receptor CXCR2. CXCL5, C‐X‐C motif chemokine ligand 5; CXCR2, C‐X‐C motif chemokine receptor 2; SCs, Schwann cells; CAMs, cancer-associated mesothelials; DC cell, dendritic cell; CAFs, cancer-associated fibroblasts; GAG, glycosaminoglycan.



CXCL5 exists both as a monomer and dimer. Meanwhile, each monomer involves the N-loop, 40s loop, β3 strand, and α-helix, which form a continuous surface (28)(Figure 1). The precise balance between GAG binding dimer and free soluble monomer regulates CXCL5-mediated receptor response and orderly regulates cells activities. After specifically binding with its recepter CXCR2, CXCL5 can chemotactic a series of biological effects such as the degranulation of neutrophils, lymphocytes and so on, and play an important role in anti-infection and anti-viral immunity. In adipose tissue, CXCL5 acts as a adipokine by activating the JAK2/STAT5 pathway that inhibits insulin signaling and promotes obesity (29). CXCL5 also plays an important biological role in promoting angiogenesis, mediating inflammatory response and participating in connective tissue remodeling. As an inflammatory chemokine, CXCL5 has been associated with inflammatory diseases (30) such as Crohn’s disease, ulcerative colitis, acute appendicitis, and chronic pancreatitis. Additionally, it is believed that CXCL5 can trigger tumor metastasis and promote the formation of an immunosuppressive microenvironment (31–33). Considering its pro-tumor role, CXCL5 has a promising prospect in tumor diagnosis and treatment.

CXCL5 is produced from different sources (Figure 1). The role of CXCL5 secreted by immune cells is to participate in the formation of an immunosuppressive microenvironment or promote tumor metastasis. Zhou et al. (34) found that CXCL5 released from macrophages in gastric cancer could activate the CXCR2/STAT3 feed-forward under TNF-α (tumor necrosis factor‐α) induced conditions and promote the migration of gastric cancer. Moreover, Fujimura et al. (35) reported that tumor-associated macrophages (TAMs) produce CXCL5. Kuo and colleagues found that tumor-associated dendritic cells (TADCs)-derived CXCL5 participate in some stages of cancer formation and, together with HB-EGF (heparin-binding EGF-like growth factor), can trigger tumor angiogenesis, epithelial-mesenchymal transition (EMT), and increasing proliferation and metastasis of cancer cells (36). Other studies have proved that CXCL5 could also be secreted from tumor cells. For example, Zhao et al. found that in the hepatic metastasis of colonic carcinoma, CXCL5 was highly expressed in tumor cytoplasm and cell membrane, but not tumor mesenchyme (37). In addition, the host cells in TME have also been found to be a non-negligible source of CXCL5. Schwann cells (SCs) in the peripheral nervous system can secrete CXCL5 and increase the motility in tumor cells in the CXCR2/PI3K/AKT/glycogen synthase kinase‐3 (GSK‐3β)/Snail‐Twist signaling pathway, and promote metastasis (38). The high expression of CXCL5 in fibroblasts has also been proven in melanoma (39). Similarly, cancer-associated mesothelial cells (40) with tumor-promoting potential can secrete CXCL5 to promote the metastasis of ovarian cancer cells in the feedback loop (41).



CXCL5 and cancer


Overexpression of CXCL5 contributes to tumor progression

According to previous studies, abnormal expression of CXCL5 is found in various malignant tumors. Rajkumar et al. found an increased expression of CXCL5 in gastric cancer tissues compared with adjacent non-cancerous tissues; CXCL5 was also positively correlated with cancer progression and lymphatic metastasis (42). Moreover, Miyazaki and colleagues found that CXCL5 transcription and secretion are significantly upregulated in metastatic cells compared with primary head and neck squamous cell carcinoma and that the interference with its transcription leads to the reduction of the ability of tumor cells to migrate and invade other tissues (43). Also, CXCL5 transcription is significantly upregulated in sporadic endometrioid endometrial adenocarcinoma but not in the normal endometrium (44). Gao et al. discovered higher serum CXCL5 concentrations in non-small cell lung cancer patients than in healthy controls (45). High expression of CXCL5 has also been associated with a poor survival rate of pancreatic cancer (46) and with neutrophil infiltration, shortened overall survival, and faster tumor recurrence in hepatocellular carcinoma (47). Other studies have proved that CXCL5 is upregulated in colorectal cancer compared with para-cancerous tissues (37), and its expression is associated with advanced tumor stage, poor prognosis, and liver metastasis (48). Higher levels of CXCL5 in colorectal cancer tissues are also positively correlated with the expression of specific endothelial marker CD31 (49), which provides inspiration for further exploring the role of CXCL5 in tumor angiogenesis (50). In addition, Zheng et al. (51) found that CXCL5-related mRNA and protein were highly expressed in bladder cancer. They found that CXCL5 knockout could significantly inhibit the growth and migration of bladder cancer cells in the medium through Snail, PI3K-AKT, and ERK1/2 signaling pathways.



CXCL5 is related to different signaling pathways

CXCL5 has been reported to have an indispensable role in promoting tumor progression through different signaling molecules or signaling pathways in different tumors (Table 2). For example, overexpression of CXCL5 in colorectal cancer promotes tumor angiogenesis (50), neutrophils recruitment (53), EMT (37), and the formation of immunosuppression microenvironment via AKT and ERK pathways (39). Thus, CXCL5 is defined as a promoter of colorectal cancer metastasis and a predictor of poor clinical outcomes in colorectal cancer patients (37). Furthermore, in breast cancer, CXCL5 accelerates neutrophil aggregation and promotes cancer cell colonization and advancement of distant metastasis via the ERK/MSK1/Elk-1/snail signaling pathway (54, 55, 72). Studies on lung cancer have also shown that the MAPK and PI3K pathways are related to the tumor-promoting effect of CXCL5 (36, 38, 57). The progression of lung cancer is accelerated by the proliferation, movement, and diffusion of tumor cells. CXCL5 has also been reported to promote tumor progression in different tumors such as gastric cancer (60), liver cancer (62), bladder cancer (65), prostate cancer (68), nasopharyngeal carcinoma, intrahepatic cholangiocarcinoma (58), osteosarcoma (64), cholangiocarcinoma (59), papillary thyroid carcinoma (69), and renal cell carcinoma (71). Notably, CXCL5 also induces the development, metastasis, and drug resistance of bladder cancer. In non-muscle-invasive bladder cancer (NMIBC), resistance to mitomycin C is accompanied by increased expression of tumor-derived CXCL5 (66). Anti-CXCL5 could sensitize tumors to mitomycin C treatment in the nude mouse model. All these data indicated that CXCL5 might activate EMT and the NF-κB (nuclear factor‐κappa B) pathway to promote mitomycin resistance, thus providing a new strategy for discovering new chemical resistance-related markers and overcoming chemical resistance in patients with bladder cancer (66).


Table 2 | A variety of signaling molecules and pathways are involved in CXCL5 to promote cancer progression.






Mechanism of CXCL5 for promoting tumor progression


Tumor angiogenesis

Tumor angiogenesis is essential during malignant tumor progression. Chemokines can promote tumor angiogenesis in two ways: (1) by improving the migration and proliferation of endothelial cells by directly acting as tumor angiogenesis medium (73); (2) by indirectly promoting angiogenesis by recruiting leukocytes that produce angiogenic factors in TME (74). The ELR motif first became known for its involvement in the recruitment and activation of neutrophils (75). In 1995, Striter et al. (7) found that the ELR+CXC family of chemokines displays disparate angiogenic activity, which can induce endothelial chemotaxis in vitro and corneal neovascularization in vivo. Later, a significant increase in CXCL5 concentration was observed in the peritoneal fluid of patients with severe endometriosis, a disease characterized by highly vascularized endometrial ectopic tissue proliferation. Researchers speculated that CXCL5 might contribute to the pathogenesis of endometriosis, possibly by promoting neovascularization (76).

A growing number of studies have demonstrated that CXCL5 can promote tumor angiogenesis via its highly conserved ELR motif (Figure 2) (7). Arenberg et al. (77) first reported that CXCL5, as an angiogenic factor, was elevated in NSCLC tissues and was correlated with vascular density. Angiogenesis factors secreted by cancer cells or stromal cells can directly stimulate angiogenesis. The recent findings suggested that interaction between endothelial cells (ECs) and cancer cells enhances ECs recruitment and promotes cancer progression through the EGFR-NF-κB-CXCL5-CXCR2 pathway in bladder cancer (78). A similar phenomenon was observed in renal cell carcinoma. Furthermore, Guan et al. discovered that androgen receptor signaling promotes renal cell carcinoma progression by increasing endothelial cell proliferation and recruitment by modulating AKT → NF-κB → CXCL5 signaling (71). Additionally, Chen et al. (50) proposed that CXCL5, which is positively correlated with the micro-vessel marker CD31 [expressed by endothelial cells and hematopoietic cells (79)], activates AKT/NF-κB/FOXD1/VEGF-A pathway in a CXCR2-dependent to enhance its tube formation ability. Forkhead box (FOX) proteins, as the upstream transcription regulator of VEGFR-A (vascular endothelial growth factor receptor A), can bind to the VEGF-A promoter to regulate tumor angiogenesis. Specifically, FOX binds to receptor CXCR2, after which CXCL5 promotes the transfer of NF-κB to the nucleus to increase AKT phosphorylation and finally enhances the Forkhead Box D1 (FOXD1) transcriptional activity of VEGF-A promoter, so as to promote tumor angiogenesis. EGR1 (early growth response protein 1) is a transcription factor that has previously been shown to encode a C2H2 type zinc finger protein induced by mitotic stimulation (80), thereby stimulating angiogenesis and improving the survival of tumor cells. CXCL5 can stimulate EGR1 gene transcription to stimulate angiogenesis (81).




Figure 2 | CXCL5 promotes the recruitment of vascular endothelial cells for angiogenesis and helps form the tumor-promoting microenvironment. Tumor cells secret CXCL5 for interaction with its receptor CXCR2, which subsequently activates NF-κB and AKT signaling transduction in endothelial cells. CXCL5 facilitates the recruitment and activation of inflammatory myeloid-derived suppressor cells (MDSCs), eventually leading to persistent inflammation and immunosuppression, thereby stimulating tumor progression. MDSCs, myeloid-derived suppressor cells; EC, endothelial cell; STAT3, signal transducer and activator of transcription 3; NF-κB, nuclear factor‐κappa B; VEGF-A, vascular endothelial growth factor-A; FOXD1, Forkhead Box D1.





Tumor metastasis

Tumor metastasis is a non-directional and random process. EMT is the initial step in promoting invasive behavior of primary tumors (82, 83). Identified as the down-regulation of epithelial-cadherin (E-cadherin) and the up-regulation of Snails and Vimentin, EMT is characterized by loss of contact between epithelial cells and the separation of junction structures (84). Previous studies have suggested that CXCL5 and its receptors regulate cancer migration and progression through EMT (85). In liver, colon, and lung cancer, PI3K AKT or MAPK (ERK1/2) pathway is involved in CXCL5/CXCR2 activation and cell movement (37, 62). Zhou et al. (38) first proposed that CXCL5 is involved in the process of Schwann cells promoting EMT, and in the invasion and metastasis of lung cancer cells via the CXCL5/CXCR2/PI3K/AKT/GSK-3β/Snail-Twist pathway. Schwann cells (86), the main glial cells of the peripheral nervous system, have been reported to increase tumor invasiveness in the microenvironment of pancreatic and prostate cancer. Further validation experiments showed that inhibition of CXCL5 or its receptor CXCR2 resulted in decreased expression of snail and twist induced by SC, which in turn reduced the motility of tumor cells (38). In addition, another study found that the overexpressed CXCL5 induces EMT by activating the ERK/Elk-1/Snail pathway and the AKT/GSK3β/β-catenin pathway, thereby enhancing colorectal cancer cell metastasis (37). Furthermore, Cui et al. (69) proved that CXCL5 enhances the migration and invasion, and initiates the EMT in papillary thyroid carcinoma cells, a process that can be suppressed by CXCR2 specific short hairpin RNAs (shRNAs). Another study demonstrated that the activated CXCL5-CXCR2 axis contributes to the metastatic phenotype of PTC cells via AKT/GSK-3β/β-catenin pathway and accelerates the G1 to S phase transition of papillary thyroid carcinoma cells through JNK and p38 pathways (70). In previous studies, Sex-determining region Y-box 9 (SOX9) was characterized as a CSC marker of hepatocellular carcinoma (HCC), and its expression promoted the growth and invasion of HCC cells in cell cultures (87). Ren et al. (63) confirmed that CXCL5 promotes SOX9, which, in turn, promotes the growth and invasion of liver cancer cells through activation of PI3K-Akt and ERK1/2 signaling (63). Gao et al. (65) found that CXCL5 activates PI3K/AKT signaling to promote bladder cancer cell EMT and migration through the upregulation of matrix metalloprotein 2 (MMP2) and matrix metalloprotein 9 (MMP9). In addition to PI3K/AKT pathway, CXCL5 also acts on the STAT3 axis. Under TNF-α induced conditions, macrophages release CXCL5, then activate the CXCR2/STAT3 feed-forward loop in a CXCL5-dependent manner (34), thereby promoting the migration of gastric cancer.

Metabolic reprogramming of cancer-associated fibroblasts (CAFs) is important for cancer progression (88). Previous studies have elucidated that CAFs crosstalk with cancer cells by secreting various cytokines and chemokines (89). In the latest study, Zhang et al. (52) found that HSPC111, an exosome derived from colorectal cancer cells, induces the cancer-promoting factor CXCL5 produced by CAFs to enhance its liver metastasis-promoting effect. Specifically, exosomes HSPC111 upregulates acetyl-CoA’s level in a liver pre-metastatic niche by altering the lipid metabolism of CAFs, which further promotes the secretion of CXCL5. This, in turn, mediates EMT and liver metastasis and enhances the excretion of exosome HSPC111 in a feedforward regulatory loop (52). Moreover, CXCL5 also promotes lymph node metastasis. In the study of the mechanism of lymph node metastasis in HNSCC, Lee et al. (90) proved for the first time that CXCL5 and its interaction with receptor CXCR2 is an important link between crosstalk and metastasis between HNSCC and lymphatic endothelial cells. At the same time, they also proposed that the lymphatic endothelium is a novel source of CXCL5 and CXCL5/CXCR2 pathway is a potential therapeutic target for inhibiting lymph node metastasis of head and neck squamous cell carcinoma. All this evidence has proved that as a veritable catalyst for tumor progression, CXCL5 promotes tumor progression in many ways (Figure 3), and more ways need to be found.




Figure 3 | CXCL5 induced in various ways participates in different signaling pathways to promote tumor metastasis. CXCL5-CXCR2 axis is involved in the process of epithelial-mesenchymal transformation (EMT), invasion, and metastasis of cancer cells via the PI3K/AKT/GSK-3β/Snail-Twist pathway, ERK/Elk-1/Snail pathway, as well as JNK and p38 pathways.





Tumor-promoting microenvironment

In cancer development and progression, there is a complex and multidirectional interaction between cancer cells and the tumor inflammatory environment (91). CXCL5, identified as a neutrophil-activated inflammatory peptide homologous to interleukin 8 (92), has been identified as the key mediator for the recruitment of neutrophils to the tumor microenvironment. By secreting immunoreactive molecules such as b2-integrins, onco-statin M, and neutrophil elastase, neutrophils can help form a microenvironment that promotes the migration, invasion, and diffusion of cancer cells (93, 94). In intrahepatic cholangiocarcinoma (95), Zhou et al. (58) observed an increase in neutrophil infiltration in the tumor microenvironment with high expression of tumor-derived CXCL5, which confirmed that CXCL5, as a strong chemokine of neutrophils, recruits more neutrophils to establish a tumor-promoting microenvironment and amplifies inflammatory response to accelerate the progression of ICC. CXCL5 participates in and regulates the closed-loop composed of tumor cells, neutrophils, and lymphatic endothelial cells in melanoma (96). Overexpression of tumor-derived CXCL5 recruits many intra and peritumoral neutrophils and promotes lymphangiogenesis, promoting the metastasis of tumor cells from the primary tumor site to local, regional lymph nodes (96).

It is well established that tumor-mediated immune evasion and immunosuppressive microenvironment reduce the clinical efficacy of immunotherapy (97, 98). Myeloid-derived suppressor cells (MDSCs) derived from myeloid progenitor cells inhibit the function of T cells and NK cells, which is considered to have a major role in tumor-mediated immune evasion (99, 100). CXCL5 is a chemoattractant for MDSCs (Figure 2) (33). Researchers have found that the clearance of apoptotic cancer cells by macrophages (termed efferocytosis) activates STAT3 and NF-κB [one of the key factors of inflammation-related tumor progression in tumor microenvironment (101)], which stimulates the production of pro-inflammatory cytokine CXCL5 (102). As an inflammatory inducer, CXCL5 facilitates the recruitment and activation of inflammatory myeloid cells and promotes M2 polarization, eventually leading to persistent inflammation in the tumor bone microenvironment and immunosuppression, thereby stimulating tumor progression. Interestingly, the study is also the first to prove that the main contribution of CXCL5 in the tumor microenvironment originated from the host rather than the tumor (102). During the treatment of mesothelioma with oncolytic virotherapy, Tan et al. (103) found that CXCL5 derived from tumor cells recruit CXCR2-expressing polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) into the tumor microenvironment and suppress dendritic cells to prevent anti-tumor T cell immunity. In addition, through bioinformatics analysis and experimental validation, Wang et al. (67) identified that YAP1, the core protein of Hippo pathway (104), is over-activated in prostate tumors. Hyperactivated Hippo-YAP signaling drives the upregulation of CXCL5 in prostate cancer cells through the YAP-TEAD complex and recruits MDSC into TME through CXCL5-CXCR2 signaling. Moreover, abundant MDSCs infiltration exerts an antagonistic effect on T cell proliferation, thus showing potent immunosuppressive activities. At the same time, Wang et al. (67) proved that CXCR2 inhibitors block CXCL5-CXCR2 signaling, resulting in reduced MDSC infiltration and related antitumor effects. In pancreatic ductal adenocarcinoma, the deletion of type I collagen in ASMA+ myofibroblasts upregulates the expression of chemokine CXCL5 in cancer cells via SOX9 (105). Type I collagen was reported as a significant component of PDAC stroma immune (106). CXCL5 suppress CD8+ T cells and recruits MDSC, which are immune cells that inhibit antitumor immune response, thus inhibiting the antitumor immune response.

The expression of programmed death-ligand 1 (PD-L1) has a key regulatory role in tumor immunosuppression of the T cell response. Previous studies have reported that the oncogenic activation of RAS, AKT, or TGF‐β signaling pathways controls the expression of PD-L1 in cancers and has a role in inhibiting tumor immune response (98, 107). In a previous study that investigated the function and regulation of CAFs in the expression of PD-L1 in melanoma and colorectal cancer, researchers described the indispensable role of CXCL5 (39). Firstly, the author identified the abundant expression of CXCL5 in CAFs, and then concluded through further experiments that CXCL5 derived from CAFs promotes the expression of PD-L1 in a concentration‐dependent manner in tumor cells by activating PI3K/Akt signaling, thus mediating the immunosuppressive microenvironment, and this process could be blocked by PI3K inhibitor LY294002 (39).




Potential clinical applications


CXCL5 as a predictive biomarker

Cancer is characterized by a high incidence rate, high mortality rate, and heavy economic burden, thus representing the major public health problem in the world. Therefore, searching for new potential prognostic biomarkers has always been one of the main focuses in oncology. Considering the important functions of CXCL5 in tumor differentiation, advanced tumor stages, local invasion, neutrophil infiltration, and metastasis, CXCL5 has been considered a potential biomarker for prognosis and a novel preventive and therapeutic target for cancer.

In a previous study, CXCL5 expression was identified as a predictive biomarker associated with the response and prognosis of immunotherapy in patients with non-small cell lung cancer (108). In addition, the expression of CXCL5 has been associated with poor prognosis in many cancers (109), such as bone-metastatic prostate cancer (68), bladder cancer (110), hepatocellular carcinoma (111), and pancreatic cancer (112). In order to explore the prognostic value of abnormal expression of CXCL5 in cancer patients, Wu et al. (109) conducted a comprehensive meta-analysis and concluded that the high expression level of CXCL5 was significantly correlated with the poor prognosis of cancer patients.

Furthermore, studies suggested that CXCL5 can predict the efficacy and prognosis and predict the adverse reactions. Fujimura et al. (35) detected the concentration of CXCL5 before and after nivolumab treatment. Compared with patients without immune-related adverse events (irAEs), the absolute serum levels of CXCL5 were significantly increased in patients with irAEs. Therefore, CXCL5 has been recommended as a prognostic biomarker of irAEs in patients with advanced melanoma treated with nivolumab.

As a small peptide, CXCL5 has been proved to be secreted from a variety of sources and exists in body fluids. Its abnormal expression in the tumor microenvironment allows us to detect it through blood detection of tumor tissue samples. Therefore, CXCL5 can be used as a convenient and fast biomarker to predict the curative effect or prognosis of cancer patients together with other tumor markers.



As a possible therapeutic target

Owing to the critical role in promoting angiogenesis, tumor metastasis, and the formation of the immunosuppressive microenvironment, targeting CXCL5 brings more possibilities for cancer therapy. Since CXCL5 promotes tumor angiogenesis by controlling the expression and transcriptional activity of FOXD1, suppression of angiogenesis by inhibiting the CXCL5/CXCR2 axis may be a promising treatment for colorectal patients (50). Kuo et al. suggested that TADCs-derived CXCL5 and HB-EGF synergized with the Akt and ERK pathways to promote lung cancer metastasis. Further studies found that neutralizing CXCL5 with its antibody significantly reduces the incidence of cancer progression and enhances the efficacy of TKI (36). Another study found that LY294002 (PI3K inhibitor) blocks the phosphorylation of Akt and GSK-3β in the CXCL5/CXCR2 axis and reduces the spreading and metastasis ability of lung cancer (38). In the study of pancreatic cancer, blocking chemokine signal transduction proved to reverse the anti-tumor immune characteristics induced by type 1 collagen deficiency and slow down the progression of pancreatic cancer (105). Furthermore, the intervention of the TGF-β/Axl/CXCL5 signaling has been suggested as a therapeutic strategy for treating HCC progression in TGF-β-positive patients (113).

The drug sensitivity may vary from patient to patient. CXCL5 can promote mitomycin resistance by activating EMT and NF-κB pathways. Therefore, the identification of CXCL5 as a new marker of chemical resistance may provide a new strategy to overcome drug resistance (66). The interaction between TME and tumor cells has brought a new revolution in anti‐cancer immunotherapy. In exploring improving the homing of NK cells, NK cells transduced with the virus vector encoding CXCR2 show better motility to renal carcinoma expressing the homologous ligand CXCL5. Recent study revealed that blocking the CXCL5/CXCR2 axis with CXCR2 inhibitors prevents the recruitment of inhibitory MDSCs and improves the utility of immunotherapy by enhancing the efficiency of anti‐PD‐1 (114). In addition, inhibition of the CXCL5/CXCR2 axis could reduce the recruitment of granulocytes to the primary tumor area, and inhibit the establishment of early metastatic niches (115). Besides, CXCL5 inhibitors demonstrated a good tolerance in most of the patients clinically, and relevant clinical trials are currently underway. CXCL5-GAG interaction prevent the rapid diffusion of CXCL5 in the circulation, and is the key to form a local concentration gradient. GAG-bound and soluble chemokine gradients mediate neutrophil recruitment in the vasculature and extracellular matrix, which could be exploited for designing inhibitors that disrupt CXCL5-GAG interactions and neutrophil homing to the target tissue (116).




Conclusion

Recently, CXCL5 has been strongly associated with tumorigenesis and tumor progression through different pathways. CXCL5 has also been associated with the prognosis and diagnosis of cancer therapy. Blocking of CXCL5-associated pathways is an effective method to resist tumor cell growth and improve therapeutic sensitivity. Yet, since current studies are still in the early stage, more factors related to CXCL5 need to be investigated. Despite these challenges, the potential of CXCL5 in cancer screening and personalized anti-cancer treatment is worthy of further exploration.
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DEAD-box (DDX)5 and DDX17, which belong to the DEAD-box RNA helicase family, are nuclear and cytoplasmic shuttle proteins. These proteins are expressed in most tissues and cells and participate in the regulation of normal physiological functions; their abnormal expression is closely related to tumorigenesis and tumor progression. DDX5/DDX17 participate in almost all processes of RNA metabolism, such as the alternative splicing of mRNA, biogenesis of microRNAs (miRNAs) and ribosomes, degradation of mRNA, interaction with long noncoding RNAs (lncRNAs) and coregulation of transcriptional activity. Moreover, different posttranslational modifications, such as phosphorylation, acetylation, ubiquitination, and sumoylation, endow DDX5/DDX17 with different functions in tumorigenesis and tumor progression. Indeed, DDX5 and DDX17 also interact with multiple key tumor-promoting molecules and participate in tumorigenesis and tumor progression signaling pathways. When DDX5/DDX17 expression or their posttranslational modification is dysregulated, the normal cellular signaling network collapses, leading to many pathological states, including tumorigenesis and tumor development. This review mainly discusses the molecular structure features and biological functions of DDX5/DDX17 and their effects on tumorigenesis and tumor progression, as well as their potential clinical application for tumor treatment.
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1 Introduction

The DEAD-box (DDX) protein family is the largest family of RNA helicases and consists of enzymes that unwind double-stranded RNA. DDX protein family members contain a specific D-E-A-D amino acid motif composed of aspartic acid (Asp, D)–glutamic acid (Glu, E)– alanine (Glu, A)–D (1). DDX5 and DDX17 share the greatest homology among the DDX gene family members. DDX5 and DDX17 are abnormally expressed in many tumors and participate in tumorigenesis, tumor cell proliferation, invasion and metastasis, which exert a profound impact on cancer development. Except for liver cancer (2) and pancreatic ductal adenocarcinoma (3), DDX5 is overexpressed in most tumors, such as breast cancer (4), prostate cancer (5), endometrial cancer (6), gastric cancer (7), esophageal cancer (8), colorectal cancer (9), glioma (10), lung adenocarcinoma (11), cervical squamous cell carcinoma (12), and non-small cell lung cancer (NSCLC) (13) etc. DDX17 is also overexpressed in many tumors, such as drug (gefitinib)-resistant NSCLC (14), prostate cancer (15), breast cancer (16), glioma (17), and hepatocellular carcinoma (18) etc. Therefore, DDX5 and DDX17 are potential targets for cancer therapy. It is necessary to explore the mechanism of action of DDX5/DDX17 in cancer to provide a solid theoretical basis for the application of DDX5/DDX17 in cancer diagnosis and treatment. The exact mechanism of DDX5/DDX17 in tumorigenesis varies with tumor type and tumor development stage. This review discusses the protein structure and biological functions of DDX5/DDX17 and explores their regulatory mechanisms in tumorigenesis and tumor progression, providing insights into their potential clinical application in tumor therapy.



2 Structural features of DDX5 and DDX17

DDX5 and DDX17 share the greatest homology among the DEAD-box gene family members; the sequence homology of their helicase core region is as high as 90%. The core region contains 9 conserved motifs shared by all DDX family members and is critical for RNA binding, ATP binding and hydrolysis functions. However, due to differences in their N-terminal and C-terminal sequences, which share 60% and 30% homology, respectively, DDX5 and DDX17 have their own unique functions in cells (19). The DDX5 and DDX17 antibodies used in the studies were designed mainly to recognize the amino acid sequence for either the N-terminal or C-terminal, which have significant differences and have no cross-reaction between the two proteins (20–24).

By querying databases such as GenBank and UniProt, we know that human DDX5 is located on 17q23.3, while DDX17 is located on 22q13.1, and they are expressed in all tissues. The transcription and translation of the DDX5 gene produces a stable protein with a molecular weight of 68 kDa, also known as p68, comprising 614 amino acids. Due to alternative splicing and the alternative translation initiation codons (including a non-AUG [CUG] start codon), DDX17 generate two stable proteins that have molecular weights of 72 kDa and 82 kDa after transcriptional and translational modifications; these proteins are also known as p72 and p82, respectively, and comprise 650 and 729 amino acids. DDX5 and DDX17 have been highly conserved throughout biological evolution. The genetic similarity of human DDX5 to chimpanzee is 99.57%, to dog is 96.63, and to mice is 94.08%. The genetic similarity of human DDX17 to chimpanzee is 99.79%, to mice is 90.15%, and to dog is 95.3%. However, the gene similarity of DDX5 and DDX17 to DBP2 in yeast is only 58.94% and 55%, respectively, indicating that DDX5/DDX17 play important roles in the life activities of higher organisms. This finding does not mean that the homologous genes of DDX5/DDX17 are not important in lower organisms. In S. cerevisiae, DBP2 is involved in ribosome biogenesis, mRNA nuclear transport and degradation (25). DDX5 and DDX17 are nucleoplasmic shuttle proteins. DDX5 performs nucleocytoplasmic shuttling through the classic Ran GTPase-dependent pathway, mediated by two nuclear localization signals (NLSs) and two nuclear exporting signal (NES) sequence elements (26). DDX17 carries out nucleocytoplasmic shuttling by an exportin/importin-dependent pathway mediated by two NLSs and four NESs (14). DDX5/DDX17 perform nucleocytoplasmic shuttling, which can help other proteins carry out nucleocytoplasmic transport. For example, DDX5/DDX17 mediate the nuclear transport of β-catenin and promote the translocation of β-catenin from the cytoplasm to the nucleus, inducing tumorigenesis and tumor progression (14, 27).



3 Involvement of DDX5/DDX17 in RNA metabolism and cancer development

As unitary members of the RNA helicase family, DDX5/DDX17 exhibit RNA-dependent ATP hydrolase activity and RNA helicase activity. DDX5/DDX17 also show important RNA annealing activity, most notably in catalyzing the rearrangement of the RNA secondary structure in conjunction with their RNA helicase activity (28). DDX5/DDX17 are involved in almost all processes of RNA metabolism, including RNA selective splicing, biogenesis of miRNA and ribosomes, R-loop resolution, interaction with long noncoding RNAs, and regulation of transcriptional activity as a transcription factor.


3.1 Adjustments to hnRNA splicing/alternative splicing

After initial transcription, the precursor mRNA (heterogeneous nuclear RNA, hnRNA) is spliced to generate a mature mRNA. Only mature mRNA can enter the cytoplasm and be translated into proteins. Recently, many studies have shown that alternative splicing closely correlates with the expression of many cancer-promoting genes and tumorigenesis. Moreover, cancer-specific splice variants may be used as diagnostic biomarkers for cancer (29).

DDX5 and DDX17 play critical roles in hnRNA alternative splicing. DDX17 may facilitate U1 snRNP recognition of and binding to the 5’ splice site of mRNA (30), while DDX5 is critical for the excision of U1 snRNP from the 5’ splice site and plays an important role in the prospliceosome transition into the spliceosome (31). In myoblasts and epithelial cells, DDX5/DDX17 facilitate the binding of hnRNP H/F to G-tracts, enhancing their splicing function, and coregulate the splicing of specific exon subsets with hnRNP H/F. Downregulation of DDX5/DDX17 expression during myogenesis and the epithelial-mesenchymal transition (EMT) regulates cell-specific alternative splicing and phenotypic changes, leading to changes, for example, in the formation of lamellipodia (32). DDX5 is involved in the selective splicing of H-Ras proto-oncogenes. H-Ras can be selectively spliced into two proteins, p21 H-Ras and p19 H-Ras. DDX5 produces the oncogene p21 H-Ras by inhibiting the recognition and splicing of the intron D exon (IDX), which can contribute to the development of cancer (33). DDX17 is also involved in the splicing of CD44, which is an extremely broad cell surface transmembrane glycoprotein and is mainly involved in the adhesion of tumor cells to host cells and the host matrix. Aberrant alternative splicing of CD44 is closely related to tumorigenesis and tumor progression. Ameur et al. found that under NF-κB activation, the NF-κB family member RELA bound to the vicinity of genomic exons and recruited DDX17 to regulate splicing via its RNA helicase activity, increasing the inclusion rate of alternative exons v10 in the CD44 gene (34). In addition, Honig et al. found that an increase in DDX17 expression in vivo can lead to an increased rate of alternative exon v4 and v5 inclusion in the human CD44 gene (35). CD44 gene expression is regulated by the androgen receptor (AR), which can inhibit the splicing of variable exons in the CD44 gene. DDX5 does not directly interact with CD44 but regulates CD44 splicing by acting on the AR (5). In hepatocellular carcinoma cells, DDX17 is overexpressed, and DDX17 induces intron 3 retention in PXN-AS1, promoting the generation of the PXN-AS1-IR3 transcript. PXN-AS1-IR3 recruits Tex10 and p300 to the MYC enhancer region to promote MYC transcriptional activation, thereby promoting the migration and invasion of hepatocellular carcinoma (36). In addition, DDX5 and/or DDX17 are also involved in the alternative splicing of Caspase 9, mH2A1 (37), macroH2A1 (38), etc., which increased the malignancy of pancreatic ductal adenocarcinoma and breast cancer.

Together, DDX5/DDX17 regulate various physiological and/or pathological functions by modulating the alternative splicing of specific genes. For instance, H-Ras, CD44, PXN-AS1, macroH2A1, etc., are important tumor-related factors; therefore, the dysregulation of DDX5/DDX17 action is closely related to tumorigenesis and tumor progression (Figure 1A).




Figure 1 | DDX5 and DDX17 are involved in RNA metabolism. DDX5/DDX17 are involved in ribosome synthesis, microRNA (miRNA) biosynthesis, regulation of mRNA alternative splicing, and the promotion or inhibition of mRNA transcription. DDX5 is also involved in nonsense-mediated mRNA decay (NMD), unwinding of R-loops and G-quadruplexes.





3.2 Participation in miRNA biogenesis

MiRNAs are noncoding RNAs approximately 18-24 nucleotides long that regulate gene expression by silencing targeted mRNAs. Primary miRNAs (pri-miRNAs) are transcribed by RNA polymerase II or RNA polymerase III and undergo two major maturation steps catalyzed by enzymes in the RNase III family. In the first step, pri-miRNAs are spliced into precursor miRNAs (pre-miRNAs) by DROSHA/DGCR8 in the nucleus, and these pre-miRNAs are exported to the cytoplasm by exportin 5 transporters. In the second step, pre-miRNAs are cleaved by Dicer in the cytoplasm to form a mature double-stranded miRNA. After unwinding, one of the miRNA strands and other proteins are selectively loaded onto Ago to form RNA-induced silencing complexes (RISCs), recognizing sites in the 3’ UTR of target mRNAs and inhibiting protein expression (39–41).

DDX5/DDX17 are positive regulators of the DROSHA/DGCR8 basic microprocessor complex. Other positive regulators include SMADs, p53, HNPNP-AI, KSPR, SF2/ASF, SNIP1, BRCA1, etc. Negative regulatory factors include YAP, MeCP2, NF90-NF45, Lin28, ADAR1/2, etc. (42). A recent crystallography experiment showed that the core catalytic domains of DDX17 had an RMFQ motif, which is important for RNA recognition, enhancing pri-miRNA processing through the VCAUCH motif in the pri-miRNA 3’ flanking region (43). DDX5/17 selectively recruits pri-miRNAs and efficiently cleaves pri-miRNA at specific sites through DROSHA, such as miR-21 (44), miR-132 (45), and miR-125b (46). DDX5 can also unwind the pre-miRNA double chain in the cytoplasm and load a single chain into the silencing complex, such as miRNA let-7 (47). In addition, it has been reported that the loss of DDX17 and KHSRP (KH-type splicing regulatory protein) can cause a decrease in the Ago protein level, and both DDX17 and KHSRP can modulate the stability of Ago2 by regulating the intracellular miRNA level (48) (Figure 1B). In conclusion, DDX5/DDX17 play an important role in two key steps of miRNA maturation. DDX5/DDX17 can regulate the stability of specific mRNAs by regulating miRNA biosynthesis, thus modulating protein expression and cellular biological functions. Notably, miRNAs such as miR-21 (49), miR-132 (50), miR-125b (51), and let-7 (52) mentioned above are dysregulated in various cancers; thus, when DDX5/DDX17 are abnormally expressed, the cellular information network is dysregulated, providing opportunities for tumor cell invasion.



3.3 Participation in ribosome biogenesis

The ribosome is the site of protein synthesis and is composed mainly of ribosomal RNA (rRNA, which is produced through rDNA transcription) and proteins. Assembly of the ribosome begins at nucleoli, forming a pre-90S ribosome from nonribosomal protein, ribosomal protein, and a single pre-rRNA primary transcript (47S in mammals). The primary pre-rRNA transcript undergoes rapid cleavage, and the 90S pre-ribosome is divided into large and small subunit precursors. In the large subunit precursor (60S pre-ribosomal particle), pre-rRNA matures into 28S rRNA and 5.8S rRNA. Early 60S pre-ribosomes are confined to the nucleolus, and the mature 60S ribosome subunit is subsequently released into the nucleus and ultimately exported to the cytoplasm (53–55).

With the participation of U8 small nucleolar RNA (SnoRNA), DDX5 and DDX17 may promote the rearrangement of RNA structures within the 60S pre-ribosomal subunit, which is essential for the proper temporal cleavage of the pre-28S rRNA (22). In addition to their interaction with U8SnoRNA, DDX5/DDX17 also participate in the regulation of U3snoRNA and U13snoRNA (24). Research data have shown that, except at the end of mitosis (22), most endogenous DDX5 proteins are excluded from nucleoli and therefore are inactive during ribosomal biogenesis until signaling stimulates DDX5 activity. ARF contributes to the nucleolar sequestration of DDX5, inhibits DDX5 interaction with nucleophosmin (NPM), and prevents DDX5 association with rDNA promoters and pre-ribosomes. However, in most cancers, ARF expression is significantly decreased, then a significant increase in nucleolar DDX5 expression has been observed. NPM promotes the binding of DDX5 to the rDNA promoter and promotes 47S pre-rRNA transcription (56, 57). DDX5 stimulates ribosome biogenesis and increases protein production, consistent with the higher metabolic rate required by cancer cells during tumorigenesis. DDX5 may represent a class of non-oncogenes with activity that is stimulated in the absence of key tumor suppressors (Figure 1C).



3.4 Participation in R-loop resolution

R-loops are instantaneously and reversibly formed DNA/RNA hybrids and displaced single-stranded DNA. R-loops are involved in many physiological processes, such as transcription and class switch recombination. The formation of abnormal transcription-related R-loops can cause catastrophic replication dysregulation, leading to DNA double strand breaks (DSBs) and genomic instability (58). Wells et al. found that when the proto-oncogene was activated or the tumor suppressor gene was suppressed, R-loops and the associated DNA damage were increased significantly (59).

DDX5 is involved in the R-loop resolution. Genome-wide DNA/RNA immunoprecipitation sequencing revealed that in DDX5-deficient cells, the accumulation of R-loops near transcription start sites, transcription stop sites, and DSB regions was increased. DDX5 deletion delayed the recruitment of exonuclide 1 and replication protein A to laser-induced DNA damage sites, resulting in homologous recombination repair defects. Therefore, DDX5 promotes the clearance of abnormal RNA transcripts from DSB sequences to ensure appropriate DNA repair (60). The RGG/RG motif in the C-terminus of DDX5 can be methylated by protein arginine methyltransferase 5 (PRMT5). Methylated DDX5 recruits exonuclease XRN2 and degrades R-loops in the transcription termination region downstream of the poly(A) site to promote the release of RNA polymerase II, thus promoting smooth transcription (61). In this process, thyroid hormone receptor-associated protein 3 (Thrap3) binds to methylated DDX5 to promote the recruitment of XRN2 to R-loops (62). BRCA2 is a DSB repair factor. The combination of BRCA2 and DDX5 can also promote DDX5 unwinding of DNA–RNA hybrid complexes (63). ATAD5 increases the abundance of DDX5 at replication forks and promotes R-loop resolution (64). Sox2 interacts with DDX5 and inhibits DDX5 from resolving the R-loops, thereby promoting reprogramming (65). Therefore, DDX5 contributes to promoting smooth transcription and ensuring the stability of the genome by its resolvase activity on R-loops. When tumor suppressor genes are inactivated or proto-oncogenes are activated, the formation of R-loops is significantly increased. However, it is unclear whether the resolvase activity of DDX5 on R-loops exerts oncogenic or tumor suppressive effects; this question will be an interesting topic for further investigation (Figure 1D).



3.5 DDX5/DDX17 are gene transcription regulators

DDX5 and DDX17 are both important transcriptional regulators and act as either coactivators or cosuppressors depending on the gene promoter and the transcriptional complex in which they are located.

DDX5/DDX17 can be coactivators in gene transcription. MYC is an oncogene that plays an important role in the malignant progression of many human tumors. A G-quadruplex (G4) is a higher-order structure formed by the folding of DNA or RNA rich in guanine tandem repeats. When the oncogene MYC is not actively transcribed, the inherent superhelix does not generally form G4 in the MYC double-stranded promoter region. However, in highly transcribed cells, metastable G4 structures can spontaneously form. In these cells, G4 acts as a transcriptional silencing element by preventing transcription factor binding to the MYC promoter. However, DDX5 is a highly active G4-resolvase that can effectively unfold the G4 structure and thus promote the transcription of the MYC gene to promote tumorigenesis and tumor progression (66) (Figure 1E). NFAT5 is involved in the cellular response to osmotic pressure and in the migration of breast cancer cells. DDX5/DDX17 increase the binding efficiency of NFAT5 to its target genes, which promotes the expression of migration-related genes (20) (Figure 1F). See Table 1 for more details.


Table 1 | DDX5/DDX17 coactivate or corepress transcription factor transcription.



DDX5/DDX17 can be cosuppressors in gene transcription. Repressor element 1-silencing transcription factor (REST) inhibits the expression of many neuronal genes in nonneuronal cells or undifferentiated neural progenitor cells. DDX5/DDX17 promote REST binding to the promoters of a subset of REST target genes and thus coregulate REST inhibition of transcriptional activity. In the absence of DDX5/DDX17, REST binding and its cofactor EHMT2 are reduced, suggesting that DDX5/DDX17 stabilize the association of the entire REST complex with its target promoter (83). In hepatocellular carcinoma cells (HCC), DDX17 binds to the zinc finger domain of Klf4, promoting the dissociation of Klf4 from chromatin and blocking the activation of its target gene promoters, thereby modulating the target genes of Klf4, such as decreasing the expression of E-cadherin and increasing the expression of MMP-2. Thus, DDX17 can promote HCC cell migration and invasion, which lead to the progression of hepatocellular carcinoma (18). See Table 1 for more details.

In summary, DDX5 and DDX17 play either coactivator or cosuppressor roles in cells. On the one hand, DDX5/DDX17 change the conformation of the main activator/suppressor, promoting the binding of the main activator/suppressor to a chromatin promoter or promoting the dissociation of the main activator/suppressor from a chromatin promoter. On the other hand, DDX5/DDX17 can be adaptor proteins that recruit transcription factors and thus promote transcription. For example, DDX5/DDX17 can recruit SRA, CBP/P300, P/CAF and RNA Pol II, promoting transcription coactivation complex formation (85, 86).



3.6 Regulation of DDX5/DDX17 by lncRNAs

Long noncoding RNAs (lncRNAs) are key epigenetic regulators of gene expression that exert an enhancing or silencing effect on promoter activity through a variety of mechanisms (87). DDX5 and DDX17 interact with multiple lncRNAs to influence chromatin status and regulate target gene transcription.

LncRNAs can “sponge” miRNAs. For example, PWRN2 (88), TINCR (89), Linc00473 (90), DLEU1 (2), MIAT (91), LINC01207 (92) FGD5-AS1 (93), SNHG14 (94) and MSC-AS1 (95) absorb the inhibitory miRNA targeting DDX5 mRNA, a process called “sponging”, thus upregulating DDX5 protein expression. Moreover, lncRNAs, as scaffold elements, can work with RNA helicases to correctly locate transcription factors and related proteins on their target gene promoters, allowing modification of local chromatin. For example, lncRNA CCAT1 acts as the scaffold of DDX5 and androgen receptor transcription complex to promote the expression of androgen receptor-targeted genes, which leads to a poor prognosis for patients with castration-resistant prostate cancer (73) (Figure 1G). In addition, lncRNAs can also regulate the ubiquitin–proteasome pathway of DDX5. For example, NHEG1 (96) inhibits ubiquitin–proteasome pathway-induced DDX5 degradation, while SLC26A4-AS1 (97) and PSCA (98) promote DDX5 degradation through the ubiquitin–proteasome pathway. In addition, in mouse spermatogonial cells, downregulating Mrhl expression promoted cytoplasmic translocation of tyrosine-phosphorylated DDX5, thereby promoting Wnt/β-catenin signaling pathway activation (99). In turn, DDX5 can also affect lncRNA activity; for example, DDX5 promoted selective interaction between lncRNA SRA and the TrxG complex to catalyze trimethylation of histone H3K4 in pluripotent stem cells, thereby remodeling chromatin and promoting gene transcription (100) (Figure 1H). Thus, lncRNAs are involved in the progression of various cancers by regulating the stability of DDX5 or DDX17 at the RNA level and at the protein level or by acting as scaffolding elements in the complex. See Table 2 for more detailed information. This finding reinforces the critical role of DDX5 or DDX17 in carcinogenesis.


Table 2 | Regulation of DDX5/DDX17 by lncRNAs.





3.7 Participation in nonsense-mediated mRNA decay

Nonsense-mediated mRNA decay (NMD) is a posttranscriptional monitoring mechanism of mRNA that degrades mRNA containing a premature translation termination codon (PTC) and prevents the generation of diseases. Upf family members are a group of protein and are core factors involved in the formation of NMD. DDX5/DDX17 interact with Upf3 to bind to the Upf complex, activating the NMD signaling pathway (111). NFAT5 is involved in the migration of breast cancer cells. As mentioned above, DDX5/DDX17 promote the transcription of NFAT5 target genes. In addition, DDX5/DDX17 increase the inclusion of NFAT5 exon 5 at the splicing level. Because exon 5 contains a PTC, NFAT5 mRNA is degraded through the NMD pathway, leading to a decrease in NFAT5 protein levels (20) (Figure 1I). Therefore, DDX5/DDX17 play a key role in tumor cell migration through the fine regulation of the NFAT5 pathway.

In summary, RNA metabolism is the bridge connecting genetic genes to functional proteins. Abnormal RNA metabolism is closely related to cancer cell survival, proliferation, self-renewal, differentiation, stress adaptation, invasion and resistance to therapy. DDX5 and DDX17 are involved in almost the entire RNA metabolic process, from RNA transcription, splicing, and translation to final degradation. Thus, the important roles of DDX5/DDX17 in the body are self-evident and may be potential targets in cancer treatment.




4 Posttranslational modifications of DDX5 and DDX17 in cancer

Posttranslational modification refers to the chemical modification of a protein after translation that endows the modified protein with specific biological functions. Dysregulated posttranslational modifications are closely related to tumorigenesis and tumor progression. DDX5 and/or DDX17 can be phosphorylated, acetylated, ubiquitinated, sumoylated, O-GlcNAcylated, etc. Different posttranslational modifications of DDX5/DDX17 and identical posttranslational modifications at different sites play different roles in tumorigenesis and tumor progression.


4.1 Phosphorylation of DDX5

The T69, T446, T564, S557, Y593, and Y595 sites of DDX5 can be phosphorylated. T69-phosphorylated DDX5 by PAK5 increases binding to the Drosha/DGCR8 complex to facilitate miR-10b production, promoting breast cancer cell proliferation and migration (112). S557-phosphorylated DDX5 is a microtubule motor that binds calmodulin (CaM) to position CaM at the front of metastatic cells and thus promotes cell metastasis (113). Y593-phosphorylated DDX5 enhances the coactivation of androgen receptor transcription (5). Moreover, Y593 phosphorylation of DDX5 promotes the dissociation of histone deacetylase 1 (HDAC1) from the Snail1 promoter and thus activates Snail1 transcription, inhibiting transcription of the adhesion factor E-cadherin and promoting EMT (114). In addition, Y593-phosphorylated DDX5 promotes the nuclear translocation of β-catenin by blocking the β-catenin phosphorylation induced by GSK-3β and replacing Axin in the β-catenin complex, then activating β-catenin target genes cyclin D1 and c-Myc transcription and stimulating cell proliferation (115) In glioblastoma, dual Y593-/Y595- phosphorylated DDX5 inhibits cell apoptosis by inhibiting XAF1 expression. Therefore, phosphorylation of Y593/Y595 on DDX5 promotes cell proliferation, invasion and anti-apoptosis, which are characteristics of a carcinogenic phenotype. However, the dual phosphorylation of T564/T446 on DDX5 mediated by p38 MAP kinase promotes colon cancer cells apoptosis during chemotherapeutic drug treatment (oxaliplatin) (116). These findings illustrate the complexity of DDX5 phosphorylation regulation. In some cases, the phosphorylation of different residues in a protein may exert opposite effects.



4.2 Acetylation of DDX5 and DDX17

DDX5/DDX17 are acetylated on several lysine residues in the N-terminal region (at K32, K33, K40, K43, K44, and K45 in DDX5 and at K29, K30, and K42 in DDX17). Acetylation enhances DDX5/DDX17 coactivation of estrogen receptor target gene transcription and it also enhances DDX17, but not DDX5, coactivation of the murine double minute 2 (MDM2) promoter in p53-dependent transcription. Increased MDM2 transcription can reduce p53 levels by establishing a p53-MDM2 negative feedback loop, promoting the malignant transformation of breast cancer. Therefore, acetylation of DDX5/DDX17 promotes their transcriptional coactivation ability. However, acetylation also promotes the DDX5/DDX17 interaction with histone deacetylases (HDACs). Specifically, acetylation enhances the DDX17 interaction with HDAC1 and HDAC3; acetylation enhances the DDX5 interaction with HDAC1 and HDAC2 (117). Therefore, acetylated DDX5/DDX17 recruited to the chromosome binds to HDAC to repress gene transcription to some extent, indicating that there may be a negative feedback mechanism mitigating overactivation of a promoter targeted by acetylated DDX5/DDX17.



4.3 Ubiquitination of DDX5 and DDX17

DDX5 is degraded through the ubiquitin–proteasome pathway. The lncRNA NHEG1 (96) can interact with and inhibit DDX5 degradation by the ubiquitination-triggered proteasome, while the lncRNAs SLC26A4-AS1 (97) and PSCA (98) promote DDX5 degradation through the ubiquitin–proteasome pathway. The K190 site of DDX17 can be ubiquitinated. Specifically, under hypoxic conditions, the K190 site of DDX17 undergoes K63 ubiquitination by the E3 ligase HectH9. Ubiquitinylated DDX17 dissociates from the pri-miRNA-Drosha-DCGR8 complex, reducing the biogenesis of anti-stemness miRNAs. Meanwhile, dissociated DDX17 forms the DDX17/YAP/p300 complex, which enhances the transcription of tumor stem genes. DDX5 does not have a site corresponding to K190 in DDX17 and cannot be ubiquitinated by HectH9 (118). The coordinated regulation of miRNA biogenesis and histone modification by DDX17 ubiquitination is the basis of many cancer stem cell-like characteristics.



4.4 Sumoylation of DDX5 and DDX17

DDX5 undergoes sumoylation at K53, and DDX17 undergoes sumoylation at K50. DDX5 is preferentially modified by SUMO-2, rarely modified by SUMO-3, and negligibly modified by SUMO-1. These findings indicate that DDX5, a sumoylation substrate, has high selectivity for sumoylation enzymes. The SUMO E3 ligase PIAS1 interacts with DDX5 and enhances DDX5 sumoylation, enhancing the inhibitory transcriptional activity of DDX5, which leads to the inhibition of both p53 activation and thymidine kinase promoter transcription. These findings may be explained by sumoylated DDX5 altering the chromatin modification state by recruiting HDAC1 (119). In contrast, another study found that sumoylation enhanced DDX5 coactivation of estrogen receptor α (ERα) but had no effect on the DDX5 coactivation of p53 (23). However, the same study (23) found that sumoylation inhibited DDX17 coactivation of ER and p53. These opposing results and conclusions may be explained by differences in cell type and pathological condition. In addition, sumoylation increases the stability of DDX5 and DDX17, notably extending the half-life of DDX5 by preventing its degradation by the proteasome. In breast cancer, sumoylation is overactivated and increases the stability of DDX5 and DDX17, which may explain the high DDX5/DDX17 expression in breast cancer (23).



4.5 O-GlcNAcylation and methylation of DDX5

DDX5 can be modified by O-GlcNAcylation and methylation. In the SW480 cell line (a colorectal adenocarcinoma cell line), DDX5 interacts directly with O-linked N-acetylglucosamine transferase (OGT), which is the only enzyme known to catalyze O-GlcNAcylation. OGT-mediated O-GlcNAcylation stabilizes DDX5, activates the AKT/mTOR signaling pathway, and then accelerates the progression of colorectal cancer (120). Protein arginine methyltransferase 5 methylates the RGG/RG motif in the C-terminal of DDX5. Methylated DDX5 recruits the exonuclease XRN2, which detaches and degrades the R-loop at the transcriptional termination region downstream of the poly(A) site, thus facilitating smooth transcription (61).

In conclusion, in most cases, the phosphorylation of DDX5 promotes cell proliferation and invasion; the acetylation of DDX5/DDX17 promotes their transcriptional coactivation ability; K48 ubiquitination regulates DDX5 degradation through the ubiquitin–proteasome pathway; K63 ubiquitination on DDX17 coordinates the regulation of miRNA biogenesis and histone modification, increasing the stemness of cancer stem cells; sumoylation increases the stability of DDX5/DDX17 and enhances the inhibitory transcriptional activity of DDX5/DDX17; O-GlcNAcylation of DDX5 promotes tumor development.; and methylated DDX5 is involved in R-loop resolution. Therefore, the posttranslational modification of DDX5/DDX17 is closely related to tumorigenesis and tumor progression, and in-depth research on the mechanisms of these actions will provide new ways to explore tumor pathogenesis and develop tumor therapies (Figure 2).




Figure 2 | Posttranslational modifications and functions of DDX5/DDX17. DDX5 can undergo phosphorylation, acetylation, methylation, ubiquitination, sumoylation, O-GlcNAcylation, etc. DDX17 can undergo acetylation, ubiquitination, sumoylaton, etc. Different posttranslational modifications endow DDX5/DDX17 with diverse biological functions, and the same modification at different sites leads to different functional outcomes.






5 DDX5 and DDX17 regulate major cancer signaling pathways

Various signaling molecules are connected, interacting with each other and restricting each other to form a signaling network system. DDX5/DDX17 interact with many key tumor signaling molecules and participate in a variety of tumor-regulated signaling pathways, such as DNA damage repair, autophagy, oxidative stress and energy metabolism. Therefore, once DDX5/DDX17 expression is dysregulated, the cell signaling pathway will be disturbed, leading to tumorigenesis and tumor progression.


5.1 The interaction of DDX5/DDX17 with key signaling molecules in tumors

In the signaling pathway network, the dysregulation of the key molecules can drive the entire system to deviate off course and can cause malfunctions in which normal physiological functions are lost, resulting in tumorigenesis and tumor development. Important tumor-related signaling molecules regulated by DDX5/DDX17 include p53, Wnt/β-catenin, Notch, estrogen and androgen, YAP, and NF-κB.


5.1.1 DDX5/DDX17 and p53

P53 is one of the best-characterized tumor suppressors. When DNA damage is mild, p53 prevents DNA replication and growth stagnation, stalling transcription to allow cells time to repair the damage; when the sequence of damaged DNA cannot be restored, a cell undergoes apoptosis (121). In the luciferase reporter assay of H1299 (p53-null) cells (lung cancer cell line), DDX5/DDX17 interacted with p53 and acted as coactivators of p53, promoting the transcription of p53-targeted genes, but the co-activation ability of DDX17 is weaker than that of DDX5 (69). Knockdown experiments with short interfering RNA (siRNA) in MCF-2 cells (breast cancer cell line) have shown that DDX5 plays an important role in inducing the transcriptional activity of p53 in response to DNA damage but that knocking down DDX17 expression has no significant effect (69), suggesting that the effect on the p53 DNA damage response is specific to DDX5. In MCF-2 cells and U2OS cells (osteosarcoma cell line), DDX5 is recruited to the promoters of several p53-responsive genes, including those of the cell cycle arrest gene p21WAF1 and the proapoptotic genes Bax and PUMA; however, DDX5 appears to be required for selective p21WAF1 induction but not for proapoptotic genes (70). Therefore, during tumor treatment, the status of p53 and DDX5 can be assessed to evaluate the response to radiotherapy or chemotherapy and to select better cancer treatment strategies for patients (Figure 3).




Figure 3 | DDX5/DDX17 play an extremely important role in the p53 signaling pathway. DDX5/DDX17 are coreguulators of p53, and DDX5 selectively regulates p53 mediation of growth arrest or apoptosis; DDX5 positively regulates the expression of p53 by inhibiting Δ133p53. In contrast, DDX17 negatively regulates p53 expression by inducing Mdm2 expression.



P53 subtype–Δ133p53 is a negative regulator of full-length p53, which is overexpressed in many tumors. In breast cancers, DDX5 negatively regulates Δ133p53 production. The Δ133p53 subtype is not produced by alternative splicing; in contrast, it is produced by the transcription of an internal promoter in intron 4 of the p53 gene (71). Mdm2 inhibits the function of p53 by binding to the trans domain of p53 or by functioning as an E3 ubiquitin ligase to degrade p53 through the ubiquitin pathway; through both mechanisms, Mdm2 negatively regulates p53 level. However, p53 can act as a transcription factor to stimulate Mdm2 activation. In addition, Mdm2 transcription is regulated by the transcription factors AP1 and ETS. In colon and breast cancer cells, DDX17 activates the Mdm2 promoter and induces its transcription in a p53-dependent and p53-independent manner. The 63 amino acids in the N-terminus of DDX17 bind with the acetyltransferase p300/CBP and the related P/CAF protein to synergistically stimulate Mdm2 gene transcription. However, DDX17 may not directly contact the transcription factors AP1 or ETS but may indirectly act through CBP/p300 and/or P/CAF (86). In breast tumors, the acetylation of DDX17 enhances p53-dependent MDM2 promoter activation, stimulates MDM2 transcription, reduces the p53 level by promoting the p53-MDM2 negative feedback loop, and promotes carcinogenesis (117) (Figure 3).



5.1.2 DDX5/DDX17 and β-catenin

β-catenin signaling is closely related to the tumorigenesis and proliferation of breast cancer, esophageal cancer, colon/colorectal cancer and non-small cell lung cancer (122). Platelet-derived growth factor (PDGF) activates cAbl to phosphorylate Y593 in DDX5. Phosphorylated DDX5 blocks the phosphorylation of β-catenin by GSK-3β and displaces Axin in the β-catenin complex to promote the nuclear translocation of β-catenin (115); moreover, DDX5 acts as a coactivator of β-catenin to promote the transcription of β-catenin target genes (such as c-Jun, c-Myc, RelA, and cyclin D1), which directly promote NSCLC and colon cancer cells proliferation (27, 123). In addition, β-catenin and transcription factor 4 (TCF4) can bind to the promoter of the DDX5 gene to stimulate the expression of DDX5, which in turn promotes the transcription of the β-catenin-dependent TCF4 gene, forming a positive feedback loop to promote breast cancer progression (124, 125). Hepatoma-derived growth factor (HDGF) interacts with DDX5 to induce β-catenin expression and stimulate its nuclear translocation by activating the PI3K/AKT signaling pathway to promote carcinogenesis of endometrial cancer (6). In addition, in colon cancer, DDX5, β-catenin and NF-κB synergistically promote AKT gene transcription, which leads to the phosphorylation of the tumor suppressor FOXO3a and excludes it from the nucleus, causing it to be degraded in the cytoplasm. Phosphorylation of FOXO3a reduces the expression of tumor suppressor p27kip1 and increases the expression of vascular endothelial growth factor (VEGF) and Cyclin D1, promoting the development of many types of tumors (126).

Similar to DDX5, DDX17 can interact with cytoplasmic β-catenin to promote the dissociation of β-catenin from the E-cadherin/β-catenin complex. DDX17 may act as a molecular chaperone that transports β-catenin to the nucleus, increasing the accumulation of β-catenin in the nucleus and then increasing the transcription of β-catenin target genes (14). Gefitinib is used to treat NSCLC with EGFR mutations, but patients slowly acquire resistance to gefitinib. Compared with NSCLC cells that are sensitive to gefitinib, DDX17 expression in gefitinib-resistant cells is increased, and the Wnt/β-catenin signaling pathway is activated to ultimately render NSCLC cells resistant to gefitinib (14). In general, in the cytoplasm, DDX5/DDX17 promotes the dissociation of β-catenin from the complex and transports it to the nucleus to participate in the transcription of target genes, such as c-Jun, c-Myc, cyclin D1, TCF4, and AKT, then to promote the malignant progression of drug-resistant NSCLC, breast cancer, colon cancer, colorectal cancer, etc. (Figure 4).




Figure 4 | DDX5/DDX17 participate in the β-catenin signaling pathway to promote tumorigenesis and tumor progression. In the cytoplasm, DDX5/DDX17 dissociate β-catenin from the complex and transport it to the nucleus to promote the transcription of β-catenin target genes (c-Jun, c-Myc, cyclin D1, TCF4, AKT, etc.), which then participate in tumorigenesis and tumor progression.





5.1.3 DDX5/DDX17, estrogen receptor, and androgen receptor

ERα and AR are members of the nuclear steroid hormone receptor family and play important roles in the development of breast cancer and prostate cancer, respectively (127, 128). In breast cancer, DDX5/DDX17, auxiliary activators of ERα, are recruited to the ERα-responsive promoter to promote gene transcription. However, only DDX17, not DDX5, is necessary in this process. In ERα-positive breast cancer, DDX5 expression positively correlates with the expression of the poor prognostic marker Her-2, while DDX17 expression correlates with a good prognosis and negatively correlates with the expression of Her-2 (68). Sox2-reactive breast cancer is more tumorigenic than nonreactive breast cancer. However, Alqahtani et al. found that in ERα-positive breast cancers that were responsive to Sox2, DDX17 was a transcriptional coactivator of Sox2 and promoted the transcription of Sox2 target genes to promote the malignant development of breast cancer (16). In prostate cancer, DDX5 is abnormally highly expressed. Studies have found that DDX5 was a transcriptional coactivator of AR. DDX5 interacts with AR and is recruited to the promoter region of androgen-responsive prostate-specific antigen genes to regulate gene expression. The phosphorylation of Y593 on DDX5 by c-Abl enhances the transcriptional coactivation of AR (5). In addition, the lncRNA CCAT1 serves as a scaffold for the DDX5 and AR transcription complex to promote the expression of AR-regulated genes, thereby promoting the progression of castration-resistant prostate cancer (73) (Figure 1G).

DDX5 and DDX17 are the main regulators of the estrogen and androgen signaling pathways (21). On the one hand, DDX5 and DDX17 control the splicing of several key regulators that can modulate the activity of ER and AR, acting upstream of ER and AR. On the other hand, DDX5 and DDX17 modulate the transcription and splicing of a large number of steroid hormone target genes, acting downstream of ER and AR.



5.1.4 DDX5/DDX17 and NF-κB

In mammals, there are five proteins in the NF-κB family, RelA (p65), RelB, c-Rel, NF-κB1 (p50) and NF-κB2 (p52), which can form homologs or heterodimers to regulate gene transcription. NF-κB can respond to external stimuli, including radiation and viral infection, and participate in cellular inflammatory and immune responses (129). Abnormal NF-κB expression can lead to cancers and autoimmune diseases. In glioma patients, DDX5 expression is significantly associated with poorer overall survival. Wang et al. found that DDX5 induced glioma tumor growth by regulating NF-κB p50 nuclear accumulation and transcriptional activity. The N-terminus of DDX5 binds to the p50 subunit of NF-κB to promote the release of the inhibitory subunit IκBα, inducing the accumulation and transcription of p50 in the nucleus and promoting the transcription of NF-κB p50 target genes (130). DDX5 knockdown does not influence the nuclear translocation of the NF-κB p65 subunit but selectively inhibits the phosphorylation of Ser311 in the p65 subunit, thus selectively inhibiting the expression of the antiapoptotic protein Bcl-2, which makes cells susceptible to apoptosis. However, DDX5 does not directly bind to the p65 subunit and may indirectly regulate the NF-κB system through a regulatory complex (131). The lncRNA PRADX binds to the enhancer of zeste homolog 2 (EZH2) protein, recruits the PRC2/DDX5 complex, increases the abundance of H3K27me3 on the UBXN1 promoter, inhibits the expression of UBXN1, then promotes the activity of NF-κB, thus promoting the development of glioblastoma and colon adenocarcinoma (106). In addition, DDX5 and β-catenin jointly positively regulate the expression of NF-κB target genes to promote colon carcinogenesis (123). Adult T-cell leukemia/lymphoma (ATLL) is a malignant T-cell monoclonal proliferative disease caused by human T-cell leukemia virus type I (HTLV-1). The Tax protein encoded by HTLV-1 triggers the NF-κB signaling pathway to induce malignant cell proliferation. After NF-κB signaling is activated, RELA binds to GC-rich exon genes, recruits DDX17, and utilizes the helicase activity of DDX17 to regulate CD44 alternative splicing to promote the progression of ATLL (34). Therefore, DDX5 or DDX17 is involved in the progression of various cancers (glioma, colon cancer, glioblastoma, colon adenocarcinoma, adult T-cell leukemia/lymphoma) by participating in the NF-κB signaling pathway (Figure 5i).




Figure 5 | DDX5/DDX17 are involved in tumor progression through NF-κB and Notch signaling pathways. In the NF-κB signaling pathway(i), DDX5 promotes the release of the inhibitory subunit IκBα, induces nuclear translocation of the p50 subunit, and in directly phosphorylates the p65 subunit, thereby promoting the transcription of NF-κB target genes. DDX17 is involved in alternative splicing of p65 subunit target genes such as CD44. In the Notch signaling pathway(ii), DDX5 binds MAML1 and is recruited to the Notch We would like to delete the entire glossary section. Please see below. transcription complex to promote the transcription of target genes.





5.1.5 DDX5 and Notch

The Notch signaling pathway is a highly conserved intercellular communication pathway that regulates normal cell development and tissue homeostasis. It is an important target in cancers including breast, lung, pancreatic, and brain cancers, melanoma and T-cell acute lymphoblastic leukemia (T-ALL) (132). The signaling molecule binds to the Notch receptor and releases the Notch intracellular domain (NICD), which is translocated to the nucleus where it forms a complex with RBP-J. The NICD/RBP-J complex binds to MAML, DDX5 and SRA and then coactivates the transcription of Notch target genes (preTCRα, Hes1 and CD25) (78). During this process, DDX5 binds to MAML1 and is recruited to the Notch transcriptional activation complex, which is located on the Notch response promoter HES1 and regulates Notch-induced transcription (133). Compared with that in the normal control group, DDX5 expression was upregulated in the bone marrow and peripheral blood samples of human T-ALL patients. Knocking down DDX5 reduces the expression of the Notch signaling gene in leukemia cells and inhibits the proliferation of leukemia cells, resulting in a reduction in the growth of leukemia xenotransplants and promoting cell apoptosis (133). Thus, DDX5 overexpression plays a key role in the pathogenesis of T-ALL mediated by Notch (Figure 5ii).



5.1.6 DDX17 and YAP

The Hippo signaling pathway is sensitive to cell connections and density, which leads to differences in the subcellular localization of the transcription coactivator Yes-associated protein (YAP) (134). In tumor cells, that is, at low cell density, Hippo signaling is inhibited, and YAP is located in the nucleus, where it serves as a transcription-assisted activator to promote cell proliferation. The WW1 domain of YAP binds DDX17 and prevents DDX17 from acting on microprocessors, which inhibits miRNA biosynthesis and leads to the downregulation of miRNA density in cells. When the cell density is relatively high, YAP is phosphorylated and isolated in the cytoplasm by E-cadherin and α-catenin, and YAP is excluded from the nucleus and cannot be activated, enabling DDX17 to act on microprocessors and participate in the biosynthesis of miRNA (135). Global downregulation of miRNAs is usually observed in cancer; therefore, failure of the Hippo signaling pathway may result in widespread inhibition of miRNA generation in tumor cells to promote cancer development.

Cancer stem cells (CSCs) can self-renew and differentiate into mature tumor cells in tumors. The stem cell-like characteristics of CSCs are related to higher tumorigenicity, cancer recurrence and metastasis in patients. In locally advanced solid tumors, hypoxia is an important microenvironmental factor that leads to malignant progression by increasing tumor cell stemness. Under hypoxic conditions, K190 in DDX17 is induced to K63 ubiquitination under the action of the E3 ligase HectH9, and YAP is subject to dephosphorylation through the SIAH2-LATS signaling pathway. The dephosphorylation of YAP promotes its nuclear translocation efficiency and increases the YAP concentration in the nucleus. YAP binds to and isolates ubiquitinated DDX17, dissociating it from the Drosha-DGCR8 complex and thus blocking the biosynthesis of antitumor stem miRNA. In addition, the K63 polyubiquitination of DDX17 increases the DDX17 interaction with the ubiquitin-binding protein p300, forming a YAP-DDX17-p300 complex. Because P300 is a histone acetyltransferase, the complex leads to the acetylation of histone 3 lysine 56 (H3K56) near tumor-related genes and subsequently activates the expression of these genes (e.g., BMI1, SOX2, and OCT4) (118). Therefore, ubiquitinated DDX17 coordinates the regulation of miRNA biogenesis and histone modification, which is the basis of many CSC-like characteristics (Figure 6).




Figure 6 | DDX17 participates in the YAP signaling pathway to increase the stemness of cancer stem-like cells and to promote tumorigenesis and tumor progression. In tumor cells, that is, at low density, YAP is located in the nucleus and serves as a transcription-assisted activator to promote cell proliferation. Under hypoxic conditions, K190 on DDX17 undergoes K63 ubiquitination by the E3 ligase HectH9. YAP binds to and isolates ubiquitinated DDX17, dissociating it from the Drosha-DGCR8 complex to block the biosynthesis of antitumor stem microRNAs (miRNAs). Meanwhile, ubiquitinated DDX17 forms a YAP-DDX17-p300 complex, leading to the acetylation of histone 3 lysine 56 (H3K56) to activate cancer-related gene transcription, resulting in increased stemness of cancer stem-like cells.



In addition to interacting with p53, Wnt/β-catenin, Notch, ER, AR, and NF-κB, DDX5 or DDX17 engage in crosstalk with mTOR (136, 137), Smad3 (138), STAT3 (77), Akt (139), c-Myc (140), TGF-β1 (141), etc. DDX5/DDX17 interact with an overwhelming number of key tumor factors, and therefore, the importance of DDX5/DDX17 cannot be overemphasized. When DDX5/DDX17 expression is disrupted, the body is at great risk of developing cancer.




5.2 Other tumor regulatory signaling pathways

DDX5 or DDX17 also participate in other tumor regulatory signaling pathways, such as DNA repair, oxidative stress, autophagy, and energy metabolism.


5.2.1 Affecting DNA repair

DDX5 can affect DNA repair. For example, Yuan et al. found that DDX5 can promote the development of thyroid cancer by stimulating DNA repair signaling. The lncRNA SLC26A4-AS1 acts as a scaffold linking DDX5 and the E3 ligase to promote DDX5 degradation through the ubiquitin–proteasome pathway. DDX5 is a coactivator of E2F1 (80). In human thyroid cancer cells, SLC26A4-AS1 silencing enhances the interaction between DDX5 and the transcription factor E2F1; then, the DDX5-E2F1 complex binds to the MRN gene promoter and thus stimulates the MRN/ATM-dependent DNA DSB signaling cascade and thyroid cancer metastasis (97). However, Zhao et al. found that DDX5 downregulation promoted the resistance of osteosarcoma to camptothecin by inhibiting DNA repair. Although DDX5 expression in osteosarcoma cells was higher than that in normal bone cells, its expression level was generally lower. Camptothecin induced the degradation of DDX5, which bound to the DNA repair protein NONO. The reduction in DDX5 promoted the release of NONO, which participated in DNA repair in human osteosarcoma cells, thereby downregulating DDX5 induced the resistance of osteosarcoma cells to camptothecin (96). The two experiments appear to have opposite conclusions, but they occur in different cancer tissues; moreover, the effects of DDX5 in different environments can be quite different. However, these two experiments also show that DDX5 expression levels that are too high or too low will increase the risk of cancer migration and lesions. DDX17 is also involved in DNA repair. In amyotrophic lateral sclerosis (ALS), DDX17 upregulation helps repair DNA damage caused by FUS and inhibits FUS-induced neurotoxicity. However, there is no report on how DDX17 involved in DNA repair affects cancer. This question will be an interesting and potential topic to investigate in the future (142).



5.2.2 Inhibiting ROS production

DDX5 can inhibit the production of reactive oxygen species (ROS). Acute myeloid leukemia (AML) patients have a complex karyotype and distinct abnormal expression of DEAD-box family proteins. Inhibiting DDX5 expression promotes the production of ROS, thereby inhibiting the proliferation of AML cells and inducing their apoptosis, but DDX5 inhibition is not toxic to normal bone marrow cells (143). Wu et al. (144) prepared a fully human monoclonal antibody targeting DDX5 and named it 2F5, which selectively inhibited the proliferation of acute promyelocytic leukemia (APL) cells and was nontoxic to normal neutrophils and tissues. 2F5 inhibited APL cell proliferation and promoted their differentiation by targeting DDX5 to induce ROS generation, suggesting a new and effective method for the treatment of refractory/relapsed APL. However, Wu et al. also found that 2F5 exerted no effect on the proliferation of T-ALL cell lines (144). The reasons for these different outcomes may be explained by variance in basal DDX5 expression in different leukemia cell lines; for example, DDX5 expression in APL cell lines is significantly higher than that in T-ALL cell lines. Thus, DDX5 expression determines the susceptibility of different leukemia subtypes to 2F5.



5.2.3 Regulating cell autophagy

DDX5 can regulate cancer development by affecting cell autophagy. In liver cancer, DDX5 overexpression significantly reduces tumorigenesis, and patients with low DDX5 expression may have a poorer prognosis after treatment. DDX5 overexpression induces autophagy in liver cancer cells. DDX5 promotes p62 degradation by interacting with the p62 TBS domain and then interrupts p62 binding to tumor necrosis factor receptor-associated factor 6 (TRAF6) and thus reduces the K63 polyubiquitination of mTOR to inhibit mTOR signaling transduction (2). However, in esophageal squamous cell carcinoma, DDX5 increases endoplasmic reticulum stress and reduces autophagic flux to promote cancer proliferation and metastasis (145). In glioma, DDX17 promotes glioma cell invasion by inhibiting autophagy. In A172 cells and T98G cells (glioma cell lines), DDX17 controls the biosynthesis of miR-34-5p and miR-5195-3p, respectively; both of these miRNAs target Beclin1 to inhibit autophagy and promote the migration and invasion of glioma cells (146). This study indicates that DDX17 is a negative prognostic factor.



5.2.4 Promoting respiratory metabolism

DDX5 supports the energy supply in cancer cells by promoting respiratory function. DDX5 is overexpressed in small cell lung cancer (SCLC) cell lines. DDX5 deletion decreases the expression of oxidative phosphorylation-related genes in the drug-resistant H69AR SCLC cell line, reducing oxygen consumption, causing mitochondrial dysfunction, and inhibiting cell growth. Succinic acid is an intermediate product of the tricarboxylic acid cycle and a direct electron donor of mitochondrial complex II, and its upregulation is positively correlated with chemotherapeutic resistance. Studies have shown that the lack of DDX5 reduced succinate in cancer cells (147). These findings indicate that the carcinogenic effect of DDX5 is at least partially manifested as an upregulation of mitochondrial respiration and support for the energy requirements of cancer cells.





6 Therapeutic prospects

High DDX5 expression increases the recurrence rates of breast cancer (4), hepatocellular carcinoma (148), glioma (17), and squamous cell carcinoma (145), shortening the clinical survival time. Similarly, high DDX17 expression leads to a worsened prognosis for patients with glioma (17), gastric cancer (149), pancreatic cancer (150), colon cancer (151), paclitaxel-resistant ovarian cancer (152), and other cancers. For example, DDX5/DDX17 expression significantly correlates with the WHO grade and histological type of glioma patients. Patients with high DDX5/DDX17 expression present with higher grade malignancy and shorter clinical survival times (17). Therefore, DDX5/DDX17 can be used as clinical biomarkers for a cancer diagnosis and for prognosis prediction.

Moreover, many anticancer drugs inhibit cancer by affecting DDX5/DDX17 activity. For instance, simvastatin inhibits renal cell carcinoma cell proliferation by reducing DDX5 expression (153); resveratrol inhibits prostate cancer growth by promoting DDX5 degradation (136); the tumor suppressor DRD2 inhibits breast cancer by downregulating DDX5 expression (154); 2F5, the DDX5-targeting fully human monoclonal autoantibody, selectively inhibited the proliferation of acute promyelocytic leukemia cells (144). and endoxifen and fulvestrant, which are endocrine therapy drugs, inhibit breast cancer by downregulating DDX5/DDX17 expression (155). Recently, supinoxin (RX-5902), a small-molecule inhibitor of DDX5, has been developed for cancer therapy and is currently in clinical trials with metastatic triple-negative breast cancer patients (6, 156–158). Therefore, the successful development of DDX5-targeting drugs further demonstrates the great potential of using DDX5 in the field of tumor therapy (Table 3).


Table 3 | Anticancer drugs target DDX5/17 to inhibit tumor progression.



Therefore, DDX5 and DDX17 both show great potential in the prediction, diagnosis and treatment of many types of tumors. First, DDX5/DDX17 can be used as biomarkers for predicting cancer. When DDX5 and DDX17 expression is abnormal in the physical examination, it indicates that the patient’s health status is poor, with increased the risk of DDX5-/DDX17-associated cancer. Second, DDX5 and DDX17 can be used as clinical predictive molecules for predicting cancer recurrence and prognosis. In most cancers, when DDX5/DDX17 expression levels are elevated, the risk of malignancy is higher, and clinical survival time is shorter. Third, regulating the posttranslational modification of DDX5/DDX17 can change their functions and targets, improving the tumor response to anticancer drugs and reducing the drug resistance of malignant tumors. Fourth, it is very important to develop DDX5/DDX17 inhibitors and targeted therapy methods for tumor treatment. The successful development of RX-5902 has proven that this approach is feasible.



7 Summary

DDX5/DDX17 are involved in almost all RNA metabolism processes, such as RNA unwinding, secondary structure rearrangement, mRNA selective splicing, miRNA and rRNA biosynthesis, sense-mediated mRNA degradation, and interaction with transcription factors and lncRNAs. DDX5/DDX17 are involved in different posttranslational modifications. Even the same posttranslational modifications at different modification sites can lead to different biological effects. In addition, DDX5/DDX17 interact with important tumor signaling molecules, and DDX5 is involved in DNA repair, oxidative stress, autophagy, and energy metabolism. Therefore, DDX5/DDX17 exhibit a wide range of biological functions. Once DDX5/DDX17 expression or DDX5/DDX17-related posttranslational modification is dysregulated, the cellular signaling network collapses or becomes abnormal, which leads to the acquisition of many pathological states, including those related to tumorigenesis and tumor development.

Interestingly, some similar studies on DDX5/DDX17 often yielded opposite results or conclusions, which may have been due to the functions of these proteins being highly dependent on the environment, such as cell or tissue type, subcellular distribution, cell density, pathological conditions (such as hypoxia), etc. Therefore, many factors may have contributed to the conflicting results of certain experiments.

There are still some problems with the current research. DDX17 can be translated into two proteins, p72 and p82; however, p82 has rarely been studied. In most studies, only p72 mRNA or both p72 and p82 mRNA was knocked down in the experiments. Therefore, little is known about p82 and the functional differences between p72 and p82, and their potential differences need to be further explored.

In summary, DDX5 and DDX17 regulate tumorigenesis and tumor progression by participating in RNA metabolism, regulating posttranslational modifications, acting on tumor-related signaling pathways, etc (Table 4). However, most recent DDX5/DDX17 research has been limited to basic research, and additional research needs to be performed in the broader clinical field.


Table 4 | Expression and mechanism of DDX5/17 in different cancers.
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Copy number variations (CNVs) are widespread in both pediatric and adult cases of B-cell acute lymphoblastic leukemia (B-ALL); however, their clinical significance remains unclear. This review primarily discusses the most prevalent CNVs in B-ALL to elucidate their clinical value and further personalized management of this population. The discovery of the molecular mechanism of gene deletion and the development of targeted drugs will further enhance the clinical prognosis of B-ALL.
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Introduction

B cell acute lymphoblastic leukemia (B-ALL) is a heterogeneous and invasive hematological malignancy with the accretion of genetic lesions (1, 2). Recent research has comprehensively investigated the genetic landscape of both adult and pediatric B-ALL (3–5). Over 90% of pediatric patients with B-ALL can attain complete remission (CR), 20% relapse, and 10% remain incurable (6). The conventional approach for pediatric B-ALL remission-induction chemotherapy drugs mainly consists of glucocorticoid, vincristine, asparaginase and/or anthracycline (7). With the first course of induction therapy administration for 4-6 weeks, the CR rate population of pediatric B-ALL may reach 98% (7).

The genomic pattern of adult B-ALL might differ from pediatric cases, accompanied by more devastating clinical outcomes (8). However, chances of newly emerged drugs, chimeric antigen receptor T cell therapy, and hematopoietic stem cell transplantation (HSCT) improved the clinical response of specific subtypes of B-ALL patients remarkably (9–12). Nevertheless, 40% of adult patients with B-ALL relapsed at a median duration of 13 months (28 days to 12 years) (13). In this population, around 30%-40% of relapsed and refractory B-ALL cases can attain complete remission by first salvage chemotherapy. Besides, the long-term survival, that is, the 5-year survival rate, of patients with B-ALL remains at 20% only (14, 15). Hence, it is imperative to find a novel biomarker that could help determine the characteristics and prognosis of newly diagnosed B-ALL (16, 17).

Copy number variations (CNV; a.k.a. copy number aberrations [CNAs]) are a specific type of genetic abnormality with a high incidence in B-ALL (1, 14, 18), ranging from 1 Kb to less than 5 Mb (19). CNVs denote the deletion, insertion, replication, and multipoint variants of DNA fragments. Previously, the initial cognition of CNV was found in healthy people and correlated with neuropsychiatric disorders. Today, CNV is broadly recognized as a major cause of various solid tumors (20) and acute myeloid leukemia (21). This review primarily focuses on the CNV biomarker analysis in B-ALL and their prognostic significance.



CNV detection method

As CNVs are challenging to detect by karyotype analysis, fluorescence in situ hybridization (FISH), and PCR amplification; besides, their research and application are limited to some extent (22, 23). Indeed, FISH is traditionally used in CNV research but is limited to the imbalance design of both satisfying multi-genes location and the FISH gene-specific probes. With the advent of various sequencing technologies, array-based CNV analysis was commonly used for detecting genomic DNA fragments. For example, CNV can be recognized by array comparative genomic hybridization and single-nucleotide polymorphism arrays; however, the high cost and complex process of these techniques hinder their widespread use in clinical practice. In 2002, Schouten established multiplex ligation-dependent probe amplification (MLPA) assay to analyze the CNV spectrum; this technology is a fast and reliable gene CNV detection method that can detect the copy number changes of 45 gene probes simultaneously with high specificity and at a low cost (24). Kiss R et al. (25) proposed the digital MLPA-based approach based on the next-generation sequencing technology to detect hundreds of exon-positions CNV panels at the same time. The next-generation sequencing method can simultaneously detect sequence variation of a single base, insertion, or deletion of short fragments and CNV (19).

To date, many studies have investigated various software projects to examine copy number changes (26). Zhou B et al. (23) compared different sequencing depths (1×, 3×, and 5× coverages) using whole-genome sequencing by different sequencing libraries (short/3 kb/5 kb); they recommended that the gold standard for CNV detection was under the large library and low sequencing depth. Optical genome mapping is a new whole-genome sequencing method in which each DNA molecule is linearized and unfolded by nano-microfluidic CHIP with high-resolution fluorescence imaging (27, 28).

All structural variations and CNVs can be detected by providing original DNA information for downstream applications of genomics. Unlike other traditional cytogenetic methods, optical genome mapping has a full coverage of all types of mutations, detects small tumor-related mutations, and has high consistency in detecting hematological malignancies–related chromosomal and DNA abnormalities. In addition, LüHMANN JL et al. (29) established that optical genome mapping was superior to any other traditional method in the area of detecting the classical gene deletions (e.g., IKZF1) and gene losses that were previously undetected (e.g., SETD2). Owing to the insensitivity of whole-genome sequencing hybridization and capture, the reads captured in an exon fragment vary markedly from sample to sample. Thus, new technologies emerged gradually, such as noninvasive prenatal testing technology, which could detect CNVs in tumor circulating free DNA of 7 MB size with >95% sensitivity and specificity (30).

Reportedly, RNA-seq is limited to detect CNVs in ALL as a result of mismatching B-allele frequency. BAŘINKA et.al (31). developed a robust tool RNAseqCNV package based on the normalized gene expression and minor allele frequency to classify arm-level CNVs. In addition, InferCNV was applied widely to identify large-scale chromosomal CNVs in tumor single-cell RNA sequencing (scRNA-seq) data. The basic idea is to compare the gene expression of each tumor cell with the average expression or “normal” reference cell gene expression in the whole genome to determine its expression intensity (32). However, the genomic location of specific CNVs is not available to precisely classify tumor and normal cells copy number spectrum. Considering the critical need for distinguishing normal cell types from malignant cells in the tumor microenvironment, copy number karyotype of tuments (CopyKAT), as an integrated Bayesian segmentation method, was developed to estimate the CNV spectrum, with an average genome resolution of 5 MB from the reading depth of high-throughput scRNA-seq data (33).



CNV prevalence in B-ALL

CNVs are frequently detected in B-ALL with considerable heterogeneity distribution (34). Overall, about 40%–49% of B-ALL carried gene CNVs that regulate early B-line cell differentiation and development-related genes (e.g., PAX5, IKZF1, and EBF1) and about 60% carry deletions of cell-cycle regulatory genes (e.g., CDKN2A/B and RB1) (5, 14). Broadly, CNVs occurred in 65% of pediatric B-ALL cases (35). Table 1 summarizes the incidence of common CNVs (including IKZF1, CDKN2A/B, and PAX5 genes) detected using MLPA from multiple cohorts (5, 18, 36–46); these occurred in the order of IKZF1, CDKN2A/B, and PAX5. In adult B-ALL cases, deletions of these genes were markedly enriched in the Philadelphia chromosome-positive (Ph+) B-ALL group than in the Ph− B-ALL group (82.4% vs. 58.7%, P<0.01) (18). Furthermore, Ribera J et al. (47) detected CNAs of 12 genetic regions in 142 adolescents and adults with de-novo precursor B-ALL using MLPA; CDKN2A/B deletion occurred in 59/142 (42%) cases, while IKZF1 deletion occurred in 49/142 (35%) cases.


Table 1 | CNVs in frequent genes in different B-ALL cohort.



Nevertheless, the research on CNV clones in relapsed B-ALL is limited. Despite being the preferred and widely used method for detecting CNVs in the related literature, MLPA might not be able to detect CNVs in samples presenting a low leukemia burden (carried <25% CNV clone). Moreover, CNVs in relapsed B-ALL remain unclear owing to limited paired B-ALL (newly diagnosed and relapsed) samples. The CNVs of relapsed B-ALL evolved from the diagnosis for examining specific gene content and clone size. By comparing the first-relapsed B-ALL to the newly diagnosed stage. RIBERA J et al. (48) established that CDKN2A/B, PAX5, and IKZF1 deletions were more frequent at relapse. Mullighan CG et al. (49) performed the genome-wide CNV and LOH analyses on matched diagnostic and relapse bone marrow samples from 61 pediatric patients with ALL, and identified a mean of 10.8 somatic CNV per B-ALL case and 7.1 CNVs per T-ALL case at diagnosis. In addition, they observed a significant increase in the mean number of CNVs per case in relapsed B-ALL samples (10.8 at diagnosis vs. 14.0 at relapse, P = 0.0005); however, no significant changes were observed in the lesion frequency in T-ALL. The majority (88.5%) of relapse samples harbored at least some of the CNAs present in the matched diagnosis sample, suggesting a common clonal origin, although 91.8% of samples showed a change in the pattern of CNVs from diagnosis to relapse. Of these cases, 34% acquired new CNVs, 12% exhibited loss of lesions present at diagnosis, and 46% both acquired new lesions and lost lesions present at diagnosis. Moreover, Ribera (48) compared CNVs at diagnosis and relapse, observing the trend to acquire homozygous CDKN2A/B deletions and a considerable increase in CNVs from diagnosis to the first relapse. Besides, evolution from an ancestral clone was the main pattern of clonal evolution. When focusing on the acquired CNVs in relapsed clones, gene alterations mostly correlated with proliferation and drug resistance.



Clinical significance of recurrent CNV genes in B-ALL


IKZF1 gene deletions

The Ikaros Zinc Finger 1 (IKZF1) gene, located at 7p12.2, encodes 519 amino acids by 8 full-length exons (50). Exons are essential for Ikaros gene functions, except for exon 1 (which does not participate in transcription) and exons 2, 3, and 7 (undetermined significance). IKZF1 deletions in both coding and noncoding regions might interfere with the gene activity and promote B-ALL progression through specific targets. For example, EBF1, MSH2, and MCL1 genes, as the target genes of IKZF1, play a vital role in affecting B-cell differentiation (EBF1 gene), DNA repair (MSH2 gene), and anti-apoptosis (MCL1 gene). The primary functions of the IKZF1 gene include B-cell differentiation blocking, metabolic reprogramming, leukemia microenvironment adhesion, disease relapse, and drug resistance (51).

Increasing evidence indicated that IKZF1 deletions mediate cellular drug resistance and relapse. For example, Rogers et.al (52) established that the IKZF1 deletion was resistant to dexamethasone, asparaginase, and daunorubicin by upregulating the JAK/STAT pathway. In addition, the IKZF1 deletion affects sensitivity to cytarabine by downregulating the SAMHD1 pathway (52); STEEGHS et. al (14) suggested that the loss of IKZF1 caused prednisolone resistance by elevating intracellular ATP and glucose levels, whereas drug sensitivity was recovered by inhibition of glycolysis. Moreover, IKZF1 deletion events, accompanied by CREBBP deletion or mutation, were common in relapsed pediatric B-ALL patients, which could correlate with the selective pressure of chemotherapeutic drugs on tumor cells (8).

Notably, IKZF1 gene deletions comprise localized large fragment deletions, single exon deletions, and other nonlocalized deletions, among which localized large fragment deletions are the most common. The loss of IKZF1 can be separated depending on its functional effect. While IK1–IK3 is considered a functional subtype, other subtypes are dominant-negative isoforms (DN isoforms), that is, functional defect subtype. In addition, IK6, often located in the cytoplasm, is a functional defect subtype with the complete loss of N-terminal zinc finger structure due to exon 4–7 deletion. IK6 functions as DN effects by isolating normal cytoplasmic proteins (53). Loss-of-function was designated as the total allelic inactivation. The loss of haploid dysfunction due to exon 2 deletion can decrease the Ikaros protein level.

Some studies reported IKZF1 deletions in around 15% of pediatric B-ALL cases and 30%–40% of adult B-ALL cases (40, 54). Perhaps, IKZF1 deletions in pediatric B-ALL are a hallmark of high-risk stratification and relapse independently carried by 70% of high-risk pediatric B-ALL (45, 55, 56).

In adult B-ALL, IKZF1 deletions were detected about 70% of Ph+ B-ALL cases (4, 5), around 15%–30% of Ph− B-ALL (53), and 40% of Ph-like B-ALL cases (13). In a study, IKZF1 deletions were mostly enriched in the adult Ph+ B-ALL group than in the Ph− B-ALL group (65.9% vs. 20.6%, P < 0.01) (5). Ribera reported that IKZF1 deletions were more prevalent in Ph+ B-ALL (52%) and correlated with advanced age and high white blood cell count (47, 57). Another study reported that IKZF1 deletions correlated with the CALF2 gene overexpression (P = 0.001), particularly in DN isoforms (P = 0.006), regardless of age (54). Furthermore, IKZF1 deletions with CRLF2 overexpression indicated a poor prognosis in both adult and pediatric B-ALL patients (54).

The prognostic impact of IKZF1 alterations in B-ALL remains debatable (58).

Kobitzsch (53) reported that loss-of-function not DN intragenic IKZF1 deletions correlated with an adverse prognosis in adult BCR-ABL-negative ABL. Yeoh AEJ et al. (59) compared the 5-year cumulative incidence of relapse (CIR) of Malaysia–Singapore MS2003 (n = 507) and MS2010 (n = 316) of pediatric B-ALL; the findings revealed that the loss of IKZF1 strongly correlated with a higher 5-year CIR (20.5% vs. 8.0%, P = 0.01) in MS2003. However, the treatment of IKZF1 deletion patients was intensified in MS2010, and the 5-year CIR presented no more significant difference in pediatric Ph− B-ALL (11.4% vs. 4.4%, P = 0.09). In addition, Ribera reported that IKZF1 deletions conferred a higher relapse incidence (40% vs. 58%, P = 0.048) and worse 5-year overall survival (OS; 29% vs. 50%, P = 0.023) than IKZF1 undeleted in Ph− B-ALL (47). Zhang W et al. (58) conducted a meta-analysis of the correlation between IKZF1 deletion and survival; IKZF1 lesions could independently predict unfavorable OS (hazard ratio [HR] 1.60, 95% confidence interval [CI] 1.25–2.06) and event-free survival (EFS; HR 1.67, 95% CI: 1.28–2.17) in Ph− B-ALL. In the EsPhALL cohort (pediatric BCR-ABL1-positive), IKZF1 deletions correlated with an unfavorable prognosis (4-year Disease Free Survival [DFS] of 51.9% ± 8.8% for IKZF1-deleted vs. 78.6% ± 13.9% for IKZF1 wild-type; P = 0.03). The massive analysis of IKZF1-loss patients demonstrated that it played a crucial role in Ph-like B-ALL. In ALL-BFM protocols, IKZF1 deletions acted as an independent risk factor, with the lower 5-year EFS than wild-type IKZF1 (0.69% vs. 0.85%, P < 0.0001) (51). Furthermore, IKZF1 deletions in Ph-like B-ALL multivariate models could precast EFS and OS (60, 61).

The response of early chemotherapy induction in patients with IKZF1 deletions was disappointing over the whole series. Several studies established that patients with IKZF1 lesions exhibited a high minimal residual disease (MRD) level (51, 60, 62). Reportedly, these patients could benefit more from intensive/alternate therapy than standard ones (4). Reportedly, the combination of vincristine and steroids in patients with IKZF1 deletions during maintenance treatment could be an effective and reasonable approach to prevent relapse. Dhédin N et al. (63) demonstrated that patients with IKZF1 deletions were likely to benefit from allogeneic HSCT (allo-HSCT) in terms of EFS (HR 0.42, 95% CI: 0.18–1.07, P = 0.025) and OS (HR 0.35, 95% CI: 0.16–0.75, P = 0.007), compared with non-IKZF1 alteration groups in adult Ph− B-ALL populations. However, whether the poor prognosis of IKZF1 overcame by stem cell transplantation warrants further investigation.



CDKN2A/CDKN2B gene deletion

Cyclin-dependent kinase inhibitor 2A/B (CDKN2A/B) is a common deletion in pediatric and adult B-ALL CNV profiles (1, 57, 64), as well as a major proposition of E2A-PBX1–positive B-ALL, but limited in MLL-rearranged patients (P = 0.005) (65). CDKN2A/B deletion is the major suppressor gene CNV in chromosome 9p21 (66). Compared with children, the CDKN2A/B incidence rate is marginally higher in adults (P = 0.002) (67). Moreover, 24.6% (14/57) of Ph-like patients present with enriched biallelic loss of CDKN2A/B (68). Reportedly, this lesion was highly representative of high white blood cell count, older age at initial diagnosis, and often accompanied by IKZF1 deletions (called I&C) (36, 69). Remarkably, clones with CDKN2A/B deletions detected in the initial diagnosis always persisted in relapse cases. Furthermore, CDKN2A/B presented a notable increase in the CNVs of relapse B-ALL (48).

In some studies, pediatric B-ALL patients with CDKN2A/B deletions exhibited a trend of shorter relapse time and EFS (35, 67), although the OS rate remains debatable. Kathiravan et. al (35) indicated that the 28-month EFS of CDKN2A/B lesions in ICICLE (Indian adaption of UKMRC2007 protocol) was notably decreased (42% vs. 90%, P = 0.0004) compared with non-CDKN2A/B deletions. Moreover, Braun M et al. (69) proved that CDKN2A deletions decreased the RFS significantly (HR 2.21, P = 0.028). No evidence indicates that loss of CDKN2A/B affected the prognosis in pediatric EORTC trials (70). Conversely, Feng J et al. (71) suggested that CDKN2A/B deletions inferred the 3-year EFS rate (69.8% vs. 89.2%, P = 0.000) and 3-year OS rate (89.4% vs. 94.7%, P = 0.037).

The frequency of adult CDKN2A/B deletions in the Ph-B-ALL group was much higher than in the Ph+ B-ALL group (39.7% vs. 24.7%, P = 0.041) (5). The prognostic value of CDKN2A/B in adults has been debated previously (35, 41, 44). Most studies emphasized that CDKN2A/B did not affect EFS and OS of adult patients with B-ALL. Only a few studies emphasized that CDKN2A/B adversely affected adult patients with B-ALL. Fang et. al (72). reported that CDKN2A/B is the vital relapsing and inferior prognostic marker for adult Ph− B-ALL (2-year OS: 38.2% vs. 80.3%, P = 0.002; 2-year RFS: 44% vs. 88.9%, P = 0.006). Messina M et al. (73) enrolled B-ALL-negative patients for BCR-ABL1 (Ph− B-ALL) population, including children, adolescents, and adults; the CDKN2A/B/RB1 deletion was reported as the negative prognostic factor (HR 2.12, P = 0.048) regardless of age. Pfeifer H et al. (41) suggested that CDKN2A/B deletions played an independent prognostic role in predicting the risk of relapse (DFS HR 2.621, P = 0.0054) and OS (HR 2.162, P = 0.014) in the adult Ph+ B-ALL population. Moreover, Dirse et. al (44). reported that CDKN2A/B decreased the EFS (multivariate HR 2.607, P = 0.034) in the whole series of adult B-ALL.



PAX5 gene deletion

The transcription factor paired box domain gene 5 (PAX5) was considered to regulate B-cell lineage differentiation and contribute to leukemogenesis in B-ALL (74, 75). PAX5 acts on the downstream transcription factors E2A and EBF1 and is crucial for B-line differentiation (76). In PAX5-deficient mice, the development of B cells in the bone marrow was blocked in the early Pro-B stage (77). The alterations of PAX5 comprise partial exon deletion on chromosome 9 (14%) and amplification of exon 2 or 5, resulting in frameshift mutation (7%). PAX5 deletions might increase genetic instability. Consequently, the probability of a secondary strike markedly increases and induces the recurrence and development of leukemia. In a study, PAX5 deletions decreased leukemia cell viability by inducing apoptotic cell death using a new ribozyme-derived isotype-specific knockdown system in the B-ALL cell model (77). Furthermore, transplantation experiments and exhaustive sequencing validated that PAX5 deletion made it sensitive to malignant transformation by forming an abnormal progenitor cell population (78).

As shown in Table 1, PAX5 deletions occurred in 15.9%–31.7% of pediatric Ph− B-ALL, 33% of pediatric Ph+ B-ALL (14), 27.1%–40% of adult Ph+ B-ALL, and 22.9%–23.8% of adult Ph-B-ALL (31.8%–38% Ph-like ALL) cases. No statistical difference has been reported between adult Ph− B-ALL and Ph+ B-ALL (27.1% vs. 27.8%, P = 0.549) cases (5). Most PAX5 deletions coexisted with CDKN2A/B deletions (83.3% of children and 100.0% of adults) and were commonly deleted in ETV6-RUNX1 B-ALL. The prognostic significance of PAX5 deletions in adult B-ALL also remains debatable. BHANDARI P et al. (64) claimed that PAX5 deletions were unsuitable for an independent prognostic marker for predicting prognosis because of no significant influence of RFS among B-ALL subgroups (P = 0.6839). Moreover, Iacobucci I et al. (79) reported no correlation between PAX5 deletions and OS (P = 0.3294) or DFS (P = 0.9249) in adult Ph+ B-ALL. In contrast, FEDULLO AL et al. (42) suggested that adult Ph+ B-ALL with PAX5 deletions showed shortened DFS (24.9% vs. 43.3%; P = 0.026).

In pediatric B-ALL groups, the prognosis of PAX5 deletion was strongly dependent on IKZF1 codeletion (61, 80). However, no significant prognostic correlation was observed in PAX5 deletions alone in children (74). In other words, the PAX5 -loss group presented no relapsing risk after excluding IKZF1 deletions. Indeed, double deletion of PAX5 and IKZF1 was improved by treatment intensification in MS2010, with 0% 5-year CIR than 80.0% in MS2003 (P = 0.05).




Prognostic relevance of integrated CNV profiling

Extensive research integrated gene CNV profile into pediatric B-ALL risk stratification (17). Moorman AV et al. (34) identified an 8-gene CNV panel, including IKZF1, CDKN2A/B, PAR1, BTG1, EBF1, PAX5, ETV6, and RB1, for stratifying the pediatric B-ALL risk level known as the UKALL-CNV classifier (Table 2). This tool has robust decision-making ability in intermediate-risk cytogenetics subgroups and even patients with different leukemia protocols baseline (37, 38). Besides, the UKALL-CNV classifier can refine the established cytogenetic risk groups.


Table 2 | Current stratification classifier of pediatric B-ALL CNV profile.



Based on the Moorman’s criteria, Gupta SK et al. (83) subgrouped the MRD-negative intermediate-risk pediatric Ph− B-ALL into two subgroups with different EFS (77% vs. 38%, P = 0.045) and OS (90% vs. 30%, P = 0.037), whereas the criteria had no classifying power in MRD-positive groups (OS 75% vs. 57%, P = 0.293). A total of 3239 pediatric B-ALL cases were applied to validate the UKALL classifier (38). By integrating CNV and cytogenetic data, Hamadeh revised the overall genetic classification by defining four risk groups with distinct EFS rates (P < 0.001)—very good (91%), good (81%), intermediate (73%), and poor (54%). Stanulla M et al. (81) proposed a very-poor prognostic subtype defined as IKZF1plus subtype: IKZF1 occurred with additional mutations, containing CDKN2A, CDKN2B, PAX5, or PAR1 deletions simultaneously but without ERG deletions (Table 2). Besides, the IKZF1plus 5-year EFS rate in pediatrics was 53% ± 6% compared with 79% ± 5% in adults (P < 0.001).

In adult Ph+ B-ALL, IKZF1plus negatively affected the survival outcome than IKZF1 alone (DFS: 43.3% vs. 24.9%, P = 0.026; OS: 62.6% vs. 40.2%, P = 0.02)  (42). Reportedly, IKZF1plus patients had been under similar conditions in the GIMEMA LAL2116 cohort (DFS: 84.5% vs. 54.5%, P = 0.026) and GIMEMA LAL1509 protocol (DFS: 0% vs. 60%, P = 0.0008; OS: 20% vs. 69.5%, P = 0.0068) (43, 82). However, the prognostic significance of IKZF1 plus in adult Ph+ B-ALL was not detected (5). Likewise, Chiaretti S et al. (46) reported no statistical correlation between IKZF1plus in adult Ph-like B-ALL (HR 1.869, 95% CI: 0.49–6.67, P = 0.339). In addition, GUPTA SK et al. (40) proposed the “MRplus” risk score system by integrating IKZF1plus and the UKALL-CNV classifier subtyping to better classify pediatric Ph− B-ALL prognosis. The 0, 1, 2 groups defined by MR plus system markedly discriminated postinduction remission response and 4-year OS (Table 2).

Considering the primary chromosomal abnormalities significantly correlate with the CNV frequency, Moorman AV et al. (36) revised the stratification by adding cytogenetic risk factors, like KMT2A fusions, complex karyotype and low hypodiploidy/near-triploidy. The new risk system could predict the 3-year OS (64% vs. 47%; HR 1.65 95% CI: 1.27–2.12, P < 0.001).



Future perspectives

Many studies have proved that CNV is a common molecular abnormality in the development of B-ALL (48). Current evidence suggests that the CNV pattern of adult and pediatric B-ALL has a different cytogenetic abnormality and pathological significances. Moreover, growing evidence indicates that high number and diverse CNVs observed are acquired in the process of disease relapsing (37). This study mainly discussed the clinical significance of the CNV spectrum, which has been well recognized in patients with B-ALL. Among them, IKZF1, CDKN2A/B, and PAX5 are the leading prevalent gene alterations in B-ALL (47). Moreover, these CNVs in Ph-like and Ph+ B-ALL remain equally frequent (68). However, some research of gene prognostic value is inconsistent, which could be because of difference in enrolled patients and treatment regimen. Undoubtedly, CNVs guided the risk of relapsing and survival outcome of both pediatric and adult B-ALL (84). Intensive chemotherapy combined with allo-HSCT is expected to overcome the adverse impact of CNVs. Perhaps, the combination of intensive chemotherapy and allo-HSCT could overcome the adverse impact of CNVs.

Typically, the risk stratification of B-ALL based on the CNV profiles is largely limited to the pediatric population (36). Currently, the IKZF1plus and UKALL-CNV classifier are broadly promoted in the adult B-ALL classification (5, 37, 43). Considering the different cytogenetic patterns of adults and children, the risk system in adults warrants revision in future. With the new exploration of new targets of rearrangement in B-ALL (e.g., DUX4, ZNF384, and MEF2D), the survival risk stratification system will be consistently updated in the future. Besides, further research will help identify new prognostic indicators and potential therapeutic targets.

In conclusion, this review characterizes B-ALL–related copy number events, which is valuable for precise patient subgroup stratification. In addition, this study provides insights into the new immunotherapy-based approaches and tailored treatment strategies for patients with B-ALL. Nevertheless, additional multicenter survival data will be needed for further verification in the future.
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Ion channels modulate the flow of ions into and out of a cell or intracellular organelle, leading to generation of electrical or chemical signals and regulating ion homeostasis. The abundance of ion channels in the plasma and intracellular membranes are subject to physiological and pathological regulations. Abnormal and dysregulated expressions of many ion channels are found to be linked to cancer and cancer chemo-resistance. Here, we will summarize ion channels distribution in multiple tumors. And the involvement of ion channels in cancer chemo-resistance will be highlighted.




Keywords: ion channel, drug resistance, tumor microenvironment, cancer stem cell, metabolism



Introduction

Drug resistance may be intrinsic (i.e., present prior to chemo-therapy), and tumor cells are prone to rapidly emerge acquired resistant to conventional therapies. Indeed, although systemic agents (cytotoxic, hormonal, and immune-therapeutic agents) used for cancer treatment are usually effective at the very start (e.g., 90% of primary breast cancers and 50% of metastatic cancers), approximately 30% of breast cancer patients in early-stage would have recurrence due to acquired resistance (1). Study indicated that tumor cells have increased resistance to chemo-therapeutic agents in recurrent tumors (2). And continuous exposures to chemo-therapeutic agents then promote the development of acquired resistance in these cells, leading to subsequent failure of chemo-therapy (3). Moreover, residual tumor cells which remain quiescent before resuming still can be detected in most patients after treatment. And then result in tumor recurrence.

Ion channels are the basic excitatory units on the membranes of many tissue cells, such as nerves, muscles, and glands, which can generate and conduct electrical signals and have important physiological functions. Ion channels are not only directly associated with excitability, but also can further influence and control transmitter release, gland secretion, and maintenance of constant cell volume and internal environmental stability. Gating of ion channels and the ensuing ion fluctuation is a highly complex process that involves in ion homeostasis, the initiation of signaling networks, and changes in microenvironment. Increasing studies demonstrated that ion channels not only expressed in excitable nerve cells and tissues, but also distributed in cancer cells and tissues. Altered ion channel expression is considered as a hallmark of several types of cancer, and some ion channels have been linked with chemo-resistance in cancers (4, 5). In the present review, we will summarize the involvement of ion channels in multiple tumors’ chemo-resistance, with emphasis on their molecular mechanism (6). Deciphering the mechanisms of ion channels involving in mediating multiple tumors chemo-resistance may provide new avenues for targeted cancer treatment.



Ion channels in cancer: Expressions and their implications

Ion channels were initially divided into two main classes of voltage-gated channels (VGC) and ligand-gated channels (LGC). Different VGC channel types are distinguished by the ions (calcium, potassium, sodium, chloride) through which they most selectively pass. While LGC channel types are distinguished according to the signaling molecules (ligand) which specifically activate them (e.g., GABA, acetylcholine, glutamate, glycine, 5-hydroxytryptamine). Since LGCs act as receptors for those signaling molecules, they are often referred to as their respective receptors as well (7). With the development of gene cloning technology and the understanding of different gating mechanisms, ion channels have been linked to physical (light, temperature, pressure, tension) and chemical (pH, PO2, contaminants, cooking spices) stimuli, as well as intracellular factors such as ATP levels, organelle status, presence of second messengers, thus they may involve in physiological and pathological functions.


Calcium-permeable ion channels

Ca2+-permeable channels are classified by their intracellular residence of either on plasma membrane (PM) or in ER (endoplasmic reticulum) membrane. PM Ca2+-permeable channels include six major subclasses which distinguished by their principal activation mechanisms: 1) VGCC for “voltage-gated calcium channels, Cav” can be further divided into three subfamilies of Cav1 or L-type (Cav1.1, Cav1.2,Cav1.3, Cav1.4); Cav2 (Cav2.1 or P/Q-type, Cav2.2 or N-type, Cav2.3 or R-type); and Cav3 or T-type (Cav3.1, Cav3.2, Cav3.3) (8); 2) LGC for “ligand-gated channels” (9); 3) SOC for “store-operated channels” (10); 4) TRP for “transient receptor potential” channels (11); 5) SMOC for “second messenger-operated channels” can be divided into two groups of cyclic nucleotide-gated channels (CNGA1-4, CNGB1, CNGB3) and arachidonate-regulated Ca2+ channels (IARC) (12–14); and 6) Mechano-gated channels (15).

The Cav channels are primarily responsible for the entry of Ca2+ into excitable cells such as neurons as well as neuron-like cells and various types of muscle cells. They open during membrane depolarization and Ca2+ influx through them, allowing electrical excitation combined with activation of specific cellular responses. The Cav channels have been found involved in the development of various types of cancer, including brain cancer, colorectal cancer, gastric cancer, pancreas cancer, breast cancer, prostate cancer, bladder cancer, lung cancer, esophagus cancer, ovarian cancer, cervix cancer, renal cancer, leukemia, neuroblastoma, glioblastoma, and sarcoma, etc. In breast cancer and leukemia, the Cav channels exhibited up-regulated (16, 17). The T-type calcium channels of Cav3.2 have been observed present in human prostate cancer cells. During neuroendocrine differentiation, Cav3.2 channels are up-regulated with increasing basal calcium entry. It suggests that the Cav3.2 may serve in facilitating prostate cancer development (18). Similarly, Cav3.1 are found over-expressed in prostate cancer. Knockdown of Cav3.1 inhibits the cell proliferation, migration and invasion by suppressing AKT activity in prostate cancer cells (19).

Less diverse Ca2+-permeable channels on the ER membrane are classified according to Ca2+-mobilization mechanism: 1) Ca2+-induced Ca2+ release (CICR) and 2) agonist-induced GPCR-dependent Ca2+ release. CICR is mediated through Ca2+ release channels on the ER membrane, termed ryanodine receptors (RyR). The RyR is a homo-tetramer assembly of subunits for homologous genes encoded with RyR1 (primarily skeletal muscle), RyR2 (primarily cardiac), and RyR3 (ubiquitous) (20). Its primary physiological ligand is intracellular Ca2+ per se (which is the initiation of the name CICR). Moreover, CICR also can be activated both via interaction with some members of Cav family and by cytoplasmic cyclic ADP-ribose (cADPR). Inositol trisphosphate receptor (IP3R) is an agonist-induced, GPCR-dependent Ca2+ release channel. Calcium permeable channels are key players in mediating numerous physiological and pathological functions. Intracellular Ca2+ homeostasis affected cell cycle, apoptosis, autophagy, migration. Further, it also involved in regulation of release of neurotransmitters, hormones and growth factors in both normal and neoplastic cells (21–23).



Potassium ion channels

K+ channels comprise voltage-gated K+ channels (Kv), calcium-activated K+ channels (KCa), inward-rectifier potassium channels (Kir, IRK), and two-pore domain K+ channels (K2p) (24).

Given its high distribution and functional relevance in tumor tissues, Kv11.1 (hERG) channel which belongs to the voltage-gated Kv family has been deemed to potential anticancer target (25). Arcangeli and co-workers found that hERG channels promoted proliferation in neuroblastoma cells via controlling membrane resting-potential (26). Study revealed that over-expression of voltage-gated Kv channel of Kv10.1 (EAG1) enhanced cell proliferation and conferred a transformed phonotype with oncogenic potential (27). Further, EAG1 channels have been detected in approximately 70% of human tumor biopsies originated from osteosarcoma, pituitary adenomas, glioblastoma, head and neck cancer, ovarian cancer, leukemia, gastric cancer and colorectal cancer (28). To date, pharmacological targeting EAG1, hERG for the treatment of cancer have drawn much attention. A monoclonal antibody specifically against EAG1 has been identified to suppress colony formation of several cancer cell lines and tumor growth in vivo via inhibiting channel function (29). Over-expression of hERG in cancer cells involved in regulating of tumor progression and migration via co-assembly with β1 integrin related adhesion-dependent signaling complex (30, 31). Thus, both in vitro and in vivo models illustrated very convincingly that EAG1 as well as hERG can be act as promising oncological targets. Studies targeting other K+ channels also point to an important role of K+ channels in tumor progression. KCNQ1 encodes the pore-forming α subunit of voltage-gated potassium channels and they are considered to be a tumor suppressor in colorectal cancer. Inhibition of the KCNQ1 channels lead to colorectal cancer cell proliferation, EMT and tumorigenesis (32). KCNQ1 channels also act as a tumor suppressors in gastrointestinal and esophageal cancers (33, 34). Using human A549 lung adenocarcinoma model, researchers found that either blockade or suppression of Kv1.3 could significantly inhibit cell proliferation and reduced tumor volume by 75% in vivo (35). In addition, calcium-dependent potassium channels and the two pore TASK-3 channels have been demonstrated possessing oncological potentials (36, 37).



Sodium ion channels

Na+ channels include VGSC (voltage-gated sodium channel) and LGSC (ligand-gated sodium channel) subfamilies. VGSC comprises nine subtypes of Nav1.1 ~ Nav1.9 containing both α and β subunits.

The expression of VGSC, particularly for Nav1.5, Nav1.6 and Nav1.7 and their splicing variants were found up-regulated in many cancer types, including prostate, breast, lung, cervical cancer, and leukemia (38). In breast cancer cells, Nav1.5, Nav1.6 and Nav1.7 are all present. In particular, a novel neonatal isoform of Nav1.5 (nNav1.5) exhibited up-regulation during breast cancer progression. And the channel activity of Nav1.5 enhances cellular metastatic cascade both in vitro and in vivo (39). In addition, another study specified that Nav1.6 channels expressed in cervical cancer cells and tissues. During cancer development, Nav1.6 was significantly up-regulated with channels activities and then induced the secretion of matrix metalloproteinase type 2 (MMP-2), promoting cancer cells invasion and metastasis (40). Moreover, Nav1.5 channels activities could enhance aggressiveness by stimulating cysteine cathepsin in breast and NSCLC cancer cells (41).



Transient receptor potential ion channels

Currently, transient receptor potential (TRP) ion channel proteins are emerging as promising oncological targets (42, 43). TRP ion channels can be divided into six subfamilies, namely TRPV (vanilloid), TRPA (ankyrin), TRPM (melastatin), TRPC (canonical), TRPML (mucolipin) and TRPP (polycystin). Mammalian TRP subunits can be formed by homo- or hetero- tetramerization of non-selective cation channels that can be stimulated by a variety of different factors, including temperature changes, mechanical stress, osmotic pressure, changes of O2 and pH, ROS, growth factors and cytokines. Therefore, they are expected to play critical roles in tumor microenvironment crosstalk. TRPC channels are activated through pathways coupled to phospholipase C (PLC), and can support receptor-operated Ca2+ entry; TRPC1 and TRPC4 can also contribute to store-operated Ca2+ entry (SOCE) via relatively non-selective cationic currents.

Several investigations found evidence that TRPC ion channels function in the regulation of cancer process (44). A study reported that TRPC1 channels expressed in human glioma cells as well as glioblastoma biopsies. Knock-down of TRPC1 clearly suppressed cell proliferation and decreased tumor volume by 40% in a xenograft model using human grade IV glioma D54MG cells (45). TRPC4 channels expression lost in the cells of renal carcinoma. The absence of TRPC4 may cause decreased calcium uptake and then enrich an angiogenesis inhibitor of the secreted TSP1(thrombopsondin-1) in the cytoplasm which subsequently suppress angiogenesis during renal cell carcinoma progression (46). Among TRPVs, the highly calcium-selective channel of TRPV6 which allows the passage of heavy metals zinc, manganese and cadmium (47) has been found expressed in prostate and breast cancers. Its expression correlates with cancer progression, suggesting that it drives cancer cell growth. TRPV2 was over-expressed at both mRNA and protein levels in esophageal squamous cell carcinoma (ESCC) cell lines. Knockdown of TRPV2 gene decreased cell proliferation, cell cycle progression and migration (48). In vitro and in vivo, high levels of TRPV4 expression were associated with tumor metastasis. Proteomics and bioinformatics analyses have shown that TRPV4 was involved in regulating the cytoskeleton and Rho protein pathway of cell migration in endometrial cancer (49).



Chloride ion channels

Chloride ion channels can be roughly classified into voltage-gated chloride channel (ClC), ligand-gated chloride channel, calcium-activated chloride channel (CaCC), High conductance chloride channels, cystic fibrosis transmembrane conductance regulator (CFTR), volume-regulated chloride channels (VRCC), and chloride intracellular channel (CLIC) (50). A study showed that ClC-3 anion channels promoted brain tumor metastasis (51). Chlorotoxin purified from Leiurus scorpion, a chloride channel inhibitor, has been identified to suppress glioma cell invasion via binding to MMP-2, and voltage-gated chloride channel were specifically expressed in human astrocytoma and glioma cells (52, 53). This chloride channel was subsequently identified as ClC-3, a type of Cl-/H+ exchanger mainly expressed in endosomal/lysosomal compartments (>95%). And chlorotoxin may inhibit cell migration and invasion by interacting with both Cl- channel proteins and MMP-2 in glioma cells (54, 55).

ANO1/TMEM16A, a member of the CaCC functioned in maintaining ion and tissue homeostasis via regulating epithelial secretion and cell volume (56). ANO1/TMEM16A is highly expressed in several epithelium originated carcinomas, gastrointestinal stromal tumor, esophageal squamous cell carcinoma (ESCC) and pancreatic cancer. Knockdown of ANO1 inhibited cell proliferation, induced cell apoptosis in breast and lung cancer cells, and reduced tumor growth in established cancer xenografts (57–59). While decreasing ANO1 confers metastatic phonotype in squamous cell carcinoma of head and neck. Stable reduction of ANO1 expression enhanced cell motility and metastases, but decreased tumor proliferation in an orthotopic mouse model (60). Thus, suppression of chloride channel may be a hopeful target for clinic practice by small molecule screening as well as in vivo studies (61, 62).




Ion channels modulate chemo-resistance through tumor microenvironment

Cancer progression and metastasis depend on bidirectional interactions between cancer cells and their environment, which together form tumor microenvironment (TME) (63). The TME is a complex, dynamic network composed of cellular and non-cellular components (64, 65). And the TME has been characterized by hypoxia, an acidic extracellular pH, high lactate levels, elevated adenosine concentrations, low levels of glucose, ATP and nutrients, and the presence of vascular endothelial growth factor (VEGF) and other cytokines and growth factors (66–68). Among these factors, hypoxia is of particular concern. Solid tumors generally contained hypoxic regions that can trigger important cellular changes (69). Moreover, cancer cells metabolize glucose in the form of glycolysis (‘Warburg effect’), and hypoxia can further aggravate the dependence on glycolytic fueling, which resulted in the production of large amounts of lactic acid (70, 71). Although resistance is a characteristic of cancer cells evolving in a low-oxygen environment (hypoxia), the mechanisms involved remain elusive (72).


Calcium-permeable ion channels

Mibefradil is an orally bio-available T and L-type calcium channel blocker for the treatment of hypertension. The expression of T-type calcium channel of Cav3.2 was increased in glioblastoma (GBM) cells and glioblastoma stem-like cells (GSCs). Mibefradil suppresses Cav3.2 ion channels activity, and then subdues pro-survival AKT/mTOR pathways and up-regulate phosphorylation of LKB1 and Tuberin/TSC2, thus inhibiting cell proliferation. Meanwhile, inhibition of Cav3.2 by mibefradil could activate BAX, caspase-9 and PARP signalings, enhancing GSCs apoptosis (73).

It is well known that hypoxia can induce stem cell-like transcriptional program via HIFs (hypoxia-inducible factor), as described for breast cancer stem cells, prostate and glioma stem like cells, even human embryonic stem cells (74, 75). Under hypoxic conditions, Cav3.2 expression was up-regulated in GSCs with high level of HIFs. Notably, application of calcium channel blocker of mibefradil could down-regulate the expression of HIF-1α and HIF-2. It is suggested that mibefradil may suppress GSC malignant parameters by reducing hypoxic pressure and inhibiting expression of HIFs (73).



Potassium ion channels

Recent studies have shown that large-conductance, calcium-activated potassium (BK) channels promoted several aspects of the aggressive potential induced by hypoxia, such as migration and chemo-resistance to cisplatin in glioblastoma (GBM) cells, suggesting it may act as a potential therapeutic target in GBM (76).

BK channels are expressed in GBM cells and channel activity could affect tumor aspects, such as migration/invasion, and cell death. GBMs are also characterized by a heavy hypoxic microenvironment that exacerbates tumor aggressiveness. In human GBM U87 MG cells, hypoxia promoted cell migration as well as spheroids formation, and induced chemo-resistance to cisplatin. And inhibition of BK channels with paxilline could diminish cells migration and chemo-resistance to cisplatin induced by hypoxia. Moreover, BK channels were also found to be essential for hypoxia-induced differentiation of GBM cells (76).



Transient receptor potential ion channels

Recent study indicates that over-expression of TRPC6 regulated multi-drug resistance (MDR) by elevation of intracellular calcium under hypoxia, or stimuli of doxorubicin and ionizing radiation in hepatocellular carcinoma. In response to these stimuli, intracellular calcium ions accumulation persisted, and inhibition of calcium signaling pathways enhanced cellular sensitivity to various drugs by inhibiting epithelial-mesenchymal transition (EMT), HIF-1α signaling pathway and DNA repair. Specifically, the use of siRNA to down-regulate the expression of Twist, HIF-1α and H2A.X significantly attenuated MDR. Moreover, blockade of TRPC6 by either siRNA or SKF-96365 can diminish MDR induced by various stimuli in vitro. An in vivo xenograft model of liver cancer further confirmed that inhibition of TRPC6 enhanced the efficacy of doxorubicin. These results suggested that the regulatory mechanisms of MDR in hepatocellular carcinoma cells were calcium-dependent via the TRPC6/calcium/STAT3 pathway (77). In addition, TRPC6 was also involved in regulating tumor malignancy. Under hypoxia, TRPC6 expression increased with a sustained elevation of intracellular calcium via agonism in glioblastoma U373 MG cells. And it was required for the development of malignant phenotype of GBM (78). In hypoxic microenvironment, tumor cells are mainly regulated by hypoxia-induced transcription factor HIF-1. A study has showed that TRPM8 over-expressed in advanced prostate cancer, and TRPM8 promoted cancer cell growth in vitro hypoxia, drug resistance, and in vivo tumorigenicity, with increased HIF-1α expression. These effects were further enhanced by activation of TRPM8 but inhibited by suppression of TRPM8 (79).

Another study showed that hypoxia can simultaneously increase the expression of TRPM7 and induce the accumulation of HIF-1α in androgen-independent prostate cancer cells. Silencing TRPM7, however, significantly promoted the degradation of HIF-1α and inhibited EMT changes in hypoxic conditions (80). Recent studies have demonstrated that HIF-1α promoted the proliferation, migration, invasion, angiogenesis and EMT in gastric cancer (GC) cells (81). In addition, hypoxia can induce autophagy and an acidic extracellular pH which correlated with GC progression and chemo-resistance (82–85).



Other ion channels

The truncated voltage-dependent anion channel 1 (VDAC1-ΔC), can be found in certain hypoxic cells and were linked to chemo-resistance via interaction with Bcl-xL and hexokinase I. The formation of truncated VDAC1 was dependent on HIF-1 and can be inhibited in the presence of the tetracycline antibiotics doxycycline and minocycline (known metalloproteinase inhibitors). Interestingly, VDAC1-ΔC has been detected in lung adenocarcinoma tumor tissue of patients. Therefore, targeting VDAC1-ΔC may provide a strategy for combating chemo-resistance (72) (Figure 1).




Figure 1 | Ion channels modulate chemo-resistance through tumor microenvironment. As inhibitor of T-type calcium ion channels, mibefradil suppresses Cav3.2 ion channel activity, and then decreases AKT, mTOR and 4EBP1 activities and up-regulated phosphorylation of LKB1 and Tuberin/TSC2, thus inhibiting cell proliferation. Meanwhile, inhibiting Cav3.2 by mibefradil activates BAX, caspase-9, PARP, thus enhancing GSCs apoptosis. Cav3.2 can be up-regulated by hypoxia, and application of Cav3.2 inhibitor of mibefradil inhibits HIF-1α and HIF-2 in GSCs. In hypoxia, menthol or icilin stimulation promotes cell proliferation and invasion. Simultaneous hypoxia stimulation increases fibronectin adhesion and further enhances menthol treatment. TRPM8 over-expression enhances HIF-1α in hypoxia-exposed prostate cancer cells by reduction of HIF-1α ubiquitination. Hypoxia increases the expression of TRPC6, then activates AKT/ERK1/2 to promote phosphorylation of STAT3, inducing its nucleus translocation, triggers the expression of Oct4, SOX2 and NANOG, thus deteriorating chemo-resistance. HIF-1α increases upon BK channel blocker of Paxilline in GBMs. Hypoxia increased expression and the nuclear translocation of stemness markers of Oct4, NANOG and SOX2, therefore increasing chemo-resistance to Paxilline in GBMs. Hypoxia increases TRPM7 expression and enriches HIF-1α in prostate cancer cells. Suppression of TPRM7 enhances phosphorylation of RACK1 and promotes the binding of RACK1 to HIF-1α by competing with HSP90, then inhibiting downstream signaling of ANXA1 to suppress the migration and invasion, thus weakening chemo-resistance in prostate cancer cells. GSC, glioblastoma stem-like cells; HIF, hypoxia inducible factors; AKT, protein kinase B; mTOR, mammalian target of rapamycin; BK, calcium-activated potassium channels; GBM, glioblastoma; PARP, poly ADP-ribose polymerase; ANXA1, Annexin A1; ERK1/2, extracellular regulated protein kinases1/2; STAT3, signal transducer and activator of transcription 3.






Ion channels modulate chemo-resistance through cancer stem cells

Cancer stem cells (CSCs) have been identified in many cancer types (86–94). CSC was a small fraction of the cells that yet remain in the patient after conventional antitumor therapy completed (95). CSCs have also been described to be responsible for tumorigenesis as well as stemness maintenance with characteristics of self-renewal ability, asymmetric cell division, slow division kinetics, invasion, metastasis, enhanced tumor formation and proliferation, resisting apoptosis and resistance to conventional chemo-therapy and radio-therapy (96–100). CSCs can be recognized by a variety of cellular markers (87, 101–103). Cell surface markers such as CD133, CD44, CD87 and ALDH1 are commonly used to isolate and enrich the CSC populations. Three essential transcription factors of Oct4, NANOG, and SOX2 expressed in both tumor stem cell-like cells and embryonic stem cells are described as stem cell markers. CSCs are thought to evade conventional treatment and are responsible for chemo-resistance and recurrence of cancer.

Side-population (SP) cells facilitate the extrusion of exogenous compounds for detoxification of cells by expressing ATP transporter proteins. The SP cells are clearly enriched in stem cells, and the SP phenotype may account for the chemo-resistance of a subpopulation of tumor cells (104–106). Recent studies on the SP cells have confirmed that this particular group of cells not only contributed to the resistance of tumor cells to chemo-therapeutic drugs, but also were closely associated with proliferation, differentiation and stemness of cancer cells (107, 108).


Calcium-permeable ion channels

Calcineurin mediating the dephosphorylation and activation of nuclear factor of activated T-cells (NFAT), originally was associated with promoting T-cell proliferation but more recently linked to proliferation, migration and resistance across various cancer types (109). Studies indicated that calcium influx through TRP channels as well as other calcium channels modulated the activations of NFAT and ERK pathways in cancer cells (43, 110, 111). T-type VGCC of Cav3.2 has been observed up-regulated in the glioblastoma stem-like cells and blockade of these channels with mibefradil suppressed both growth and stemness of GSCs (73). Up-regulated Cav3.2 expression in GBM was associated with poor prognosis, suggesting that Cav3.2 has the potential for treatment of GBM and may improve patient survival. Mibefradil sensitized GSCs to temozolomide, a key chemo-therapeutic agent used for GBM treatment. GSCs have been partially mediating resistance both to chemo-therapy and radio-therapy. Notably, resistant GSCs survived and maintained malignant growth of GBM after surgical intervention and chemo-therapy (112–114). Studies have shown that mibefradil induced differentiation of GSCs, as evidenced by down-regulation of stemness markers for CD133, Nestin, Bmi1 and SOX2, and up-regulation of the differentiation markers for GFAP, Tuj1 and MAP2. Although Cav3.2 inhibition strongly impaired the malignant parameters of GSC, it may also affect differentiated bulk GBM cells, as shown in U87 MG cell line (115).

Drug resistance in epithelial ovarian cancer has been attributed to the persistence of tumor stem cells. A small number of drug-resistant CSCs survived from chemo-therapy, leading to recurrence and aggressive proliferation of ovarian cancer (116). Studies have shown that the long-term efficacy of chemo-therapy depends on the prevention of recurrence via targeting CSCs (117, 118). Lee and co-workers identified four voltage-gated calcium channel blockers (manidipine, lacidipine, benidipine, and lomerizine) that targeted ovarian stem cells via screening a library of FDA-approved compounds. The four calcium channel blockers (CCBs) reduced sphere formation, cell proliferation, and induced apoptosis in ovarian stem cells. The CCBs disrupted the stemness via inhibiting AKT and ERK signaling pathways in ovarian cancer stem cells. Study indicated that three of L- and T-type calcium channels were over-expressed in ovarian CSCs, and down-regulation of calcium channels reduced the stem cell-like properties of ovarian cancer cells. Further, expressions of these calcium channels were negatively correlated with the survival rate of the patients. Treatment using CCBs in combination with cisplatin could effectively inhibit the proliferation of CSCs, suggesting that the combination therapy could improve the drug sensitivity of the CSC-enriched epithelial ovarian cancer population. In addition, combined with manidipine and paclitaxel showed enhanced effects in a mouse model of ovarian CSCs xenografts. The results suggested that the four CCBs may be potential therapeutic agents for the prevention of ovarian cancer recurrence (119).

Studies have identified a composing subunit of a voltage-dependent calcium channel of α2δ1 as a promising marker for CSCs. Recent insight from Zhao and co-workers has reported that α2δ1+ cells presented in primary hepatocellular carcinoma (HCC) cell with CSCs properties. They have found that α2δ1 was a functional marker for predicting HCC recurrence and its monoclonal antibody 1B50-1 can be used as a potential anti-HCC drug (120). Another study has identified that α2δ1 positive cells possessed tumor stem cell properties that may be associated with chemo-resistance in small cell lung cancer cells. Also, the use of 1B50-1 antibody in patient-derived xenograft models could help overcome chemo-resistance and delay the recurrence of small cell lung cancer (121). Among them, stem cell-related transcription factors of SOX2, Oct4, NANOG and drug resistance-related genes (such as MDR, ABCG2) were highly expressed in α2δ1+ and CD133+ cells, especially in α2δ1+ cells. In addition, α2δ1+/CD133+ cells exhibited higher sphere-forming ability and differentiation characteristics than CD133+ cells in vitro. Meanwhile, α2δ1+ cells showed higher growth rate and proliferation ability than CD133+ cells. Moreover, α2δ1 over-expression may be associated with chemo-therapy resistance both in small cell lung cancer as well as in liver cancer (120, 121). And activation of MAPK pathway may mediate drug resistance (122).



Potassium ion channels

Recent findings suggested that KCa1.1 in LNCaP spheroids, which mimic human prostate cancer (PC) stem cells, has the potential to be a therapeutic target for overcoming anti-androgen and doxorubicin resistance in PC cells (123). While another study has evaluated the targeting effect of trimebutine maleate (TM) on ovarian CSCs. TM is used as a modulator for gastrointestinal motility, and it is a agonist of peripheral opioid receptor and a blocker of multiple channels. Voltage-gated calcium channels (VGCC) and calcium-activated potassium channels (KCa) were over-expressed on ovarian CSCs and targeted by TM, inhibition of both channels reduced the survival of ovarian A2780-SP cells. TM reduced the expression of stemness-associated proteins; simultaneous inhibition of VGCC and KCa could reproduce this trend compared to single-channel inhibition. In addition, TM inhibited the Wnt/β-catenin, Notch and Hedgehog pathways, which were implicated in many features of CSCs. Inhibition of these ion channels by TM could active β-catenin signaling via ERK1/2 phosphorylation and reduce the expression of transcriptional factors of Oct3/4 and SOX2, inhibit cell growth of ovarian CSCs, therefore abating chemo-resistance (124).



Transient receptor potential ion channels

More recently, TRPV2 has been directly linked to self-renewal of CSCs in a number of cancer types such as esophagus cancer (125), liver cancer (126) and glioblastoma (127). Glioma stem cells (GSCs) correspond to a subpopulation of tumor cells involved in tumor initiation and acquired chemo-resistance in glioblastoma multiforme (GBM). Currently, drug-induced differentiation is considered as a promising approach to eradicate this tumor-driven cell population. Studies have demonstrated that cannabidiol (CBD) activated the process of autophagy by triggering the differentiation of GSCs through the activation of TRPV2. The acute myeloid leukemia (AML) -1a was up-regulated during differentiation of GSCs. CBD up-regulated AML-1a expression in a TRPV2 and PI3K/AKT-dependent manner and eliminated chemo-resistance of GSCs to Carmustine (127).

Since increased oxidative stress may lead to oxidative damage of cellular components and result in cell death, cancer cells surviving from endogenous stress and developing into tumors must evolve exquisite mechanisms for adaption of ROS stress. This adaptation can reduce the sensitivity of cancer cells to chemo-therapy or even develop drug resistance (128). TRPV2 has been found up-regulated in human hepatocellular carcinoma cells. And it could significantly enhance the cytotoxicity of H2O2-mediated oxidative stress, suggesting up-regulated TRPV2 attenuated oxidative adaptation in hepatocellular carcinoma cells. Over-expression of TRPV2 in H2O2-treated hepatocellular carcinoma cells exacerbated the inhibition of AKT and Nrf2, whereas the activation of p38 and JNK has been enhanced at the early stage of cell death. Interestingly, the increased expression of TRPV2 in HepG2 cells enhanced the effect of stress-related chemicals to induce cell death. The results suggested that TRPV2 was an important enhancer of H2O2-induced cytotoxicity. These findings suggested that the inhibition of oxidative adaptation may abate drug resistance (129) (Figure 2).




Figure 2 | Ion channels involve in chemo-resistance through cancer stem cell. Blockade of Cav3.2 by either mibefradil or ES inhibits cell proliferation and GSC differentiation. 1B50-1 positive HCCs exhibits tumor-initiating cells property, treatment of the monoclonal antibody of 1B50-1 activates ERK1/2 signaling pathway to result in apoptosis of TICs, thus overcome chemo-resistance. Voltage-gated calcium channels, sodium channels, or BK channels are over-expressed in ovarian CSCs. TM inhibits these ion channels’ currents, and reduces transcription factors of Oct3/4 and SOX2 via β-catenin signaling and ERK1/2 phosphorylation related to stemness and cell growth of ovarian CSCs, therefore abating chemo-resistance. Inhibition of KCa1.1 by its selective blocker of Paxilline can overcome antiandrogen acquired resistance due to MDM2 in human prostate cancer stem cells, meanwhile, this inhibition also overcomes acquired resistance of DOX due to MRP5 in LNCaP stem cells characterized with stemness markers of NANOG, CD44 and KLF4. CBD increases expression of AML-1a which subsequently binds to TRPV2 promoter to enhance transcription, and then induces GSCs differentiation, thus increasing the sensitivity to BCNU by triggering GSCs apoptosis. GSC, glioblastoma stem-like cells; ES, endostatin; Bcl-2, B-cell lymphoma-2; BAD, Bcl-2 associated death promoter; HCC, hepatocellular carcinoma; TICs, tumor-initiating cells; ERK1/2, extracellular regulated protein kinases1/2; DOX, doxorubicin; MRP, multidrug-associated protein; AR, androgen receptors; CBD, cannabidiol; AML, Acute myeloid leukemia; GSC, glioblastoma stem-like cells; BCNU, carmustine; MDM2, murine double minute 2.






Ion channels modulate chemo-resistance through cancer cell metabolism

Abnormal cell metabolism was an important hallmark of cancer (130). Intracellular metabolism of glucose, amino acids and lipids support cancer cell growth, metastasis and survival. In addition, abnormal cellular metabolism contributed to the acquisition of cancer stem cells (131, 132). Usually cancer cells increase glucose uptake 10 times more than normal cells, and convert glucose to lactate even in the presence of oxygen (133). Glycolysis, the central pathway of glucose metabolism, has been shown to maintain cancer stemness and induce chemo-resistance (134, 135).


Transient receptor potential ion channels

Studies have found that up-regulation of TRPC5 expression is associated with chemo-resistance in human colorectal and breast cancers by altering Ca2+ influx (136, 137). Numerous studies have shown that up-regulation of TRP channels play inversely roles in cancer, ranging from induction of apoptosis to facilitation of survival (138). The efflux of intracellular calcium is an ATP-dependent process. In non-malignant cells, oxidative phosphorylation was the main source of ATP under physiological conditions, and inhibition of mitochondrial metabolism disrupted intracellular calcium homeostasis and leads to cell death (139, 140). Aerobic glycolysis plays an important role in tumor progression, metastasis and recurrence by providing ATP and metabolites (130, 141). In addition, ATP produced by aerobic glycolysis was recently shown to play a key role in intracellular calcium efflux and homeostasis in malignant tumor cells (142). Several studies have found elevated aerobic glycolysis in drug-resistant cancer cells, which was essential for maintaining chemo-resistance (143–146). It is believed that glycolysis-derived ATP is crucial for drug-resistant cancer cells to cope with sustained chemo-therapeutic stress (143, 147), including enhanced drug inactivation, mutation of survival-related genes, deregulation of growth factor signaling pathways, increased expression of anti-apoptotic genes and/or activation of intracellular survival signals (148). Inhibition of glycolysis caused a significant decrease in ATP production, increased [Ca2+]i levels, caspase-3 cleavage, and increased apoptosis in colorectal cancer resistant cells, reversing resistance to chemo-theraputic agent (Fluorouracil, 5-FU). Since [Ca2+]i efflux is ATP-dependent and elevated [Ca2+]i levels have been shown to trigger apoptosis (149–151), a plausible explanation for the increased expression of cleaved caspase-3 after glycolysis inhibition was the deprivation of glycolysis-derived ATP, which subsequently leading to elevated [Ca2+]i levels. Furthermore, BAPTA-AM (a calcium chelator) reduced 2DG (glycolysis inhibitor) -induced increase in caspase-3 cleavage and apoptosis rate. This suggested an important role of increased glycolysis in TRPC5-induced chemo-resistance by supporting ATP to maintain the dynamic balance of intracellular [Ca2+]i. Further studies in patients with advanced colorectal cancer implementing chemo-therapy showed that the effect of high TRPC5 expression on chemo-resistance was dependent on high GLUT1 expression. The up-regulated expression of TRPC5 was shown to activate glycolysis in human colorectal cancer cells via the Wnt/β-catenin signaling pathway which has been shown to induce GLUT1 expression through c-Myc (136, 152). Moreover, TRPC5 activates Wnt/β-catenin, which promotes glycolysis by mediating Ca2+ influx, providing ATP and preventing [Ca2+]i overload, thereby inducing chemo-resistance. Therefore, high “TRPC5 glycolysis” is closer to chemo-resistance than high TRPC5 (153) (Figure 3).




Figure 3 | Ion channels develop resistance to chemo-therapy involving cell metabolism. Over-expression of TRPC5 leads to increased intracellular Ca2+ which facilitates the translocation of β-catenin into the nucleus, and induces ABCB1 (MDR1) expression, potentiating resistance to 5-Fu in HCT-8/5-Fu cells. Up-regulated TRPC5 in human colorectal cancer cells activates the Wnt/β-catenin signaling pathway, which has been shown to induce GLUT1 expression through its target gene c-Myc, thus exacerbating chemo-resistance. Using glycolysis inhibitor of 2DG can significantly increase the level of cleaved Caspase-3 in HCT-8/5-FU cells, thereby inducing apoptosis and reverse chemo-resistance. ABCB1, ATP-binding cassette, subfamily B, member 1; GLUT, glucose transporter; 5-Fu, 5-Fluorouracil; 3-BP, 3-bromopyruvate; 2DG, 2-Deoxy-D-glucose; Wnt/β-catenin, Canonical Wnt/β-catenin pathway.






Conclusions and outlook

Chemo-resistance is a major impediment to cancer therapy which easily leads to cancer recurrence. Resistance is a complex phenomenon involving multiple mechanisms, including activation of signaling pathways, improved anti-apoptotic capacity, and increased extrusion of therapeutic compounds. Despite many drugs/therapies are currently available in oncology, resistance to therapy hinders complete success of treatment and leads to mid- to long-term recurrence. Ion fluxes have been reported to modulate the response of cancer cells to several chemo-therapeutic agents (5). Moreover, the regulation of apoptosis by ion channels is well described, so it would be interesting to understand their significance in therapeutic-resistant compound.

Notably, Ion channels can be modulated by a wealth of natural compounds and small molecules. Currently, many classical drugs targeted ion channels for treatments are already on the market and even on the essential medicine list of WHO. It has been suggested that repurposing these marketed drugs for the treatment of cancer may be a practical option, especially for the refractory cancer with no drugs available (154). And such attempts may provide a new avenue to tackle chemo-resistance in cancer therapy.

Of course, when targeting ion channels for chemo-therapeutic drug development, cardiac safety and risk mitigation should be considered due to regulatory requirements. It is well-established that the cardiac K+, Na+, and L-type Ca2+ channels are associated with long QT syndrome (LQTs). Specifically, mutations in the α subunit of hERG channels initiate genetic LQTs and inhibition of hERG channel could lead to cardiac arrhythmia. Accordingly, strategies should be employed when screening new drug candidates targeted hERG channels. On the one hand, high-throughput assays can be used to screen safe hERG inhibitor without obvious cardiovascular toxicities (155). On the other hand, specifically targeting hERG in cancer cells without affecting hERG in healthy tissues could overcome the critical difficulties (156). More pertinently, study revealed that blockade of hERG increased the substrate for arrhythmogenesis, and concurrently inhibiting L-type Ca2+ channels reduced arrhythmogenic substrate and EADs (Ca2+-induced early after depolarizations) which could initiate cardiac arrhythmia. This contradict effects of both contribution to arrhythmogenesis and to its amelioration suggest that besides assessment on the particularly important hERG channel, the safety assays should concern of screening the effects of drugs on other cardiac ion channels including Na+ and L-type Ca2+ channels (157–159).

The review reported herein describes the regulatory role of ion channels in chemo-resistance via different mechanisms of tumor microenvironment, tumor stem cells, and tumor cell metabolism (Table 1). Although many studies have reported the relationship between chemo-resistance and ion channels, relatively few studies have provided the complete mechanism. Therefore, it seems necessary to update the understanding of the mechanism involving ion channels in order to enable potential therapeutic associations, including ion channel modulators, to ideally overcome resistance to chemo-therapeutic compounds. For several decades, the pharmaceutical industry has successfully developed ion channel blockers for the treatment of cardiac or psychiatric disorders. However, their therapeutic efficacy has not been extensively studied in clinical treatment for cancer. Studies demonstrated that calcium channel blocker of verapamil significantly improved survival in patients with anthracycline-resistant metastatic breast cancer when used in combination with chemo-therapy (160). In addition, the T-type calcium channel blocker mibefradil hydrochloride acts as a radio-sensitizer by enhancing the effects of hypofractionated radiation in patients with recurrent glioblastoma. The sodium channel blocker of Riluzole has been described for the treatment of cancer in patients with melanoma brain metastasis (161, 162). These ion channel modulators are all repurposed as chemo-therapy drugs. Hopefully, accumulating data on chemo-resistance conferred by ion channels will help repurpose ion channel modulators in clinical trials to improve cancer treatment (6).


Table 1 | Ion Channels Modulate in Cancer Chemo-resistance.
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Cyclin D1 has been reported to be upregulated in several solid and hematologic tumors, promoting cancer progression. Thus, decreasing cyclin D1 by degradation could be a promising target strategy for cancer therapy. This mini review summarizes the roles of cyclin D1 in tumorigenesis and progression and its degradation strategies. Besides, we proposed an exploration of the degradation of cyclin D1 by FBX4, an F box protein belonging to the E3 ligase SKP-CUL-F-box (SCF) complex, which mediates substrate ubiquitination, as well as a postulate about the concrete combination mode of FBX4 and cyclin D1. Furthermore, we proposed a possible photodynamic therapy strategythat is based on the above concrete combination mode for treating superficial cancer.
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Introduction

Loss of cell cycle control usually drives rapid and uncontrollable tumor growth, which has been considered an important feature for cancer cells (1). Cyclin D1, a key regulator of cell cycle progression, can integrate extracellular mitotic signals into DNA synthesis by binding to cyclin-dependent kinase 4/6 (CDK4/6), thus facilitating the cell cycle switch from G1 to S phase.

As its name suggests, cyclin D1 protein abundance fluctuates periodically throughout the cell cycle. In the late G1 phase, cyclin D1 levels increase and then activate CDK4/6, which helps trigger the progress of the cell cycle. In the S phase, however, the level of cyclin D1 falls. Cyclin D1 controls the G1-S phase transition in both CDK-dependent and CDK-independent manners.

In CDK-dependent manner, the cyclin D1/CDK4/6 complex phosphorylates SMAD3 and downregulates TGF-β family (2) (Figure 1A); the complex also phosphorylates RB1 and RBL1/2 and promotes E2F release, then upregulates cyclin E/CDK2 levels, further resulting in RB phosphorylation (3) (Figure 1B). Besides, the complex phosphorylates MEP50/PRMT5 and upregulates CDT1 activity via downregulating CUL4 activity (4) (Figure 1C). Additionally, the cyclin D1/CDK4/6 complex sequesters p21 and p27, indirectly upregulating cyclin E/CDK2 activity (5) (Figure 1D). All these molecular events mediate intracellular activities, including centrosome replication, mitochondrial metabolism, cell adhesion and motility, and cytoskeleton modeling (3) (Figure 1E).




Figure 1 | Cyclin D1/CDK4/6 promotes cell proliferation. (A) Cyclin D1/CDK 4/6 phosphorylates SMAD3 and downregulates the transcription of TGF-β family genes involving in growth inhibition; (B) Cyclin D1/CDK 4/6 phosphorylates RB1 and RBL1/2, leading to their inactivation and release of E2F family. E2F controls the transcription of genes essential for cyclin E synthesis, which will activate CDK2 and further promote RB phosphorylation, forming a positive feedback loop; (C) Cyclin D1/CDK4/6 triggers an increase in MEP50/PRMT5 activity and a decrease in the activity of CUL4, the E3 ligase of CDT1 and the replication licensing protein at the meantime; (D) Cyclin D1/CDK 4/6 sequesters the CDK inhibitors(CKIs) p21CIP1 and p27KIP1, indirectly upregulating cyclin E/CDK2 activity; (E) Molecular activities mediate intracellular activities, including centrosome replication, mitochondrial metabolism, cell adhesion and motility, and cytoskeleton modeling.



In addition to CDK-dependent cell cycle regulation activity, cyclin D1 itself has CDK-independent effects. Cyclin D1 is involved in the DNA damage response by interacting with RAD51 and BRCA2 (6). Besides, cyclin D1 regulates cell growth and differentiation by binding to several transcription factor families including nuclear hormone receptor family members [estrogen receptor-α (ERα), androgen receptor (AR), peroxisome proliferator-activated receptor-γ (PPAR γ)) and their co-activators (SRC1, GRIP1, and AIB1), BMYB, and the MYB-related transcription factor DMP1, the helix–loop–helix transcription factors neurogenic differentiation factor 1 (NEUROD1), as well as MYOD and C/EBPβ] (7–9). Cyclin D1 also promotes cell cycle progression by binding to signal transducer and activator of transcription 3 (STAT3) and TAFII250 (3).

Generally, all those activities are related to G1-S phase transition and cell proliferation. When dysregulated, upregulated cyclin D1 antagonizes the checkpoint induced cell cycle arrest, disturbs DNA replication, and allows damaged DNA to be replicated (4, 10, 11). Therefore, the overexpression of cyclin D1 or the failure of cyclin D1 degradation both accelerate G1-S transition, helping cancer cells to gain a survival advantage and an uncontrolled proliferation, which further promotes the invasiveness and malignance of cancer.

Cyclin D1 upregulation has been seen in at least 11 kinds of cancers, including head and neck squamous cell carcinoma (12), non-small-cell lung cancer (NSCLC) (13), endometrial cancer (14), melanoma (15), pancreatic cancer (16, 17), gastric cancer (18), breast cancer (19), colorectal cancer (20), mantle cell lymphoma (21), multiple myeloma (22), and prostate cancer (23). The prevailing view is that high levels of cyclin D1 expression have a positive correlation with poor prognosis in a wide variety of tumors such as nasopharyngeal carcinoma (NPC) (24), gastric cancer tissues (25), and squamous cell carcinoma of the head and neck (12, 26). Interestingly, a minority of reports suggest that a high level of cyclin D1 expression is associated with a favorable prognosis in breast cancer and clear renal cell carcinoma (27, 28).

Usually, a high level of cyclin D1 derives from enhanced mRNA expression of cyclin D1, splice variants, transcript aberrations, and downregulated cyclin D1 degradation (29–32), among which the dysregulated degradation of cyclin D1 could be a significant reason (3). In the early stage of cancer, failure to degrade cyclin D1 after double-strand DNA breaks (DSBs) may lead to the accumulation of DNA damage, thus promoting cancer development (33, 34). Furthermore, failure to degrade cyclin D1 compromises the intra-S-phase checkpoint (35) and results in high expression of cyclin D1, which is often witnessed in many kinds of malignant tumors, indicating poor prognosis (36–39).

Therefore, it becomes a necessity to seek methods for degrading cyclin D1. As a potential degradation complex of cyclin D1 (32), the binding between FBX4 and cyclin D1 is still being disputed by HURI1, NCBI2, and other official websites. Furthermore, it remains unclear about the specific binding motifs of FBX4 and cyclin D1. In this review, we will focus on the FBX4–cyclin D1 binding mode from the structural biology aspect to the application aspect.



The degradation of cyclin D1 elicits G0/G1 cell cycle arrest

Compared with cyclin D1 degradation, targeting CDK inhibition is more commonly observed clinically. The FDA has approved CDK inhibitors (CKIs) for patients with metastatic breast cancer (40). CKIs mainly act in the inhibition of RB phosphorylation and mediate cell cycle arrest. Besides, CKIs also play a role in modulating mitogenic kinase signaling and then inducing a senescence-like phenotype and enhancing cancel cell immunogenicity (41). However, CKIs usually lead to the avoidance of their conserved ATP-binding sites. Recently, researcher found that apart from CKIs that inhibiting cyclin D1, there also exist CDK degraders for degrading cyclin D1. Jiang et al. have developed Ikaros (IKZF1) and Aiolos (IKZF3) as imide-based CDK4/6 degraders in mantle cell lymphoma cell lines (42). The research and development of CDK degraders is still in the experimental stage, and patients usually are disturbed by the problems of decreased drug sensitivity in their later stages of CKI medication (43–45). Since both CDK degraders and CKIs have unavoidable defects, cyclin D1 targeted therapy is still a promising treatment. When cyclin D1 is degraded, G0/G1 arrest occurs, and then cells cease to proliferate over a period of time. The lower the amount of cyclin D1, the more likely it is to cause G0/G1 arrest.

Wu et al. (46) noted that acute cyclin D1 deficiency in the regenerating liver markedly inhibited hepatocyte proliferation after partial hepatectomy. Yang et al. (47) reported that myostatin, a transforming growth factor β-superfamily member, induces cell cycle arrest by degrading cyclin D1. Wei et al. (48) also observed that cyclin D1 degradation mediated by ERβ inhibited colon cell growth. From the opposite perspective, Li et al. (49) reported that USP5 stabilized cyclin D1 and downregulated its degradation, thus promoting glioblastoma multiforme (GBM) progression. Generally, methods for degrading cyclin D1 can be achieved through intracellular ubiquitin–proteasome degradation mechanisms that are exerted by extracellular factors.


Extracellular factors

	Chelating agent: Smara et al. (50) applied iron chelator deferasirox (DFX) to mantle cell lymphoma (MCL) cells, and found that DFX lead to cyclin D1 proteolysis and degradation in a mechanism that requires its phosphorylation on T286 by glycogen synthase kinase-3β (GSK3β). Several iron chelators were proved to be effective anti-cancer agents and potential therapeutic potions, leading to the ubiquitin-proteasome degradation of cyclin D1.

	Chemical osmosis: Casanovas et al. (51) illustrated that environmental stresses induced by chemical factors can also induce cyclin D1 degradation in vitro. Their further research showed that osmotic stresses activate p38SAPK2, thereby inducing cyclin D1 degradation. Herein, chemical osmotic stress can be induced by sodium chloride (NaCl), calcium chloride (CaCl2), magnesium chloride (MgCl2), hydrogen peroxide (H2O2) and sodium arsenite (NaAsO2). ODC-antizyme, a regulator of ornithine decarboxylase (ODC), has also been demonstrated to degrade cyclin D1 by altering chemical osmosis (52).

	Organic compounds: Several kinds of natural and synthetic organic compounds have been demonstrated to degrade cyclin D1, such as all-trans retinoic acid (RA) (53), ML364 (54), and differentiation-inducing factors (DIFs) (55). RA suppresses the G1-S transition, thereby inhibiting human bronchial epithelial cell growth. ML364 is the inhibitor of the deubiquitinase USP2, which mediates the ubiquitination of cyclin D1. DIFs induce differentiation and restrict the cell cycle in the G0/G1 phase.

	Drugs: There is proof from several pieces of evidence that some drugs can mediate cyclin D1 degradation. Nivelle et al. (56) proved that resveratrol, epsilon viniferin, and labruscol degraded cyclin D1 in melanoma cells. Zhu et al. (57) proved that arctigenin would mediate GSK3-dependent cyclin D1 degradation in ER-positive breast cancer cells. Additionally, there are other drugs targeting cyclin D1 degradation. Luzonicoside A inhibited the proliferation and migration of cancer cells significantly more than Luzonicoside D (58). Treatment with Gambogenic acid (GNA), benzofuroxan derivative-22 (BFD-22) and Hemsleyanol D induced G0/G1 arrest (59–61). Dehydroleucodine (DhL) degraded cyclin D1 in a concentration-dependent manner (62). Simvastatin enhanced the phosphorylation and protein degradation of cyclin D1 (63, 64). Rottlerin downregulated cyclin D1 in a p21-independent mechanism (65).





Intracellular mechanism

For the intracellular mechanism, namely, ubiquitin-proteasome degradation mechanism, two different E3 ubiquitin ligases were reported.

	APC complex: The anaphase-promoting complex (APC) is a cell cycle regulated ubiquitin ligase. Peters et al. (66) stated in the review that cyclin D1 degradation was mediated by APC. Besides, Agami et al. reported that ionizing radiation (IR) induced cyclin D1 degradation requires an anaphase promoting complex (APC) (67).

	AMBRA1: Activating molecule in beclin-1-regulated autophagy (AMBRA1) degrades cyclin D1 by interacting with cullin-RING family (CRL4-DDB1 complex) of E3 ubiquitin ligase, which activity depending on the phosphorylation of cyclin D1 at T286 (68, 69). Besides, CRL4AMBRA1 degrades three types of cyclin Ds (cyclin D1–3) through ubiquitin proteasome pathway (70).

	SCF complex: Liu et al. (32) proposed that cyclin D1 undergoes ubiquitin-proteasome-dependent degradation in vivo, which is mediated by SCF complex subunit, FBX4. Besides, Okabe et al. (71) identified FBXW8 and FBXL12 as other cyclin D1 E3 ligases, which also belong to the SCF complex subunit.



Extracellular factors and intracellular ubiquitin-proteasome mechanisms mediated by APC have been thoroughly studied previously. However, the degradation of cyclin D1 specifically by the SCF complex, especially FBX4, has not been thoroughly studied. Moreover, the exact mechanism of interaction between FBX4 and cyclin D1 is still waiting to be explored. As the basis of structural biology reports on the binding of AMBRA1 and cyclin D1 is unclear yet, we would concentrate on the detailed binding mode between cyclin D1 and FBX4. Considering that CRL4AMBRA1 and the FBX complex have similar Cullin-RING, the analysis of the detailed binding mode between cyclin D1 and FBX4 may provide a basis for the structural biology research of AMBRA1.




The possible combination mode between FBX4 and cyclin D1

The Skp–Cullin–F-box (SCF) complex is an E3 ubiquitin ligase that binds to protein substrates and mediates ubiquitin-proteasome degradation. The SCF complex consists of four parts: SKP1, Cullin1 (CUL1) or cullin7 (CUL7), RBX1, or ROC1, and F box protein (72) (Figure 2). In this structure, the amino acid sequence specificity of the F box determines the specificity of the SCF complex. Each F-box protein contains an SKP1 binding motif as well as a specific substrate-recognition motif (73). The F-box protein family can be divided into three classes3: FBWs, FBLs, and FBXs. FBWs are characterized by WD-40 domains. FBLs are characterized by leucine-rich repeats and by either different protein–protein interaction modules or no recognizable motifs. FBX4, which is also named FBXO4, belongs to the FBX class.




Figure 2 | Structural diagram of FBX4. F box protein combine with Skp1, Cul1 and Rbx1, consisting SCF complex.



In the following section, we would summarize the conditions required for the combination of FBX4 and cyclin D1 and propose their possible combination mode.


With alpha B-crystalline binding and the GSK3β-mediated phosphorylation, FBX4 would bind to cyclin D1

Above all, the degradation of cyclin D1 relies on FBX4 dimerization in vivo, which process further depends on the phosphorylation of FBX4. Barbash et al. (74) found that GSK3β mediates the phosphorylation of FBX4 at Ser8 and Ser12, thereby promoting the dimerization of FBX4 and stimulating its activity as an E3 ligase (Figure 3A). Compared with GSK3β inhibited cells, cells with normal GSK3β expression showed a marked decrease in growth. Barbash et al. (74) have testified that Ser8 and Ser12 phosphorylation of enhances poly-ubiquitin linked cyclin D1, while FBX4 alone or FBX4, whereas was not phosphorylated showed low degradation activities.




Figure 3 | GSK3β-mediated FBX4 and cyclin D1 phosphorylation. (A) GSK3β phosphorylates FBX4 at Ser8 and Ser 12 of F box domain. (B) GSK3β phosphorylates cyclin D1 at Thr286. αB, alpha B-crystalline.



Besides, cyclin D1–FBX4 binding depends on alpha B-crystalline existence and cyclin D1 phosphorylation at Thr286 mediated by GSK3β (Figure 3B). Lin et al. (75) demonstrated that cyclin D1 binds to FBX4-alpha B-crystalline in a manner of cyclin D1 Thr286 phosphorylation in vitro since the cyclin D1 T286A mutant did not coprecipitate with alpha B-crystalline. What’s more, their experiments indicate that omitting alpha B-crystalline can inhibit the binding of FBX4 and cyclin D1. However, cyclin D1 precipitation mediated by FBX4 can also be detected in the absence of alpha B-crystalline, illustrating that alpha B-crystalline is not a necessity for cyclin D1–FBX4 binding.

Additionally, FBX4 associates with cyclin D1 in a relatively specific manner. Lin et al. (75) found that phosphorylated cyclin D1 peptides did not recruit other F box proteins such as FBW2 or SKP2. After IP-IB analysis of eight kinds of full-length F Box, Okabe et al. revealed that FBXW5, FBXW7, FBXW11, SKP2, and FBXL5 did not inhibit cyclin D1 expression (71).

As a supplement, the degradation of cyclin D by FBX4 may not be affected by the compensatory effect. According to the compensatory effect, if cyclin D1 alone was degraded, cyclin D2 and cyclin D3 would compensatively bind to CDK4/6 in place of cyclin D1 to promote cell cycle progression. Nevertheless, cyclin D1, cyclin D2, and cyclin D3 have similar phosphorylation sites for FBX4 binding (Thr286, Thr280, and Thr283) (3). Thus, cyclin D2 and D3 could also be degraded by FBX4 in the deduction. However, the expression of cyclin D2 and cyclin D3 is rare compared with the universal expression of cyclin D1 in most cancers (3), and that cyclin D3 plays a unique role mainly in T-cell leukemia (76). Considering the commonality of cyclin D degradation and the universality of cyclin D1, we focus on the cyclin D1–FBX4 combination.



Conjecture of the combination mode

At present, there are few reports about the binding mechanisms between FBX4 and cyclin D1. If the binding mode of FBX4 to cyclin D1 is determined, the binding motif itself may be used as a biological component for targeted degradation of cyclin D1.

Unfortunately, the binding of FBX4 and cyclin D1 is still being doubted. From NCBI Reference Sequence NM_012176.34, we found that (1): FBX4 is a protein with 387 amino acids (2); There exists two phosphorylation sites near the N-terminal of FBX4, which is coincident with the exploration of Barbash et al. (74) (3); Most importantly, the binding motif of FBX4 with another ascertained ligand—TRF1, is the peptides sequence near the C-terminal of amino acids from position 341 to 372. These information hints that the site where FBX4 binds to the substrate are supposed to be near the C-terminal.

Another article helped a lot. In this article, Li et al. (77) provided the overall structure of the SKP1-FBX4 core complex. Structurally, FBX4 has four essential domains essential for its function in the SCF complex: N-terminal dimerization domain (D domain), F box domain, linker domain, and C-terminal substrate-binding domain (G domain) (Figure 4) (77). According to the structural analyses by Li et al. (77), the interaction mode between the F box domain and G domain of FBX4 is head-to-tail dimerization, which is necessary for substrate binding and ubiquitin transfer.




Figure 4 | Structural diagram of FBX4 dimerization. Two FBX4 molecules dimerize in a head-to-tail manner and expose substrate binding motifs (with one FBX4 highlighted in yellow shadow). The presumed cyclin D1 binding motif is highlighted (in red shadow). H, helix; S, strand.



Thus, we can rationally deduce that the exposed end containing Helix7 (H7), Helix8 (H8), and Helix13 (H13) could be the substrate binding site. Considering the known facts that TRF1 combined with helix near the end H13 and cyclin D1 is a cyclin distinct-different from TRF1, the specifically binding motif of FBX4 and cyclin D1 could be at the other subdomain, that is, nearby H7 and H8. According to UniProt5, H7 and H8 are located at the positions corresponding to amino acids 193–212. However, whether the combination mode is exactly like this is waiting for experiments to testify.

To summarize, the specific binding manner of FBX4 and cyclin D1 is supposed to be as follows: cyclin D1 is phosphorylated at Thr286 and is accompanied by alpha B-crystalline binding. Cyclin D1 phosphorylation and alpha B-crystalline are two important conditions to ensure the degradation efficiency of cyclin D1. At the same time, FBX4 proceeds head-to-tail dimerization and recruits the rest of the SCF complex such as SKP1, CUL1, and RBX1. Then phosphorylated cyclin D1 binds to FBX4 at the G domain and is eventually ubiquitinated and degraded by the proteasome (Figure 5). As the specific binding motif between cyclin D1 and FBX4 has not been certified, the arrow from cyclin D1 to the G domain remains a question mark.




Figure 5 | Structural diagram of FBX4-mediated cyclin D1 ubiquitination. After phosphorylation and alpha B-crystalline combination, cyclin D1 is recruited by dimerized FBX4. FBX4 also recruits the remainder of E3 ubiquitin ligase and E2 ubiquitin ligase, mediating cyclin D1 ubiquitination. αB, alpha B-crystalline; Ub, ubiquitin.






Application of FBX4–cyclin D1 combination in photoswitching PROTAC

As for the application of ubiquitin mediated protein degradation, Luo et al. (78) reviewed major advances in PROteolysis TArgeting Chimeras (PROTAC), which mediates the transfer of poly-ubiquitin (Ub) chains from E3 ligase to the protein of interest (POI). At present, two powerful PROTAC candidates have entered phase 1/2 clinical trials developed by the Arvinas company, namely, ARV-110 targeting androgen receptors (AR) for treating prostate cancer (79), and ARV-471 targeting estrogen receptors (ER) for treating breast cancer (80). Although the traditional PROTAC has presented a great application value, there is still the problem of poor controllability and off-target effect. If the reversible optical switch can be added, these problems will be greatly solved. Among different controllable PROTACs, the photoswiching PROTAC strategy is reversible. By switching the light wavelength irradiating the controlling element of PROTAC, PROTAC can bind with POI and then mediate ubiquitin proteasome degradation. Otherwise, PROTAC would be separated from POI and then POI degradation would stop (81). The switch of a specific wavelength depends on the characteristics of the optical control element.

Photodynamic therapy is becoming a new hotspot in recent years. Ye et al. (82) constructed an optogenetic switch to regulate Fc-adiponectin expression in photosensitive cells by using far-red light and effectively reduced blood lipid and blood sugar, thus alleviating the symptoms of insulin resistance. Later, the team developed the REDMAP system (83), a red/far-red optogenetic switch used to regulate insulin expression and hypoglycemia in diabetic mice and rats. Their academic achievements indicate that the light-controlled system has a great application prospect. The NUDT IGEM team6 has made an achievement in integrating Trim21, a cytosolic ubiquitin ligase and antibody receptor with a blue light controlled model (CRY2 and its ligand CIB1) to target GFP degradation.

Based on the theoretical basis above, we then propose to modify it into a cyclin D1 degradation model by proposing the CIB1-FBX4 system. In this system, blue light mediates the combination of two photosensitive proteins of Arabidopsis, CIB1 and CRY2, by causing them to deform (84). As shown in Figure 6, CIB1 and Trim21 are designed by linking together, whereas CRY2 and the capture sequence of FBX4 are linked together with a segment of flexible peptide. If there were no light signal, the FBX4 binding motif could capture target cyclin D1 but does not cause its degradation. Upon blue light stimulation, CIB1 can bind to CRY2, which is then accompanied by the binding of Trim21 to cyclin D1, and subsequently the degradation of cyclin D1 (Figure 6). If the exact binding motif of FBX4 was integrated into their optical control model, rapid and efficient blue light-controlled cyclin D1 degradation would be achieved. Thus, we can synchronize the cycle of the tumor cells at the G0 phase. On the condition that the cycle of the tumor cells is synchronized before M phase, they stop proliferation and diffusion. This strategy is especially suitable for superficial cancers such as esophageal squamous carcinoma, because these lesions are easily irradiated by light. For the specific application, just take esophageal squamous carcinoma as an example. Specific implementation methods include modifying gastroscopy apparatus and transfecting the CIB1–FBX4 system into cancer cells. The proliferation of cancer cells will be slowed down by light therapy, which acts in a similar manner to gastroscopy.




Figure 6 | CIB1–FBX4 system. FBX4 binding motif captures cyclin D1. After blue light stimulation, CIB1 combines with CRY2 (84), leading to Trim21-mediated cyclin D1 degradation.



The outstanding features of the CIB1–FBX4 system include more reversible and sufficient degradation than the FBX4 whole sequence. It is inevitable that there are normal cells transfected with the CIB1–FBX4 system that experience G0/G1 arrest temporarily. However, the expression of cyclin D1 will be restored after light removal, and the normal cells will resume normal division after a while. To the greatest extent, it avoids “accidental injury.” In addition, it solves problems such as insufficient regulation ability of existing protein-targeted degradation tools on intracellular coding proteins, influence on normal physiological functions of cells, and limited application in vivo environment.

It is worth noting that there are drawbacks to this approach. As CIB1 and CRY2 come from Arabidopsis thaliana, a plant, it is unclear whether the system will cause immunological rejection in vivo. Therefore, the system is expected to be tested in organoids with an immune microenvironment. More light-controlled components are expected to be discovered and applied as well.
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Circulating tumor cells (CTCs) that survive in the blood are playing an important role in the metastasis process of tumor. In addition, they have become a tool for tumor diagnosis, prognosis and recurrence monitoring. CTCs can exist in the blood as individual cells or as clumps of aggregated cells. In recent years, more and more studies have shown that clustered CTCs have stronger metastasis ability compared to single CTCs. With the deepening of studies, scholars have found that cancer cells can combine not only with each other, but also with non-tumor cells present in the blood, such as neutrophils, platelets, etc. At the same time, it was confirmed that non-tumor cells bound to CTCs maintain the survival and proliferation of cancer cells through a variety of ways, thus promoting the occurrence and development of tumor. In this review, we collected information on tumorigenesis induced by CTC clusters to make a summary and a discussion about them. Although CTC clusters have recently been considered as a key role in the transition process, many characteristics of them remain to be deeply explored. A detailed understanding of their vulnerability can prospectively pave the way for new inhibitors for metastasis.
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Introduction

As we all know, the leading cause of death in patients with cancer diseases is the formation of metastatic tumors. Deaths due to metastatic tumors account for ninety percent of cancer-related deaths (1). Tumor metastasis is a multi-step process of cell biology. It can be succinctly summarized as the progress that cancer cells shed from the primary solid tumor reach the distal metastasis through a series of processes, then adapt to foreign tissue microenvironment, and finally form secondary tumor sites (2). In the whole process, cancer cells can break off from the solid tumor lesion at the primary or metastatic site. Then they enter the bloodstream, which is the main cause of metastatic tumors (3). Circulating tumor cells (CTCs) refer to all kinds of cancer cells in peripheral blood (PB). As early as 1869, Thomas discovered the existence of CTCs in patients with tumor diseases. Today, the analysis of blood for CTCs called “liquid biopsy” has opened new avenues for cancer surveillance (4). If there is no CTCs detected in the blood sample, it can be judged that the patient has a good prognosis (5). In fact, CTCs can not only exist as single cells, but also aggregate into multicellular population in PB. A cell cluster formed by the aggregation of two or more cancer cells through intercellular adhesion molecules is called a CTC cluster (6). Cancer cells can fall off from the primary site in clumps, and at the same time, it has been documented that individual cancer cells in the blood system can also clump together to form CTC clusters (7). As early as 1954, Watanabe found that CTC clusters were of paramount importance for metastatic tumors (8). In the following decades, continuous studies have revealed that metastatic tumors are significantly correlated with the size and number of CTC clusters (9, 10). However, separating and enriching CTCs and CTC clusters from fresh blood samples have been a tough problem to overcome for a long time, so further researches on them have stalled for decades.

With the unceasing development of science and technology, considerable number of specialized CTC isolation instruments have been invented in order to better detect CTCs, such as CellSearch®, CTC–Chip, CTC–iChip, etc (11). The principle of separating CTCs from blood can be divided into two parts: one is based on the physical properties of CTC clusters and the other is based on immunofluorescence biomarker staining. These methods have greatly promoted the pace of researches on the molecular and biological characteristics of CTC clusters. In recent years, it has been wildly reported that the ability of CTC clusters to metastasize and proliferate is stronger than that of individual CTCs (12). Moreover, there are complex interactions between non–tumor cells in blood circulation and cancer cells, and non–tumor cells combined with CTCs include neutrophils, myeloid–derived suppressor cells (MDSCs), tumor–associated macrophages (TAMs), platelets and cancer–associated fibroblasts (CAFs), etc. These non–tumor cell scan promote tumor metastasis in many ways (12). Now more and more people are concentrating on studying CTC clusters intently and CTC clusters may even represent a valuable and promising new treatment option.



Strong metastatic potential of CTC clusters

More than 100 years ago, Stephen Paget proposed the hypothesis of “seeds and soil”. In this hypothesis, CTCs are considered as the “seeds” of metastatic tumors, whose growth and colonization depend on the environment of the surrounding soil (13). It should be noted that CTC clusters exist in and are closely associated with many types of cancer, including liver cancer, lung cancer, colorectal cancer, renal cancer and pancreatic cancer, especially breast cancer (14–16). A recent study on prostate cancer demonstrated that the metastasis from the primary lesion to the secondary site was a process of polyclonal diffusion. This suggests that the metastasis of CTCs is characterized by polyclonal transfer, and different polyclonal genes have disparate traits for growth and treatment response (17). In other words, CTCs circulate in the blood in the form of aggregated cell clusters, namely CTC clusters. Actually, CTCs and CTC clusters are extraordinarily rare in PB. There is only one CTC in a billion blood cells, and CTC clusters are even rarer, accounting for about three percent of whole CTCs (5). However, according to relevant tests, the probability of single CTCs successfully forming a metastasis is extremely small. Meanwhile, CTC clusters are considered as “seeds with soil”, so scholars believe that “seeds” carrying “soil” may be more able to metastasize and grow.

Metastasis is a greatly complex process. First, cancer cells grow continuously and form tumor–related vessels. Then, cancer cells invade blood vessels through epithelial–mesenchymal transition (EMT) and enter the blood circulation. During EMT, epithelial bio–markers such as keratin, E–cadherin and epithelial cell adhesion molecule (EpCAM) are down–regulated while vimentin, N–cadherin, Snail1 (Snail), Snail2 (Slug) and other markers of mesenchymal cells are up–regulated (18). Quantitative 3D assessment of tumor budding at the cancer–host interface suggested that the migration of collective cells was considered as the mechanism of invasion, while the migration of single cancer cells seemed to be virtually absent (19). Then cancer cells in blood vessels eventually invade distant organs, where they colonize and proliferate to form tumor metastasis sites (20). As cancer cells travel through the blood, they will undergo various external pressures until they reach the distant organs, such as fluid shear stress (FSS), the attack of immune system and anoikis (21). Anoikis is defined as a unique phenomenon. The cancer cells in the primary sites adhere closely to each other or to the extracellular matrix. When they are separated from the primary sites individually, the cancer cells will apoptosis (22). It is a key mechanism that prevents cancer cells from growing and attaching to the matrix, thus avoiding the colonization of cancer cells in distant organs (23). More interestingly, in the original sites, cancer cells will form an immunosuppressive microenvironment to resist the damage of the immune system to them. So when they enter the blood system, they will lose the protection of immunosuppressive microenvironment. Therefore, only those cancer cells that can survive in the blood stream, adapt to the new environment of distant tissues, and induce angiogenesis can successfully spread and metastasize ultimately (24). Studies in vivo showed that CTC clusters were 50 times more likely to facilitate the metastasis than single CTCs (5). As the disease worsens, the number of detectable CTC clusters is increasing which shows that CTC clusters are closely related to the occurrence and development of cancer (25). This means that CTC clusters have more advantages in the process of tumor formation than individual cancer cells as Figure 1 shows. At the same time, the question that why aggregated CTCs have stronger metastatic ability is being gradually explored.




Figure 1 | Metastasis of circulating tumor cells (CTCs) and CTC clusters Cancer cells fall off from the primary sites and enter the blood circulation. They can exist by the form of single cells or aggregated cell clusters. There are various factors in peripheral blood (PB) that are not conducive to the survival of cancer cells. Cancer cells will be attacked by fluid shear stress and immune system, and signal CTCs also induce apoptosis due to the loss of intercellular contact. Finally, they reach distant organs and continue to spread, and CTC clusters have stronger metastatic potential compared to signal CTCs.





Homotypic circulating tumor cell clusters

CTC clusters can be roughly divided into two types according to the categories of composed cells. One is a kind of homotypic CTC clusters, and the other is heterotypic CTC clusters (26). When cell clusters contain two or more cancer cells, they are defined as homotypic CTC clusters (27). It has been found that when single or aggregated breast cancer cells were introduced into the tail vein of mice, aggregated cancer cells were more resistant to anoikis than single cells and their ability to implant in lung is also enhanced (28). Beyond that, many biological characteristics and advantages of promoting tumor metastasis have been revealed before. In the following part, we will display the main features of homotypic CTC clusters in Figure 2.




Figure 2 | Characteristics of homotypic circulating tumor cell (CTC) clusters After CTCs gather into CTCT clusters, they will create favorable living conditions conducive to their own survival in a variety of ways. Cancer cells maintain important intercellular junction molecules, such as CD44, ICAM1, plakoglobin and so on, to resist anoikis. The aggregation of cancer cells can lead to hypomethylation of transcription factor binding sites related to stem cells and proliferation. CTC clusters keep hypoxic environment and the expression of PD–L1 increases significantly. They evade immune surveillance by these two ways. In addition, CTC clusters have a mixed epithelial/mesenchymal phenotype. When encountering small diameter vessels, they will be arranged in chains. All these characteristics lead to the stronger metastatic ability of CTC clusters.




CD44 mediates the adhesion and migration of CTCs

CD44 is a transmembrane glycoprotein and participates in cell proliferation, cell differentiation, cell migration, angiogenesis, docking of proteases on cell membranes (29). CD44 expression is up–regulated in subpopulations of cancer cells and also recognized as a molecular marker for CSCs (30). In 2015, Transmembrane 4 six family members 5 (TM4SF5) was found to bind and interact with CD44, thus improving the self–renewal properties of cancer cells and subsequently promoting the metastatic potential of CTCs (31). In 2019, Huiping Liu uncovered that aggregated cancer cells highly expressed CD44 and the results showed enhanced tumorigenesis and polyclonal metastasis of CTC clusters. Moreover, a mechanism for the formation of CTC clusters through CD44–PAK2 was demonstrated, which could further activate focal adhesion kinase (FAK), and FAK signal has been reported to control the adhesion, migration and proliferation of cancer cells (7). Epidermal growth factor receptor (EGFR) is a type I receptor tyrosine kinase. Together with its ligand, EGFR is involved in the regulation of a variety of cellular pathways. Knock–downing EGFR has been reported to inhibit cell growth (32). More interestingly, EGFR can enhance the CD44–mediated cancer cells aggregation and CD44 can stabilize EGFR in turn. Blocking EGFR by anti–EGFR monoclonal antibody could effectively prevent the aggregation of cancer cells and reduce the pulmonary metastasis of tumor. This implies that there is a positive feedback between EGFR and CD44 to maintain the stability of them (33).



ICAM1 mediates the adhesion and transendothelial migration of CTCs

In 2021, Huiping Liu found that the expression of inter–cellular adhesion molecule 1 (ICAM1) increased 20 times in pulmonary metastatic cancer cells compared with non–metastatic cancer cells (28). ICAM1 is a cell surface glycoprotein typically expressed on endothelial cells and certain leukocytes that participates in many important processes, including cell signaling, cell–cell interaction, cell polarity and so on (34). CTCs can express ICAM1 on the surface of cell membrane and ICAM1 positive cells have stronger tumorigenic ability (35). The research showed that ICAM1 was not only a key promoter of the aggregation of homotypic CTC clusters, but also drove heterotypic adhesions between cancer cells and endothelial cells. What is more important, ICAM1 can maintain the level of cyclin–dependent kinase 6 (CDK6) and other signaling pathway components associated with the cell cycle, stemness, and survival (28). The extra–cellular matrix degrading enzyme heparinase (HPSE) is a gene associated with immune infiltration and cancer prognosis, and it can mediate the homotypic aggregation of CTCs in patients with breast tumor (36). Overexpression of HPSE can contribute to the aggregation of CTCs, and induce FAK signaling pathway and ICAM1–dependent cell adhesion, finally promoting the aggregation of cancer cells in the blood vessels (37).



Plakoglobin is beneficial to the aggregation of CTCs

Plakoglobin is an important component of adhesion junctions and desmosomes. It can directly bind to E–cadherin and play an important role between desmosomal cadherin and interfilament cytoskeleton (38). In the beginning, plakoglobin was thought to be a tumor suppressor gene (39). Subsequently, plakoglobin was shown to be associated with the up–regulation of the PI3K/AKT and MAPK signaling pathways in the tumor microenvironment, which was beneficial to the occurrence and development of tumors (40). Single–cell RNA sequencing showed that the expression of plakoglobin in CTC clusters in breast tumor patients was 219 times higher than that in single CTCs. When plakoglobin was silenced in breast cancer cell lines, the likelihood of pulmonary metastasis was reduced in animal models. Results from the orthotopic xenograft model showed that silencing plakoglobin significantly reduced the number of aggregated CTCs, although neither the growth rate nor the number of single CTCs in the primary tumor was affected (5). This suggests that plakoglobin targets CTC clusters, promoting tumor metastasis by maintaining the aggregation of CTCs. According to the clinical analysis report, plakoglobin expression is an independent prognostic factor in breast cancer patients in clinical practice. Especially for overall survival, patients with high plakoglobin expression have lower survival rate (38).



Other important mediators of intercellular adhesion

In addition to plakoglobin, CD44 and ICAM1 mentioned above, which play important roles in homotypic cell adhesion recognized by public, many other substances also participate in the aggregation of cancer cells. According to the relevant literature fibronectin plays an important role in the aggregation of CTCs (41). Further researches found that compared with normal cells, cancer cells could induce the upregulation of fibronectin upon detachment, which promoted the formation of CTC clusters and improved the ability to resist anoikis (42). Besides, CEACAM6 expressed on cancer cells can also help enhance the resistance of cancer cells to anoikis. In other words, CEACAM6 can maintain the adhesion between cancer cells (43). CTC clusters often express epithelial cytoskeleton protein, keratin 14 (K14). The result of RNA–seq analysis showed that the highly invasive K14 positive cells were rich in desmosome and hemi–desmosome adhesion complex genes. This indicates that there is a strong correlation between K14 and cell adhesion (44). Recently, two studies have shown that claudin 3 and claudin 4 are both extremely important proteins in the formation of CTC clusters (45, 46). In general, there are many substances and regulatory mechanisms to maintain the aggregation of cancer cells.



Mechanical deformation

Throughout the tumor metastasis process, CTC clusters have obviously more advantages in the stage of hematogenous metastasis than single CTCs. Although the volume of CTC clusters is very large and they may not penetrate micro–vessels easily, relevant literature reported that more than ninety percent of CTC clusters with as many as 20 cells could successfully penetrate 5 μm to 10 μm blood vessels in whole blood. CTC clusters move quickly and reversibly form single–stranded cells, which greatly reduces the hemodynamic resistance that they are subjected to. After extrusion, the nucleus of CTC clusters may deform from circular to slender ellipsoid. Morphological changes involve the whole cell clusters and the cell itself (47). In addition, cancer cells can soften themselves during the migration, which is the adaptation mechanism of their mechanical means of invasion (48). At the same time, their large volume is their physical advantage as well, mainly because when they are easily trapped in the blood vessels of distal metastatic organs, cell–cell adhesion can enhance the ability of cancer cells to metastasize. To sum up, mechanical morphological changes and tight junctions between cancer cells make CTC clusters with strong metastatic ability (26).



DNA hypomethylation

There is a significant correlation between cancer progression and DNA methylation. It has previously been reported that tumor–associated methylation can be detected in CTCs (49). A comprehensive analysis of CTC methylome identified a unique DNA methylation signature of CTCs. Further analysis showed that methylation of promoters of epithelial genes was related to the EMT process (50). In 2011, the first report on epigenetic changes in CTCs was published. It indicated that DNA hypermethylation of tumor suppressor gene was a marker of CTCs in breast cancer patients (51). In 2019, CTC clusters have been reported to be related to DNA methylation kinetics. Clusters of cancer cells can lead to hypomethylation of binding sites for transcription factors associated with stem cells and proliferation. When CTC clusters were dissociated into single cells, the associated transcription factor binding sites would remethylate, including OCT4, SOX2, NANOG and SIN3A. As a result, cancer cells were less able to spread and metastasize (52). By contraries, the activation of OCT4, EGFR, and PAK2/FAK signaling pathway can mediate homotypic aggregation of CTCs and further promote homologous interaction of CD44 (7).



Immune escape

The activation of T cells plays an important role in the immune regulation of the body and T cells are highly lethal to cancer cells. Programmed cell death 1 (PD–1) is a negative immunomodulatory checkpoint expressed on activated T cells. It plays a core role in adaptive cellular immunity and controls the activation and differentiation of T cells (53). Programmed cell death ligand 1 (PD–L1) is expressed by cancer cells. When PD–L1binds to PD–1, it can strongly inhibit signal transmission to T cells, thus affecting cytokine production and inhibiting the proliferation of T cells (54). Studies have shown that increased expression of PD–L1 on cancer cells has the ability of leading to reduced tumor–specific immunity (55). A recent research showed that PD–L1 was often expressed in CTCs, so CTCs can evade immune surveillance in this way. The detection of CTCs expressing PD–L1 indicates the weakening of immune defense mechanism and the development of metastatic tumors, ultimately leads to poor prognosis of patients (56). Moreover, compared with single CTCs, the expression of PD–L1 was higher in CTC clusters. This means that CTC clusters are more tolerant to the damage of the immune system. Therefore, the possibility of forming metastatic tumors of CTC clusters will become higher (57).



Partial EMT phenotype

EMT progression plays an important role in metastatic tumors. Morphological and molecular characteristics are used to characterize EMT states, including loss of cell–cell adhesion, changes of cell shape from round to oval shape, increased migration/invasion ability and improved resistance to anoikis (58). Studies have shown that the partial epithelial/mesenchymal phenotype of CTC clusters is an important means for them to make a living in human bodies (59). Weakly migrated subsets are more epithelial subsets and highly migrated subsets are more mesenchymal subsets (60). CTC clusters exhibit a partial EMT phenotype, with some cells in the cluster acting as “leaders” (on the first line of migration) and others as “followers”. EMT phenotype is more evident in “leader” cells (61), and TGF–β–SMAD signaling pathway has been reported to play an important role in metastasis. Blocking TGF–β can inhibit the expression of E–cadherin, causing cancer cells to partially or completely lose the E–cadherin–mediated adhesion connection, while enhancing their motility and invasiveness (21). The “alternating” mesenchymal phenotype and epithelial phenotype are particularly helpful in tumor progression and enhances their plasticity.



Internal anoxic environment

Hypoxia has a very close relationship with angiogenesis, immune evasion, CSCs characteristics, etc (62). It is an important feature of tumor survival environment, which can induce EMT to contribute to the movement of cancer cells (63). Hypoxia–inducible factor 1 alpha (HIF–1α) is overexpressed in human cancers, partly as a result of hypoxia within tumors (64). On the other hand, compared with primary tumors, HIF–1α protein expression in metastatic tumors is increased, while hypoxia signaling in CTCs predicts reduced overall survival in patients with cancer metastasis (65). When cancer cells gather together, they can induce an anoxic environment to form an immunosuppressive microenvironment suitable for their growth (66). On the other hand, internal anoxic environment is the main reason for the enhancement of cell–cell adhesion and the formation of CTC clusters, and the hypoxic CTC clusters are more likely to invade blood vessels (67). High expression of Desmoglein2 (DSG2) has the huge potential for promoting tumor growth, increasing the prevalence of CTC clusters, and facilitating distant organ colonization. More importantly, the regulation mediated by DSG2 of CTC clusters is affected by upstream HIF–1α (68). So this means that CTC clusters maintain the hypoxic environment, and in turn, the hypoxic environment maintains the survival of cancer cells.




Heterotypic circulating tumor cell clusters

Throughout the development of metastatic tumors, CTCs are existing in the greatly complex vascular environment in which cancer cells interact with the outside world through various ways. In many types of cancer diseases, CTC clusters exhibit high heterotypic phenotype (69). Heterogeneity is a characteristic of malignant tumors. According to the related report, heterotypic phenotype can make cancer cells adapt to the changes of tumor microenvironment and is conducive to tumor progression (70). Some studies have shown that CTC clusters can be composed of some cancer cells and non–tumor cells. These non–tumor cells, such as platelets and neutrophils, will interact with CTCs in various ways to enhance the survival and metastasis of cancer cells. According to literature reports, the metastatic capability of heterotypic clusters is stronger than that of homotypic clusters (26). The interaction process between non-tumor cells and cancer cells is summarized in Figure 3.




Figure 3 | Formation of heterotypic circulating tumor cell (CTC) clusters. In the blood circulation, CTCs forms cell clusters with other non–tumor cells, such as neutrophils, platelets, macrophages, MDSCs and CAFs. These non–tumor cells can combine with cancer cells through key adhesion molecules to prevent apoptosis, and maintain the survival of CTCs in vivo through multiple ways. They can release some cytokines to strengthen the invasion and proliferation of cancer cells, and be more resistant to fluid shear stress (FSS). In addition, cancer cells also release related substances to act on non–tumor cells and recruit them to adhere to CTCs. In short, they jointly promote the occurrence and development of cancer in the blood system.




MDSCs

MDSCs are heterogeneous cells derived from bone marrow and are immature myeloid cells. MDSCs are usually accompanied by chronic inflammation, especially during advanced cancer (71). In the process of tumor progression, they can be recruited into the tumor microenvironment and exert immunosuppressive effects through various signaling pathways and mechanisms. On the one hand, MDSCs can produce ARG–1, iNOS, ROS to directly suppress host immunity (72). On the other hand, they can promote the proliferation of Treg cells and upregulate the immune checkpoint (PD–L1) to inhibit the immune response in an indirect way (73). After contacting with MDSCs, some cancer cells become flexible and leave their original growth “soil”, and then expand their “territory”, promoting cancer progression in distant organs (74).

In the meanwhile, MDSCs can exist and circulate in PB (75). In 2016, Yupei Zhao proposed the hypothesis that MDSCs adhered to CTCs would form a physical defense barrier to avoid immune surveillance and promote metastatic tumors (76). PMN–MDSCs have tumor–promoting effects at multiple levels and stages of metastasis, including inhibition of immune response, influence of tumor angiogenesis and characteristics of CSCs, and the formation of pre–metastasis niche. Some experiments have studied whether the interaction between CTC–MDSC clusters and MDSCs in the blood circulation is beneficial to tumor survival and metastasis through cluster analysis of CTC–MDSC clusters. Subsequently, scientists discovered melanoma patient CTC/PMN–MDSC heterotypic clusters captured by Parsortix microfluidic device. The ability of tumor propagation and metastasis was significantly enhanced in mice co–injected with CTCs and PMN–MDSCs. An important characteristic of PMN–MDSCs is the production of reactive oxygen species (ROS). ROS produced by PMN–MDSCs can upregulate the expression of Notch1 receptors on CTCs through the ROS–NRF2–ARE axis. In turn, Jagged1–expressing PMN–MDSCs help enhance Notch activation in CTCs through binding to the Notch1 receptor. In general, scientists discovered that the Nodal–Notch1–Jagged1 signaling pathway promoted changes in the characteristics and behaviors of CTCs (77). But the mechanism of how PMN–MDSCs and CTCs are connected, such as what kind of adhesion proteins contributes to the aggregation between them, remains to be further studied.



Neutrophils

Neutrophils are the component of the innate immune system and the numerous white blood cells (WBCs) circulate in the human bloodstream. In patients with advanced tumor, neutrophils often accumulate in PB and metastatic tumor tissues, suggesting that neutrophils may be associated with metastatic tumors (78). Studies have found that neutrophils can promote the formation of pre–metastasis niche. Meanwhile, the increase in the number of neutrophils and the ratio of neutrophils to lymphocytes in PB can mark the poor prognosis of tumor patients (79). The interaction between β2 integrin of melanoma cells and ICAM1 of neutrophils was proven to mediate the combination of these two cells, which can deal with the damage of FSS (80).At the same time, melanoma cells were found to produce and secrete high levels of cytokine IL–8, which attracts neutrophils and increases the expression of β2 integrin in turn (81). In 2019, Nicola Aceto reported that in the blood samples from 70 breast cancer patients, CTC–WBC clusters were detected in nearly half of the cases, accounting for 3.4 percent of the total number of CTCs. Single–cell RNA sequencing revealed that most CTC–associated leukocytes were from the myeloid system, and further study showed that most of them were neutrophils. More importantly, patients with CTC–neutrophil clusters had poorer outcomes compared to those with single CTCs or homotypic CTC clusters in PB. CTC–neutrophil clusters show higher cell cycle progression and DNA replication programs than single CTCs, as confirmed by Ki67 expression. In addition, the experiment also verified that cancer cells expressing IL–6 and IL–1β could form a more proliferative CTC–neutrophils clusters than those lacking IL–6 and IL–1β receptors (82). Vascular cell adhesion molecular 1 (VCAM1), has been reported to be associated with cancer metastasis and EMT (83). In addition, VCAM1 was found to mediate the adhesion between CTCs and neutrophils (82). When treated with VCAM1 monoclonal antibody, the cellular junctions between CTCs and neutrophils would detach (84). Previous studies have found that melanoma cells that bind to neutrophils produced and secreted high levels of IL–8, attracting neutrophils and increasing β2 integrin expression rate. At the same time, ICAM1 on cancer cells and β2 integrin on neutrophils interact with each other to mediate their aggregation (85). In addition, cancer cells directly adhere to arrested neutrophils, which is mediated by Mac–1/ICAM1 (86). Recent studies have shown that CTCs analysis results and neutrophil–lymphocyte ratio can be combined to classify patients into different risk groups, which has certain clinical value (87).

NETs are extra–cellular networks released by neutrophils. They have been found to promote metastatic tumors as they have the abilities of enhancing the aggressiveness of cancer cells, regulating the pre–metastasis niche, promoting angiogenesis and enhancing vascular permeability by inducing EMT of cancer cells (88). CTCs can be wrapped in NETs to protect them from various attack of immune cells and FSS. β1 integrin expression on cancer cells and NETs is an important factor for the adhesion between them in PB (89). In addition to the fact that NETs can bind to CTCs in the bloodstream, studies have shown that NETs at remote metastatic sites could capture CTCs and promote tumor metastasis and colonization. A cancer cell surface receptor called CCDC25 was reported to bind specifically to NETs DNA (90). In summary, there are many interactions between neutrophils and CTCs that contribute to the development of tumor. The interaction between them needs to be further explored in the future.



Platelets

Platelets are small clumps of cytoplasm released from mature megakaryocytes in bone marrow. Their main function is to clot and stop bleeding, and repair damaged blood vessels. The role of platelets in metastatic tumors was discovered as early as 1960s, and the thrombocytopenia can play a role in anti–tumor metastasis (75). In recent years, more and more studies have found that platelets are related to the disease progression of patients, and thrombocytosis is a common para–neoplastic phenomenon (91). Relevant clinical studies recently have revealed that platelets–covered CTC clusters can predict poor prognosis for pancreatic cancer (88).

When CTCs enter the circulatory system, they activate surrounding platelets. Then the platelets accumulate on the surface of CTCs and provide a physical barrier to protect cancer cells against external dangers. Platelets have been found to improve the tolerance of CTCs to FSS (92). Heterodimers composed of α subunits and β subunits are called integrins which play an important role in mediating cell connections, including their subtype α6β1, αvβ3, αIIbβ3 and α2β1, especially in adhesion between cancer cells and platelets (93, 94). One of the most important one is platelet membrane protein GPIIb/IIIa complex, which binds to adhesion proteins on the surface of cancer cells, thus mediating platelets–CTCs interaction (95). Toll–like receptors are expressed on the surface of platelets, which contribute to pathogen recognition and make platelets one of the main components of innate immunity (96). Surgical resection of solid tumor tissue will lead to more CTCs in PB. In a previous study, after external stimulation (surgical stress), platelet TLR4 led to phosphorylation of ERK5, and then promoted the aggregation between platelets and CTCs through surface integrin GPIIb/IIIa complex (97). Some types of CTCs can release von Willebrand factor (vWF) (98). Subsequently, vWF binds to the GPIbα subunit of platelet glycoprotein Ib–IX–V (GPIb–IX–V) to promote the aggregation and adhesion of platelets on the surface of CTCs (93). In addition, platelet integrin αIIbβ3 and the receptor of cancer cells, such as αvβ3, can mediate cancer cells–platelets aggregation. Despite helping overcome the shear stress resulting from blood flow, it can promote the CTCs adhesion on the vascular wall as well (99).

In addition to being able to adhere directly to CTCs, platelets also have immunosuppressive effects. NK cells are cytotoxic immune cells that kill cells expressing very little or even not expressing MHC–I molecules. In addition to physically protecting CTCs, platelets also transfer their MHC–I molecules to the surface of CTCs. When CTCs with MHC–I are recognized by NK cells, NK cells will not attack them, resulting in immune escape of CTCs (100).

Platelets can release a variety of growth factors, and TGF–β is one of them (101). TGF–β is thought as a role promoting metastasis by promoting the process of EMT and enhancing the aggressiveness of cancer cells (102). Direct effect of platelet–derived TGF–β has been shown as synergistically activating the TGFβ/SMAD and NF–κB pathways in cancer cells, leading to the transformation of cancer cells into an aggressive phenotype (103). Platelets in contact with CTCs can release chemokines of CXCL5 and CXCL7 to recruit neutrophils, which contributes to the formation of heterotypic clusters of CTCs and neutrophils (104).



Macrophages

In tumor microenvironment (TME), macrophages, known as TAMs, can be polarized into macrophages with M1 phenotype, which can kill cancer cells by releasing a variety of cytotoxic molecules, while macrophages with M2 phenotype can contribute to tumor progression. In the early stage of tumor development, TAMs is conducive to stimulate immunity. But as the disease develops, it will become a tumor–promoting component (105).

Recent experiments in glioblastoma models have confirmed that the cell clusters formed by heterotypic combination of cancer cells and macrophages showed strong invasive ability (106). Studies have shown that macrophages could locate at the tumor site, then proliferate into the blood, and those macrophages are called circulating tumor–associated macrophage–like cells (CAMLs). In 10 percent of advanced patients, CAMLs were found to bind and attach to CTCs (107). There are many macrophage–CTC clusters in PB of patients with melanoma. Some researchers co–cultured cancer cells and macrophages, and found that cancer cells guided and accompanied by TAMs achieved partial epithelial/mesenchymal phenotype. In addition, CTCs that bind to macrophages can be more resistant to FSS, thus finally promoting metastatic tumors (108). In the experiment of colorectal cancer, TAMs–derived IL–6 activated the JAK2/STAT3 pathway and inhibited the tumor suppressor Mir–506–3p in cancer cells. Mir–506–3p was down–regulated in cancer cells, a key miRNA regulating FoxQ1, leading to increased FoxQ1 expression, which in turn resulted in the production of CCL2 and ultimately promoted macrophage recruitment. Inhibition of CCL2 or IL–6 terminated this chain of reactions. Subsequently, the migration ability of macrophages would be weakened, and the metastatic potential of CTCs would also be reduced (109). Clinically, macrophage–CTC clusters can be an independent prognostic marker for patients (110). Besides, there are direct cell–cell interactions between them. According to the report, the binding between CD47 on CTCs and inhibitory immune receptor signal regulatory protein alpha (SIRPα) on macrophages can induce the signal cascade of intracellular inhibition of phagocytosis (111).



Cancer–associated fibroblasts

CAFs are defined as fibroblasts located in or near tumors. In numerous experiments, CAFs are considered to be fusiform cells that do not express marker genes of epithelium, endothelium and leukocyte (112). CAFs have the potential of regulating the interaction between cancer cells and other cells by secreting cytokines, growth factors, chemokines and exosomes, and can degrade matrix ECM by releasing matrix metalloproteinases (MMPs), while synthesizing new matrix proteins to promote tumor invasion and angiogenesis (113, 114). Before cancer cells enter the blood system, CAFs can promote the collective invasion of cancer cells that move within tracks in the extra–cellular matrix behind the CAFs (115).

In recent years, studies have found that CAFs exist in the blood circulation of tumor patients, and their number tested by liquid biopsy is correlated with tumor development and poor prognosis (116). CAFs, together with connected cancer cells, shed from the primary tumor lesion, then survive in the blood circulation, and proliferate in metastatic organs (117). CAFs in primary lesions can form CAF–CTC clusters with cancer cells. Studies have proved that CAFs can improve the ability of cancer cells to resist FSS by promoting cell adhesion and play an important role in maintaining the survival of CTCs in PB, thus facilitating the proliferation of aggregated cancer cells (118). Most metastatic cancer cells in the blood circulation and distant tissues are still closely connected with CAFs, and CD44 may be an important mediator of heteromorphic binding on the basis of scientific researches (119). In a mouse model of pulmonary adenocarcinoma, CAFs induce the formation of heterotypic clusters, thus promoting the formation of metastatic tumors. CAFs trigger EMT of CTC clusters through the release of SDF–1 and TGF–β, thus improving the ability of metastasis and invasion of CTC clusters (120). In a word, CAFs can protect CTC clusters through various mechanisms (121). More importantly, studies have shown that the level of CTC clusters and CAFs can be used as bio–markers to predict cancer recurrence (122). This shows that targeting CAF–CTC clusters has certain clinical significance.




Potential therapeutic value of CTC clusters for tumor metastasis

Clinical patient diagnosis showed that patients with active cancer and acute ischemic stroke had more CTC clusters (123). Liquid biopsy is a test for biological fluids that may contain cancer derivatives, and cancer–derived substances may include CTCs and circulating tumor DNA (ctDNA). The most common sample is the fresh blood. Because the blood can be easily collected, liquid biopsy has become a powerful non–invasive tool for analyzing several cancer types. By combining morphology with CTCs counting, the liquid biopsy platform provides greater insights into the pathophysiology of disease (124). Besides, CTC–derived organoids could help capture tumor–related information to provide reference for clinically screening and testing promising drugs as well (125). Today, the detection of CTC clusters has been an independent indicator of relapse and mortality, and also associated with clinical–pathological surrogate markers of poor prognosis. In the meantime, as CTC clusters have become a recognized clinical biomarker for the severity and progression of tumor disease, the race is on to uncover the molecular mechanisms behind CTC clusters. Although metastasis is the leading cause of death in cancer patients and some drugs may shrink primary tumors to prevent metastasis, there are currently no drugs for clinical application that can directly treat or prevent metastasis by treating CTC clusters in PB (126). This is largely due to the lack of understanding of CTC clusters.

With the deepening of the researches, CTC clusters are considered to be the important factor affecting metastatic tumors, and the design and application of drugs targeting CTC clusters will help inhibit metastatic tumors effectively. In terms of the development and application of corresponding drugs, CTC clusters can be dissociated into single cells by drugs, which can inhibit metastatic tumors under physical factors such as FSS and immune cell strangulation, in view of the stronger survivability of CTC clusters compared to single CTCs. Many drugs have been found to have the potential to dissociate CTC clusters in related experiments. In a mouse model of breast metastatic tumors, scientists found that injecting urokinase–type plasminogen activator (uPA) into host animals effectively prevented clustering of CTCs and extended overall survival by about 20 percent compared with control animals (127). PEP06 is a novel cluster disaggregator, which destroys E–cadherin–mediated intercellular connections and thus significantly inhibits the migration, aggregation and colonization of fibronectin in oral squamous cell carcinoma in vitro (128). In addition, there are Na+/K+–ATPase inhibitors (compounds that inhibit the function of sodium–potassium pump), which can separate CTC clusters into individual cells and ultimately prevent metastatic tumors (52). HPSE inhibitors, which inhibit the progress of cancer by blocking the formation of CTC clusters, are currently being developed, and their functional mimics have been tested in clinical trials, but the further research is needed. Because HPSE inhibitors have the potential to prevent NK cells from infiltrating into the primary tumor, and increase the risk of metastasis. This leads to the limitations of the application of such drugs (129). Several drugs targeting EGFR have been developed and approved to treat tumor patients. A novel anti–EGFR monoclonal antibody (LA1) can effectively inhibit the formation of CTC clusters in vivo (33). But tumor is a multifactorial disease, so targeting a single target can lead to treatment failure. Most patients initially respond to treatment with EGFR inhibitors. However, patients usually develop drug resistance after 10–16 months of treatment (130). Therefore, the application of drugs that target two or more acting sites can be an effective strategy for treating tumors (131). According to the current research process, heterotypic CTC clusters are still in the initial stage. There are no clinical treatment methods and drugs for them despite their strong metastatic ability. However, I believe that in the future, with the deepening of researches, a series of drugs targeting heterotypic CTC clusters will be developed. In conclusion, dissociating homotypic CTC clusters into individual cancer cells can be a promising treatment for tumor metastasis. At the same time, the therapeutic methods targeting heterotypic CTC clusters, need to be discovered constantly based on the metastatic ability of heterotypic CTC clusters is stronger than that of homotypic CTC clusters.



Discussion

Metastasis is the main cause of death in tumor patients. CTCs and CTC clusters are the “seeds” of metastasis and can be used as the research objects of liquid biopsy. Compared with single CTCs, and CTC clusters have stronger metastasis ability. Studies have shown that CTCs have an important relationship with the cells in PB. CTCs have closed interaction not only with platelets and neutrophils, as well as CAFs, macrophages and TAMs. These cells enable the CTCs to resist the damage of FSS in blood circulation and evade the detection of immune system, finally to leave the blood circulation and set up new sites of metastatic tumors. Although there have been a great deal of researches on these aspects in recent years, the current research phase is in its infancy and the deeper mechanisms and complex interactions have not been fully explained. In order to further study CTC clusters, it is necessary to optimize the enrichment and separation detection technologies, establish a unified standard, and improve the efficiency of machines. Secondly, we should further understand the oncological and biological characteristics of intercellular adhesion molecules that promote the formation of homotypic and heterotypic CTC clusters. Then, the mechanisms of formation and metastasis of CTC clusters should be explored to seek clinical therapeutic targets. Finally, the therapeutic targets of CTC clusters should be focused, and the occurrence and development of tumors before and after treatment are to be compared to find feasible treatment methods based on CTC clusters. Traditional Chinese medicine has been applied and booming for thousands of years. In recent decades, in order to determine the effectiveness of traditional Chinese medicine to treat cancer diseases, scientists have carried out extensive researches. Anti–tumor drugs relevant with invigorating the circulation of blood, can eliminate blood stasis and improve microcirculation. They can target hypercoagulable states and arteriovenous thrombosis in the blood of tumor patients, and also can treat complications such as thrombosis. Finally, they significantly improve the therapeutic effect of tumor and the quality of lives, so the application of traditional Chinese medicine, especially blood–activating and stasis–eliminating drugs, targeting CTC clusters to treat cancer diseases has a infinitely bright prospect. It is believed that in the near future, further researches will make people able to establish more new treatments and improve the survival rate of tumor patients.
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CircRNAs have been the focus of research in recent years. They are differentially expressed in various human tumors and can regulate oncogenes and tumor suppressor genes expression through various mechanisms. The diversity, stability, evolutionary conservatism and cell- or tissue-specific expression patterns of circRNAs also endow them with important regulatory roles in promoting or inhibiting tumor cells malignant biological behaviors progression. More interestingly, emerging studies also found that circRNAs can regulate not only other genes expression, but also their parental gene expression and thus influence tumors development. Apart from some conventional features, circRNAs have a certain specificity in the regulation of parental gene expression, with a higher proportion affecting parental gene transcription and easier translation into protein to regulate parental gene expression. CircRNAs are generally thought to be unable to produce proteins and therefore the protein-coding ability exhibited by circRNAs in regulating parental gene expression is unique and indicates that the regulatory effects of parental gene expression by circRNAs are not only a competitive binding relationship, but also a more complex molecular relationship between circRNAs and parental gene, which deserves further study. This review summarizes the molecular mechanisms of circRNAs regulating parental gene expression and their biological roles in tumorigenesis and development, aiming to provide new ideas for the clinical application of circRNAs in tumor-targeted therapy.




Keywords: circRNAs, parental gene, regulatory mechanism, tumors, molecular oncology



Introduction

When something goes wrong in a multicellular body like the human body, normal cells will lose sense of their surroundings, cooperate with surrounding cells, start to grow uncontrollably, and gradually lose their function (1, 2). These changes eventually cause normal cells to mutate into a new type of cells (cancer cells), which can lead to impaired organ function or eventual death in the human body. Humans have always been passively resistant to cancer and scientists have tried every possible way to fight the progression of most malignant cancers rather than cure them (3). In order to overcome this disease that brings great harm to human beings, scientists have begun to explore the deep mechanism of cancer occurrence and development and subsequently discover the complexity of cancer molecular mechanisms and the randomness of tumorigenesis (4, 5). The most fundamental molecular mechanism of cancer occurrence and development can be attributed to genetic mutation, abnormal gene expression and post-translational modification of various expression products (6, 7). These processes are mainly implemented by various regulatory factors produced by human cells and more than half of them are ncRNAs (non-coding RNAs). As major regulators, ncRNAs are found to play key or auxiliary roles in various malignancies and are considered to be an important complement to the central dogma of cancer, with the potential to become targeted therapeutic drugs (8, 9).

CircRNAs (circular RNAs), as a new type of ncRNAs, are becoming a new research hotspot. Unlike linear RNAs, circRNAs lack free-end structures because their 3’ and 5’ ends are covalently linked together, and this unique structure enhances their stability and protects them from RNA exonuclease mediated degradation (10, 11). In addition, circRNAs mainly exist in the cytoplasm or exosomes, and have the characteristics of tissue specificity, disease specificity, timing specificity and high conservation (12). CircRNAs have always been considered to be the product of incorrect splicing of precursor mRNA and have the ability to regulate gene expression and carry out post-translational modification (13). The emerging evidence had showed that circRNAs played important roles in various malignant biological behaviors of tumor cells, including cell proliferation, metastasis, anti-apoptosis, drug resistance and myeloid differentiation, and could affect the tumor occurrence and development via different molecular mechanisms including acting as ceRNA (competing endogenous RNA), RBP-binding molecules, protein translation templates and transcriptional regulators (14, 15). CircRNAs have also recently been found to regulate not only the expression of other genes, but also the expression of their parental gene through a variety of mechanisms, such as transcriptional and splicing regulation, competitive binding, translational regulation and post-translational modifications (Table 1), which endowing circRNAs with various important biological functions such as affecting tumor cell proliferation, metastasis, anti-apoptosis and subcutaneous transplanted tumors growth (Table 2). In addition, circRNAs have some functional differences in regulating the expression of parental genes and other target genes. For example, one-third of circRNAs implicated in regulating parental gene expression play inhibitory roles in tumors occurrence and development. In addition, the regulatory mechanisms of circRNAs on parental gene expression are also more complex, including promoting DNA methylation of parental gene promoter region, regulating nuclear translocation of RNA binding protein or parental gene encoded protein, and directly translating into protein to regulate parental gene expression, etc. (Figure 1). Studying circRNAs and their regulatory effects on parental gene expression will help to better understand the biological functions of circRNAs and deepen the exploration of the molecular mechanism of tumors occurrence and development and accelerate the application of circRNAs in the clinical treatment of malignant tumors.


Table 1 | The mechanisms of circRNAs regulate parental gene expression.




Table 2 | The role of parental genes encoded circRNAs in malignant tumors.






Figure 1 | The mechanisms of circRNAs regulated parental gene expression. (A) CircRNAs affect parental gene transcription by competing for DNA binding proteins and influencing DNA methylation. (B) CircRNAs regulate parental gene expression by inducing nuclear translocation of RNA binding protein and tumor suppressor protein P53. (C) CircRNAs regulate parental gene expression through the ceRNA mechanism. (D) CircRNAs regulate parental gene expression by competing for RNA-binding proteins. (E) CircRNAs regulate parental genes encoded protein degradation by encoding peptides. CIRC, circRNAs; DBP, DNA binding protein; NT, nuclear translocation; RBP, RNA binding protein.





The biogenesis and classification of circRNAs

CircRNAs were first discovered in RNA viruses in 1976, but this structurally unique closed-loop noncoding RNAs were not confirmed to exist in humans until 1993 (47, 48). When circRNAs were first discovered, they had been overlooked as the by-product of linear analog aberrant cleavage due to their closed single-stranded structure (49). With the development of transcriptome sequencing and high-throughput sequencing technology in recent years, the biological functions of circRNAs in human body and their key roles in cancer diseases had been revealed. CircRNAs were mainly formed during the processing of RNA polymerase II performing transcriptional functions according to the central dogma (50). Due to the uncertainty of the gene transcription process, the biosynthesis of circRNAs also had various mechanisms including intron pairing mediated circularization, RNA binding protein mediated circularization, alternative splicing mediated circularization (lariat-driven) and canonical linear splicing mediated circularization (intronic lariat-driven) (51). According to the splicing method and the corresponding product structure characteristics at the same time, circRNAs could be divided into three types including: exonic circRNAs (ecRNAs), exon-intron circRNAs (EIciRNAs) and intron circRNAs (ciRNAs).



The role and molecular mechanisms of circRNAs regulating parental gene expression in tumors

CircRNAs had been shown to be important regulators in tumorigenesis and development. Recently, the crucial roles of circRNAs regulating parental gene expression in tumors were also becoming a hot spot of circRNAs research field. According to different molecular regulation mechanisms, the phenomenon of circRNAs regulating parental genes expression and their biological roles in tumors were classified here, in order to deepen the understanding of circRNAs and provide new entry points for future research.


CircRNAs regulate parental gene transcription

Non-coding RNAs accounted for approximately 60% of the transcriptional output of human cells and had been shown to regulate a variety of cellular processes under physiological and pathological conditions (13, 52). RNA polymerase II was also required by cancer-related genes in eukaryotes nucleus to produce non-coding RNAs such as circRNAs and this synergistic process was precisely regulated by multiple factors (53). More interestingly, recent studies had found that circRNAs encoded by certain oncogenes or tumor suppressor genes could regulate the transcription process of their host genes. Li et al. found that circITGA7 or its parent gene ITGA7 (integrin subunit alpha 7) knockdown significantly enhanced proliferative and metastatic ability in colorectal cancer tumor cells in vitro and accelerated subcutaneous transplanted tumors growth in vivo (16). CircITGA7 was a negative regulator of the Ras signaling pathway and its host gene ITGA7 was associated with cytokine-related signaling pathways according to RNA-seq and KEGG (Kyoto encyclopedia of genes and genomes) enrichment analysis (54). Furthermore, the researchers found that transcription factors RREB1 (ras responsive element binding protein 1), a key regulator of Ras signaling pathway, had seven binding sites on ITGA7 gene promoter region and could inhibit ITGA7 transcription by competitively binding to ITGA7 promoter. Moreover, it was further confirmed by rescue experiments that circITGA7 could downregulate RREB1 expression through Ras pathway and thus upregulated host gene ITGA7 transcription. These results suggested that circITGA7 inhibited colorectal cancer process by suppressing the Ras signaling pathway and thus promoted tumor suppressor genes ITGA7 transcription. In addition, the study of Yang et al. found that circ-HuR could inhibit the proliferation, metastasis and microangiogenesis of gastric cancer tumor cells by silencing transcription of parent gene HuR (human antigen R), a protein stabilizing AU-rich element-containing protein (17). The further studies on the mechanism of circ-HuR regulating gastric cancer progression showed that circ-HuR could interact with CNBP (CCHC-type zinc finger nucleic acid binding protein) by binding its RGG (arg gly gly) box domain and thus regulate HuR transcriptional activity by inhibiting the binding of CNBP to HuR promoter, indicating that circ-HuR could inhibit gastric cancer progression by inhibiting parent gene HuR transcription.

DNA methylation was a DNA modification process and usually associated with transcriptional silencing. The regulatory effect of DNA methylation by circRNAs had been implicated in human tumors, but how they caused malignancy was still a mystery (55, 56). Chen et al. found that circFECR1 was transcribed from exons 4 and 2 in FLI1 (friend leukemia virus integration 1) promoter chromatin complex and confirmed that circFECR1 could promote breast cancer cell metastasis by increasing host gene FLI1 expression (18). Moreover, the binding sequence of circFECR1 to the FLI1 promoter contained abundant CpG islands. The further mechanistic studies found that circFECR1 could bind the promoter region of DNMT1 (DNA methyltransferase 1), a methyltransferase essential for maintaining DNA methylation, to downregulate DNMT1 transcription (57). The transcriptional regulatory capacity caused by DNA methylation was usually co-regulated by DNA methyltransferase and DNA demethylase, circFECR1 was also found to recruit the DNA demethylase TET1 (tet methylcytosine dioxygenase 1) in the promoter region of the host gene FLI1 to directly induce DNA demethylation of the parent gene, thereby regulating the transcriptional activity of the target gene FLI1 (58). These data suggested that circFECR1 as an upstream regulator could induced parental gene FLI1 gene transcription by coordinating the regulation of DNA methylation and demethylase to promote breast cancer progression. In addition, circ-NOTCH1 had also been found to promote gastric cancer metastasis and stemness through sponging miR-449c-5p (19). Subsequently, myc was identified as a miR-449c-5p downstream gene and could bind with the promoter region of NOTCH1 (notch receptor 1). It was also discovered that circ-NOTCH1 and its parent gene NOTCH1 expression were both increased by enhancing myc expression, while circ-NOTCH1 or NOTCH1 downregulation were found to partially reverse the promoting effect of myc overexpression in tumor cells metastasis and stemness via rescue assays. These results demonstrated that circ-NOTCH1 could promote host gene NOTCH1 transcription through circ-NOTCH1/miR-449c-5p/myc/NOTCH1 positive feedback loop.



CircRNAs affect parental gene expression via ceRNA mechanism

MiRNAs (microRNAs) could affect tumor suppressors or oncogenes expression by binding with 3’-UTR (untranslated regions) of downstream target genes (59, 60). In the cytoplasm, a number of circRNAs had been found to act as miRNAs molecular sponges to regulate target genes expression. Considering the homolog of circRNAs with parental gene in tumors, it was possible that circRNAs could serve as competing endogenous RNA to regulate their parental gene expression and thus promote tumors occurrence and development (61). For example, upregulated circ-AKT1 could promote its parental gene AKT1 (v-akt murine thymoma viral oncogene homolog 1) expression by acting as miR-942-5p molecular sponge to suppress ovarian cancer tumor cells proliferation and migration (20). The apoptosis and cell cycle of tumor cell played important roles in tumor growth (62), recent studies had found that circFBLIM1 could function as a ceRNA to upregulate host gene FBLIM1 expression through sponging miR-346 and thus exert inhibitory effect in tumor cells apoptosis in hepatocellular cancer; circ-MAPK4 silencing had also been confirmed to downregulate its parental gene expression through ceRNA mechanism, resulting in upregulated phosphorylation level of P38/MAPK (mitogen-activated protein kinase) in glioma tumor cells and promoting tumor cells apoptosis (21, 22). In addition, circ-VANGL1 knockdown was also found to prevent tumor cell cycle progression, resulting in more cells blocked at the G0/G1 stage (23). Metastatic ability was a key hallmark of cancer progression, and this characteristic could be achieved through epithelial-mesenchymal transition, circTFRC could inhibit miR-107 expression to facilitate downstream host gene expression and thus promote epithelial-mesenchymal transition in bladder cancer metastatic progression (24, 63). Moreover, this ability was also found in circ-TFF1, which could induce epithelial-mesenchymal transition and therefore promote breast cancer tumor cells metastasis through the ceRNA mechanism (25). Exosomes were also drivers for tumor cells metastatic spread, circ_MMP2 was found to be driven by high metastatic tumor cells-secreted exosomes into normal hepatocellular cells and promoted tumorigenesis and metastasis in hepatocellular cancer via sponging miR-136-5p to enhance parental gene MMP2 (matrix metalloproteinases 2) expression (26, 64). More notably, matrix metalloproteinases were important driving force for extracellular matrix and tissue destruction during tumor invasion and metastasis (65). In addition, recent study also reported that circ-ENO1 knockdown could cause a reduction on glycolytic enzyme ENO1 (enolase 1) expression and thus reduced ATP production, delayed the relative glucose uptake as well as decreased the lactate production (27). This effect was also found in breast cancer, while circYY1 could affect glycolysis process by regulating parental gene YY1 (yin yang 1) expression by acting as miR-769-3p molecular sponge (28). Due to the existence of tumor microenvironment and its many regulatory factors, it was one of circRNAs research frontiers to study whether there are differences in the effects of circRNAs regulating tumors development in vivo and in vitro (66). The several groups of researchers had confirmed that circGFRA1, circ-EPB41L5 and circ_LARP4 could promote tumor growth and lung metastasis in nude mice by affecting their homologous host gene expression through acting as miRNAs molecular sponges (29–31). Moreover, some biological factors in mice could also help circRNAs to play carcinogenic or anticancer roles. For example, the presence of bax, cleaved caspase-3, MMP2 and other substances was the material basis for circ_LARP4 to promote tumor growth and lung metastasis by upregulating parental gene expression.

Through the usage of high-throughput RNA sequencing, a large number of circRNAs were found to be able to regulate cancer-related signaling pathways by affecting host gene expressions such as, circ-PTEN increased its particular parental gene PTEN (phosphatase and tensin homolog) expression by acting as the molecular sponge for miR-155 and miR-330-3p, resulting in non-small cell lung cancer cells growth inhibition and the inactivation of the carcinogenic PI3K/AKT signalling pathway, an important regulatory pathway of signalling and intracellular vesicular trafficking (32, 67). In addition, circ-ITCH also played an important inhibitory role in colorectal cancer through functioning in the Wnt/β-catenin pathway by affecting host gene expression and Wnt/β-catenin pathway had key regulatory role in many tumor malignant biological behaviors such as cell proliferation, metastasis and epithelial-mesenchymal transition (33, 68). In addition, the researchers constructed the ceRNA working network and found that circRNAs could regulate host genes expression through multiple regulatory pathways such as, circ-XPO1 could sponge miR-23a-3p, miR-23b-3p, miR-23c and miR-130a-5p to regulate parental gene XPO1 (exportin 1) expression (34). Whether multiple miRNAs acting as indispensable mediators between circRNAs, and their parental gene could maintain the stability and adequacy of circRNAs’ functions deserved further study. Besides the above, circRNAs including circAmotl1, circ-sirt1 and circSMO742 had been found to exert function as miRNAs molecular sponges and could regulate their cancer-related parental gene expression to affect human cancers including gastric cancer, cervical cancer and glioblastoma progression (35–37).



CircRNAs affect mRNA stability to regulate parental gene expression

The emergence and refinement of central dogma in molecular biology, for the first time, systematically and correctly explained the transmission of genetic information from DNA to functional products such as proteins (69, 70). In some cases, mRNA concentration was highly linear with functional products and the regulatory of mRNA stability and translation ability could affect the production of functional products, especially proteins (71). The untranslated regions of ncRNAs such as circRNAs could form large base pairs with complex structures and these base pairs had been found to regulate mRNA stability by binding to RNA-binding proteins or interacting directly with the secondary and tertiary structures of mRNA (72, 73). CircRNAs were involved in the whole process of gene expression and the regulatory effect of circRNAs on mRNA stability were important supplementary pathway for circRNAs to affect gene expression regulation. The regulatory effect of circRNAs on their host gene expression was also involved in mRNA stability. Circ-CCND1 and its host gene CCND1 (cyclin D1) were found to be highly expressed in laryngeal squamous cell carcinoma and could promote tumor cells proliferation and metastasis (38). In order to further study the carcinogenic mechanism of circ-CCND1 regulating parental gene expression, the researcher tested CCND1 mRNA stability by blocking de novo transcription in cells treated with actinomycin D and result data showed that the half-life of CCND1 mRNA was reduced from 5.5 hours to 3 hours after circ-CCND1 knockdown. RNA pull-down assay data revealed that circ-CCND1 probe enriched a large amount of RNA binding protein HuR. Subsequently, HuR was predicted to bind with 83-134bp of circ-CCND1 via online catRAPID algorithm. Moreover, the RNA pull-down assay was again used and confirmed that the mutation in 83-134bp region of circ-CCND1 could block the interaction between circ-CCND1 and HuR. It was disclosed that ectopic HuR expression could partially reverse the decreased mRNA level of CCND1 mediated by circ-CCND1 knockdown. The regulatory effect of HuR protein to mRNA largely depended on its special molecular structure. HuR protein consisted of three RNA recognition motifs (RRM) and a hinge region. RRM1 and RRM2 at the N-terminal could bind with au-rich elements (AREs) of the 3’-untranslated region of targeted mRNA and AREs could accelerate the degradation of the 3’-untranslated region to break mRNA stability (74, 75). These results suggested that circ-CCND1 might block the degradation of AREs by recruiting HuR protein in the CCND1 3’-UTR region and therefore enhanced the stability of CCND1 mRNA, promoting laryngeal cancer progression. Accumulating evidence suggested that MMP9 played a key positive role in OSCC (oral squamous cell carcinoma) tumor cells migration and invasion across the basement membrane (39). Clinicopathological data analysis showed that patients with high circ-MMP9 expression were more likely to have lymph node metastasis and advanced TNM stage. Functionally, circ-MMP9 knockdown could weaken the metastasic and invasive abilities of OSCC tumor cells in vitro and inhibited lung metastasis in vivo. Mechanistically, circ-MMP9 was found to block the regulatory effect of AUF1 (au-rich element-RNA binding factor) on the matrix metalloproteinase 9 3’-untranslated region. Different from the HuR described above, AUF1 could bind to mRNAs containing ARE and then assemble to form a multi-subunit complex to directly and rapidly degrade the mRNA substrate. These results suggested that circ-MMP9 could enhance parent gene expression by blocking the degradation of AUF1 to MMP9 mRNA, thereby promoting the metastasis of OSCC tumor cells.

The regulatory effect of circRNAs on the mRNA stability of parental genes also showed multiplicity and this might be associated with persistent dysregulated expression of some genes. CircRNAs not only promoted the translation of parent genes, but also reduced the expression of host genes by preventing the mRNA stability improvement mediated by RNA-binding proteins (76). Some researchers found that HuR didn’t affect circPABPN1 expression in cervical cancer, but increased circPABPN1 could inhibit the binding of HuR to PABPN1 (poly(A) binding protein nuclear 1) mRNA (40). RIP and qRT-PCR analysis also showed that the binding of HuR to multiple target mRNAs (including PABPN1 mRNA) was significantly inhibited in tumor cells with higher circPABPN1 expression. Polymorphism analysis of PABPN1 mRNA showed that overexpressed circPABPN1 significantly inhibited parental gene PABPN1 translation and upregulated HuR could partially reverse this effect. CircPABPN1 overexpression could decrease mRNA level of parental gene PABPN1, while HuR overexpression upregulated PABPN1 mRNA level. Representative sucrose gradient profiles confirmed that HuR could bind with PABPN1 mRNA and promote its translation, while circPABPN1 competitively binding HuR to block its binding to PABPN1 mRNA, thereby inhibiting the translation of parental gene PABPN1. These results suggested that circPABPN1 could promote host gene PABPN1 mRNA degradation by competitively binding HuR, thus inhibiting parental gene translation and playing a tumor suppressor role in cervical cancer.

Nuclear Translocation was a subcellular process and modified cell function primarily by transporting active cytoplasmic proteins into the nucleus, and the regulatory effect of circRNAs on parental gene expression was also involved in this particular mechanism (77). Du et al. found that circ-DNMT1 expression was elevated in eight breast cancer tumor cell lines and patients with breast cancer, and highly expressed circ-DNMT1 could increase the proliferation and viability of breast cancer tumor cells by stimulating autophagy (41). Moreover, circ-DNMT1 was found to elevate the parental gene DNMT1 expression and the highly expressed DNMT1 could be transferred from the cytoplasm to the nucleus. The further mechanistic studies found that circ-DNMT1 could interact with p53 and AUF1 to promote the nuclear translocation of these two proteins. Subsequent studies found that nuclear translocation of AUF1 induced by circ-DNMT1 could reduce the parental gene DNMT1 mRNA degradation in the cytoplasm and the increased parental gene DNMT1 expression could enter the nucleus to inhibit p53 transcription. These results suggested that circ-DNMT1 could block the degradation of the parental gene DNMT mRNA by inducing AUF1 nuclear translocation and then inhibit the transcription of nuclear p53 through the nuclear translocation of DNMT, thereby affecting tumor cell autophagy.

The special phenomenon of circRNAs regulating parental genes expression was also present in hematological tumors. Wang et al. found that circSPI1 was significantly overexpressed in acute myeloid leukemia (AML), while its parental gene SPI1 (salmonella pathogenicity island 1) was lowly expressed. Moreover, circSPI1 and its host genes SPI1 had opposite roles in causing AML tumor cell proliferation, myeloid differentiation and apoptosis. In the rescue experiment, circSPI1 overexpression could antagonize the inhibitory effect of its parental gene-encoded protein PU.1 (purine-rich nucleic acid binding protein 1) on the AML malignant biological behavior progression. The mechanism research found that circSPI1 and SPI1 co-regulated 223 differentially expressed genes, and circSPI1 could antagonize PU.1 protein expression by interacting with the translation initiation factor eIF4AIII. These results suggested that circSPI1 might regulate the abnormal expression of many genes by regulating the translation process of the parental gene SPI1, thereby affecting AML occurrence and development (42). In addition, another group of researchers found that circ-Foxo3 and its parental gene Foxo3 (forkhead box O3) was lowly expressed in AML tumor cells than that in bone marrow nucleated cells, and the overall survival time of AML patients with high Foxo3 expression was longer than those with low Foxo3 expression. The spearman correlation test results showed that there was a significant positive correlation between circ-Foxo3 and its parental gene Foxo3 expression in AML patients. The multivariate analysis showed that karyotype classification, Foxo3 expression and patient age were prognostic factors for AML. Among them, Foxo3 expression was a protective factor, and karyotype classification and age were poor prognostic factors. These results suggested that circ-Foxo3 might play a tumor suppressor role in AML by regulating parental genes expression, and the specific mechanism of their effect was also worthy of further study (78).



CircRNAs regulates parental gene expression by encoding peptides

Precursor proteins were inactive and often accepted a series of post-translational processes before becoming functional mature proteins (79). In some cases, the translation products of circRNAs often had partially identical amino acid sequences with the proteins encoded by the parental genes (80). Therefore, circRNAs and parental gene encoded protein might be competitively bound to the same enzymes or other regulatory molecules, endowing circRNAs the ability to affect the degradation of the protein translated by the parent gene. Zhang et al. found that circ-SHPRH with an IRES (internal ribosomal entry site) driven open reading frame was able to translate a new functional protein called SHPRH-146aa (43). Moreover, circ-SHPRH and SHPRH-146aa were lowly expressed in glioblastoma and overexpressed SHPRH-146aa could increase parental gene SHPRH (SNF2 histone linker PHD RING helicase) expression to downregulate its tumorigenicity in vitro and in vivo. According to previous reports, full-length SHPRH protein could specifically mediate the ubiquitination degradation of PCNA and promote tumor cells malignant biological progression, while E3 ubiquitin ligase DTL (dentideless) could prevent PCNA degradation by competitively binding to full-length SHPRH. Further research found that circ-SHPRH could increase full-length SHPRH protein expression without affecting its mRNA expression after transfection of circ-SHPRH overexpression vector. Mechanismly, SHPRH-146aa contained two SHPRH ubiquitination sites K1562 and K1572, and overexpressed SHPRH-146aa could competitively bind to E3 ligase DTL to protect SHPRH from ubiquitination (81). Based on the above information, it could be inferred that the SHPRH-146aa protein produced by circ-SHPRH could protect the full-length SHPRH from DTL-induced ubiquitination, thereby inducing PCNA (proliferating cell nuclear antigen) degradation to inhibit glioblastoma progression. Ubiquitin-proteasome pathway was a common endogenous protein degradation pathway. The protein was firstly modified by ubiquitination and then degraded by the proteasome (82). CircFBXW7 was also found to encode the FBXW7-185aa protein to affect parental gene FBXW7 (F-box and WD repeat domain containing 7) protein level and upregulated FBXW7-185aa inhibited proliferation and cell cycle acceleration in triple-negative breast cancer cells, while downregulated FBXW7-185aa promoted malignant phenotypes in vitro and in vivo (44). Western blot analysis showed that overexpressed FBXW7-185aa increased FBXW7 abundance and induced c-Myc degradation, while transfection of USP28 decreased FBXW7 abundance and suppressed FBXW7-185aa induced c-Myc destabilization. Mechanistic studies found that FBXW7-185aa inhibited the binding of USP28 (ubiquitin specific peptidase 28) to FBXW7 by competitively binding to USP28, and thus elevating protein level of parental gene FBXW7, and overexpressed FBXW7 reduced c-MYC stability. These results suggested that the FBXW7-185aa protein encoded by circ-FBXW7 could inhibit ubiquitination of the parent gene protein by competitively binding USP28, thus downregulating c-MYC expression and inhibiting the occurrence and development of breast cancer. The abnormal activation of Wnt/β-catenin signaling pathways was closely associated with increased prevalence, malignant progression, development of poor prognosis, and even increased cancer-related mortality (45). Liang et al. found that circβ-catenin encoded by host gene β-catenin was highly expressed at liver cancer tumor tissues and cells, and circβ-catenin knockdown could inhibit tumor cell growth, migration and cell cycle progression (83). The further mechanistic studies found that a novel β-catenin isoform named β-catenin-370aa encoded by circβ-catenin could physically interact with GSK3β (glycogen synthase kinase-3 beta), an upstream regulatory node of the ubiquitin-proteasome pathway (84). Some previous studies had confirmed that the β-catenin protein stability was closely linked with its phosphorylation status (46). After phosphorylation by GSK3β, the residues of β-catenin protein such as Ser33, Ser37 and Thr41 were ubiquitinated by the ubiquitin ligase β-TrCP and subsequently degraded by the proteasome. The co-IP results assay showed that silencing of circβ-catenin enhanced the interaction between GSK3β and full-length β-catenin, while downregulating the expression of β-catenin-370aa partially blocked the interaction between GSK3β and full-length β-catenin. Co-IP also found that β-catenin ubiquitination levels were increased after knockdown of circβ-catenin, suggesting that circβ-catenin may enhance β-catenin stability. These results suggested that β-catenin-370aa encoded by circβ-catenin could competitively bind GSK3β, thereby preventing ubiquitination-mediated parental gene β-catenin protein degradation and promoting the malignant biological behaviors of liver cancer.

AKT, also known as protein kinase B (PKB), was a 60kDa silk/threonine protein kinase that played an important role in tumor progression by acting as the initiating node for related signaling pathways (85, 86). Circ-AKT3, a transcription variant from parental gene AKT3, had been found to be lowly expressed in glioblastoma tumor tissues and could encode a 174 amino acid novel protein named AKT3-174aa by utilizing overlapping start-stop codons. In vitro and in vivo experiments proved that AKT3-174aa, but not circ-AKT3, exerted a tumor-suppressive role in glioblastoma. Activated PDK1 could phosphorylate the exposed thr308 site to fully activate AKT. Mass spectrometry (MS) found that p-PDK1 protein was predicted to interact with AKT3-174aa. Immunofluorescence staining of glioblastoma cells transfected with Flag-tagged AKT3-174aa also supported the co-localization of AKT3-174aa with p-PDK1, suggesting that AKT3-174aa preferred to inhibit thr308 of AKT by interacting with p-PDK1. These results demonstrated that Akt3-174aa could interact with phosphorylated inactive PDK1 to reduce the phosphorylation of Akt-Thr308, thus playing a tumor-suppressive role in glioblastoma.




Conclusion

Since the research on circRNAs is still in its infancy, the functions of circRNAs molecules are not well understood. Advances in the field of circRNAs research have revealed the biological origin of circRNAs and their important roles in the deep molecular mechanisms of tumorigenesis and development, endowing circRNAs with the potential to become next-generation targeted drugs for tumor therapy (87, 88). However, there are still many challenges on the way to the use of circRNAs as targeted therapeutics, and the most important one is the uncertainty about the molecular mechanism of circRNAs function in tumors (89). Currently, circRNAs typically regulate tumor malignant biological behaviors are mainly as miRNAs sponges, transcriptional regulators, protein decoys/scaffolds and protein translation templates. However, there are also some functional classifications of circRNAs regard the regulatory effect of circRNAs on parental gene expression as a separate function, because the regulatory effect of circRNAs on parental gene expression is different from that on other target genes. For example, circRNAs can also inhibit the degradation of proteins encoded by parental gene, which are rarely found in the regulation effects of circRNAs on other target genes. Moreover, the phenomenon that the circRNAs transcribed by the host gene can in turn regulate the expression of the parental gene is unique in itself and deserves further study whether the occurrence of this regulatory effect is accidental or inevitable. Some general functions of circRNAs, such as miRNAs molecular sponges and protein scaffolds, have been thoroughly studied in previous studies and the research on circRNAs needs to move towards deeper characteristics. With the deeper exploration of the functional mechanism of circRNAs, it will help to better understand the pathological process of tumorigenesis and development and pave the way for future circRNA-based tumor diagnosis and therapeutic intervention.
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Gastrointestinal cancers are a group of cancers occurred in gastrointestinal tissues with high morbidity and mortality rate. Although numerous studies were conducted on the investigation of gastrointestinal cancers, the real mechanisms haven’t been discovered, and no effective methods of prevention and treatment of gastrointestinal cancers have been developed. Autophagy, a vital catabolic process in organisms, have been proven to participate in various mechanisms and signaling pathways, thus producing a regulatory effect on various diseases. The role of autophagy in gastrointestinal cancers remains unclear due to its high complexity. In this review, firstly, the biological features of autophagy will be introduced. Secondly, the role of autophagy in three popular gastrointestinal cancers, namely esophageal cancer, gastric cancer, and colorectal cancer will be described and discussed by reviewing the related literature. We aimed to bring novel insights in exploring the real mechanisms for gastrointestinal cancers and developing effective and efficient therapeutic methods to treat gastrointestinal cancers.
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Introduction

Gastrointestinal cancers are generally referred to as a group of cancers occurred in the gastrointestinal tissues, including the esophagus, stomach and colon/rectum (1). According to recent studies, it has been reported that each year, 4 million cases of gastrointestinal cancers are diagnosed in the world, and 2.7 million people die from gastrointestinal cancers annually (1–3). In a broad sense, gastrointestinal cancers are comprised of malignant tumors occurred in other digestive system tissues, including liver, small intestine, gallbladder, bile duct and pancreas (4, 5). Based on that knowledge, to keep it accurate and convincing, in our study, we focused on discussing the mechanisms of the three commonly acknowledged kinds of gastrointestinal cancers, including esophageal cancer, gastric cancer, and colorectal cancer. Although there are many different biological features of gastrointestinal cancers, several common risk factors have been discovered, including pro-tumoral genetic mutations, smoking, excessive alcohol intake, western diet, disturbance of gastrointestinal microbiota homeostasis and radioactive stimulation (6–9). In addition, the disturbance of normal gastrointestinal microenvironment is revealed to potentially cause gastrointestinal cancers, such as the pro-tumoral fibrosis and overwhelmingly local or overall inflammatory and immune responses (10–12). Besides those commonly acknowledged risk factors, some disorders have been proven to be closely related to the cause of gastrointestinal cancers. For instance, diabetes has been revealed to be associated with gastrointestinal cancer. Metformin, one of the most well-known anti-hyperglycemic drugs, was shown to reduce the incidence rate of gastrointestinal cancers in diabetic patients (4, 13). Based on that knowledge, the restoration of metabolic homeostasis and prevention of tumor-associated microenvironment formation might serve as potentially effective methods to treat gastrointestinal cancers.

Autophagy has been commonly recognized as a vital metabolic mechanism in organisms (14, 15). It is proven to be effective in degrading and recycling long-term and misfolded proteins, useless organelles under certain stressful conditions such as hypoxia, nutritional deficiency and inflammatory stimulation (16–18). So far, autophagy has been indicated to participate in numerous mechanisms and signaling pathways or cascades, thus regulating various kinds of diseases in many systems (19–22). For example, in digestive system, autophagy has been proven to contribute to the regulation of gastrointestinal microbiota (23–26). Although numerous studies reported and discussed the effect and mechanisms of autophagy in gastrointestinal cancers (27–34), the role of autophagy in gastrointestinal cancers is still not clear, and the real mechanisms remain unclarified. This situation makes it hard to use autophagy to prevent and treat gastrointestinal cancers.

In this paper, we will review related literature on the study of autophagy in three commonly diagnosed gastrointestinal cancers, including esophageal cancer, gastric cancer, and colorectal cancer. We will focus on the introduction and discussion of the controversial role of autophagy in such types of cancers, aiming to provide novel insight in the recognition of autophagy in gastrointestinal cancers, and seeking to develop an effective method to use autophagy to treat gastrointestinal cancers.



Part I: Biological characteristics of autophagy

The word “autophagy” was initially created in the 1960s by Dr. Christian de Duve, who was awarded the Nobel Prize in 1974 for the discovery of the lysosome as a new specialized membrane-bound organelle in animal cells (35). The word “autophagy” was derived from the Greek roots “auto” (self) and “phagy” (eat). It was referred to as the cellular metabolic processes in which cytoplasmic proteins and certain organelles were “eaten” by itself (to eat it self) (36–38). Since its initial discovery, the mechanisms of autophagy and its roles in cellular catabolic processes and diseases have been widely studied and recognized by researchers. In 2016, Dr. Yoshinori Ohsumi was awarded the Nobel Prize in Medicine or Physiology for his work of investigating the processes of cellular autophagy (39). So far, three types of classic autophagy have been divided based on the difference in mode of cargo delivery to the lysosomal lumen and physiological functions, including microautphagy, chaperone-mediated autophagy and macroautophagy (40–42). Microautophagy is recognized as a non-selective lysosomal process. Degrading proteins and organelles are engulfed via the invagination of the lysosomal/vacuolar membranes through microautphagy (43, 44). Chaperone-mediated autophagy is a form of selective autophagy which relies on the recognition of chaperons via targeted motif in the degrading proteins and lysosomal chaperons (45, 46). Macroautophagy is the most studied form of autophagy. Macroautophagy is referred to as a metabolic process with the functional unit of double-membraned autophagosomes, which are subsequently fused with lysosomes for further degradation and recycling (47, 48). Besides the classic classification of autophagy, some special forms of selective autophagy have been discovered and studied, including pexophagy, mitophagy, xenophagy and reticulophagy, etc. Those special forms of selective autophagy represent the special forms and functions of autophagy in certain organelles and conditions (49–51).

Autophagy-lysosomal system is recognized as one of the two classic protein degrading pathways along with ubiquitin-proteasome system (52, 53). The process of autophagy has been revealed to be mediated by more than 30 autophagy-related genes (Atgs), most of which are proven to be conserved in mammal cells (54, 55). According to our previous study, the induction of autophagy mainly follows two steps (56, 57) (illustrated in Figure 1). In the first step, under the challenge of stressful conditions such as starvation and hypoxia, cup-shaped phagophores with lipid bilayer membrane is formed to wrap around substrate materials. The formation of phagophores demands the formation of the Atg1 complex and Class III phosphatidylinositol 3-kinase (PI3K) complex, with Unc-51-like kinase (ULK1, aka Atg1 in yeast), FIP200, Atg13, Atg101 assembly for Atg1 complex and Beclin-1, Atg14, vacuolar protein sorting 15 (VPS15), and VSP34 for PI3K complex (58, 59). After the initiation, the bilayer membrane undergoes expansion, elongation and nucleation, which are sequestrated into double-membrane sphere-shaped autophagosomes. Such process is dependent on the formation of Atg16L1 complex, assembled by Atg5, Atg12 and Atg16L1 (60, 61). In addition, two ubiquitin-like proteins including Atg12 and Atg8 [LC3 (light-chain 3)] also participate the process of autophagosome formation. In the second step, autophagosomes dispose of “coat proteins (LC3-II)” on the surface of the membrane and fuse with lysosomes assisted by Atg3 and Atg7 to form the functional autolysosomes (62, 63). For the regulation of autophagy process, the Class I PI3K-mammalian target of rapamycin (mTOR) is shown as an inhibitory pathway of autophagy through the stimulation of mTOR complex 1 (mTORC1) (64). The Class III PI3K pathway is illustrated as an inductive pathway for autophagy with the formation of Class III PI3K-Beclin-1 complex (65, 66). So far, several kinds of autophagy inducers and inhibitors have been widely used in the modulation of autophagy level in both experimental studies and clinical practice. For instance, rapamycin is widely used to up-regulate the level of autophagy through the inhibition of mTORC1 activation (67, 68). For the inhibition of autophagy, the mechanism of 3-methyladenine (3-MA) for the inhibition of autophagy is through the inhibition of Class III PI3K complex formation (69). In addition, chloroquine is via the influence of the acidic environment of lysosomes and bafilomycin A1 is via the disturbance of the formation of autolysosomes (70–72).




Figure 1 | Illustration of biological process of autophagy. Under the challenge of autophagy-related stimulus, autophagy process is triggered through the formation of cup-shaped phagophore participated by Atg1 complex and Class III PI3K complex. With the formation of Atg16L1 complex and assistance of Atg12 and LC3, the bilayer membrane undergoes expansion, elongation and nucleation, which are sequestrated into double-membrane sphere-shaped autophagosomes. With the participation of Atg3 and Atg7, autophagosomes fuse with lysosomes to form the functional autolysosomes. Atg, autophagy-related gene. PI3K, phosphatidylinositol 3-kinase; LC3, light chain 3.



In the recent few decades, autophagy has been illustrated to participate or regulate numerous diseases in many systems, including atherosclerosis and hypertension (cardiovascular system) (73, 74), diabetes and obesity (metabolic system) (75, 76), ischemic stroke and multiple sclerosis (central nervous system) (77, 78), inflammatory bowel disease and gastritis (digestive system) (23, 79) as well as malignant tumors (80–82). In the treatment of cancers, the interventions to both induce and suppress autophagy have been shown as effective therapies, which indicates the complication of autophagy in the pathogenesis and progression of cancers (83). According to research literature, in the onset of cancers, autophagy can effectively prevent cancer cell formation via the correction of pro-tumoral genetic mutations and clearance of mutated cells (84, 85). Conversely, once cancer cells are formed, autophagy may promote cancer cell survival and growth through the autophagy-mediated cellular protection (80, 86). That knowledge reveals the difference between basal autophagy and stimulus-induced autophagy in cancers. The studies also indicate the different roles and effects of autophagy in the different stages of cancer progression.



Part II: The role of autophagy in gastrointestinal cancers

As discussed above, the role of autophagy is controversial in cancers. Such contradiction also exists in gastrointestinal cancers. In the following contents, the role of autophagy in several popular gastrointestinal cancers, including esophageal cancer, gastric cancer, and colorectal cancer, will be further discussed by reviewing previous related studies (illustrated in Figure 2).




Figure 2 | Illustration of the role of autophagy in esophageal cancer, gastric cancer and colorectal cancer. Autophagy may promote esophageal cancer through inducing chemoresistance and promoting cancer cell survival and growth. However, autophagy may also attenuate esophageal cancer through triggering autophagy-dependent cell cycle arrest and autophagy-related cell death. In gastric cancer, autophagy may promote the onset and development through influencing effects of immune therapy. However, autophagy may also attenuate it through fighting against Helicobacter pylori infection. In colorectal cancer, autophagy may promote the pathogenesis and progression through the influence of certain genetic variants in autophagy, while producing an attenuative effect through inflammatory and immune regulation.




Autophagy in esophageal cancer

Esophageal cancer is a type of malignant tumor that occurs in the esophagus, which is a long and hollow tubular organ ranging from throat to stomach (87, 88). According to recent statistics, although the incidence rates vary from different geographic locations, esophageal cancer is listed as one of the most common causes of cancer deaths all over the world (89, 90). The risk factors of esophageal cancer include Barrett’s esophagus, smoking, alcohol abuse, obesity, achalasia and frequent hot liquid intake, etc. (91, 92). The typical symptoms of esophageal cancer include dysphagia, chest pain, coughing and weight loss (92, 93). However, in some cases, due to its hidden onset, esophageal cancer is hard to be controlled and managed in the early stage. As a result, the research study of pathogenic mechanisms and specific screening markers for esophageal cancer is urgent.

So far, autophagy has been demonstrated to be closely associated with esophageal cancer. Four Atgs including DNAJB1, BNIP1, VAMP7 and TBK1 were shown to act as prognostic signature for the recognition of high- and low-risk groups among people (94). Another Atg signature including (VIM, UFM1, TSC2, SRC, MEFV, CTTN, CFTR and CDKN1A) were demonstrated to contribute to the improvement of the prediction of clinical outcomes in esophageal cancer patients (95). According to a research study, 22 autophagic long-chain noncoding ribonucleic acids were revealed to be highly correlated with the overall survival of esophageal adenocarcinoma patients, thus creating a novel prognostic model for esophageal adenocarcinoma (96).

For the role of autophagy in esophageal cancer, Fang et al. (97) reported that under the treatment of diketopyrrolopyrrole (DPP), autophagy was induced as a self-protective mechanism of esophageal cancer cells from DPP. Autophagy was also shown to mediate microRNA-193b-related chemoresistance on 5-fluorouracil (5-FU) treatment (98). Those findings indicated that the suppression of autophagy-mediated chemoresistance might be a potential strategy for adjuvant chemotherapy in esophageal cancer. In addition, microRNA-498 was shown to suppress esophageal cancer through the inhibition of autophagy and M2-like polarization of macrophages via mouse double minute 2 (MDM2)/activating transcription factor 3 (ATF3) signaling pathway (99). Jia et al. (100) reported that Phlorizin, an important member of the dihydrochalcone family derived from sweet tea, could suppress the progress of esophageal cancer through the promotion of cellular apoptosis and inhibit the level of autophagy in esophageal cancer cells. Those effects might lead to antagonizing the Janus kinase-2 (JAK2)/signal transducer and activator of transcription 3 (STAT3) signaling pathway. Furthermore, up-regulation of Beclin-1, a vital member of Atgs, can lead to a more aggressive esophageal squamous cell phenotype and a worse survival prognosis, thus indicating Beclin-1 to be a potential and promising prognostic biomarker and therapeutic target for patients with esophageal squamous cancer (101).

Conversely, some researches have reported the opposite effective of autophagy on esophageal cancer. According to a previous study, silencing autophagy via the inhibition of ATP6V1C1 has been shown to serve to enhance radiotherapy resistance in esophageal squamous cell carcinoma (102). In addition, the induction of autophagy via certain agents have been reported to trigger autophagy-dependent cell cycle arrest and autophagy-related cell death in cancer cells. For instance, dihydroartemisinin (DHA), the primary active derivative of artemisinin, produced an anti-tumor effect on esophageal cancer cells through the triggering of autophagy-dependent cell cycle arrest at the G2/M phase (103, 104). Therefore, further studies are demanded for the exploration of the role of autophagy in esophageal cancer.



Autophagy in gastric cancer

Gastric cancer, or stomach cancer, is amongst the most aggressive human malignant tumors all over the world, representing a heavy health burden (105, 106). An estimation of 90%-95% gastric cancers belong to adenocarcinomas. Besides, other types of gastric cancer can start in the stomach, including gastrointestinal stromal tumors (GISTs), neuroendocrine tumors and lymphomas, etc. (107, 108). So far, several risk factors have been commonly recognized, including western diet, obesity, age, gender and bacterial infection (109–111). Notably, Helicobacter pylori (H. pylori) infection is regarded as an independent risk factor, especially cancers in the lower (distal) part of the stomach (112). It is reported that gastric cancer patients are at higher infectious rate of H. pylori than people without gastric cancer (113). Like the situation of esophageal cancer, the prevention and management of gastric cancer in the early stage are difficult because of its latent symptoms in many cases.

In recent studies, the role of autophagy in gastric cancer has been widely investigated. According to many research studies, suppression of the level of autophagy might serve as an effective approach in the treatment of gastric cancer. For instance, the level of autophagy was shown to be associated with programmed cell death-1 (PD-1) with its ligand (PD-L1). Wang et al. (114) reported that inhibition of autophagy could enhance the expression of PD-L1, thus promoting the sensitivity to PD-L1-related immune therapy. In addition, UPR-induced autophagy activation was triggered by Sec62, a membrane protein of the endoplasmic reticulum that facilitated protein transport. Such pathway of autophagy induction was shown to contribute significantly to the metastasis of gastric cancer (115). In another study, Xu et al. (116) demonstrated that c-Jun N-terminal kinase (JNK)/extracellular signal-regulated kinase (ERK)-dependent autophagy was connected to gastric cancer cell survival, and the inhibition of JNK/ERK-dependent autophagy enhanced the Jaspine B derivative-induced gastric cancer cell death through the p62/Keap1/Nrf2 signaling pathway. Furthermore, oncogenic autophagy in gastric cancer cells were demonstrated to be controlled by mucolipin TRP cation channel 1 (MCOLN1), a lysosomal cation channel, via the mediation of zinc influx into the cytosol (117).

However, the situation of H. pylori infection has been shown to be different. It has been demonstrated that autophagy could protect against H. pylori infection (118). The H. pylori toxin vacuolating cytotoxin (VacA) and genetic deficiency of autophagy could promote H. pylori infection and thus contributing to the incidence of gastric cancer (118, 119). Sustained exposure to H. pylori was shown to inhibit autophagy process in gastric epithelial cells at least partly via the Nod1-nuclear factor (NF)-κB/mitogen-activated protein kinase (MAPK)-ERK/fork head box O 4 (FOXO4) signaling pathway (120). In addition, the induction of autophagy degrading functions by vitamin D3 could prevent gastric epithelial cells against H. pylori infection (121). Based on those findings, to fully take advantage of autophagy in the treatment of gastric cancer, the controversial roles of autophagy should be taken into thorough consideration, especially the effect of autophagy on H. pylori infection.



Autophagy in colorectal cancer

Colorectal cancer is a common malignant tumor of digestive tract, usually occurring at the junction of rectum and left half colon (122). It is considered to be the fourth most common malignant tumor, ranking third at 11% of all malignant tumors diagnosed all over the world (123, 124). The pathological types of colorectal cancer include adenocarcinoma, mucinous adenocarcinoma, squamous carcinoma and undifferentiated carcinoma, etc. The etiology of colorectal cancer is complicated and remains unclear. Currently, it is commonly recognized that the incidence of colorectal cancer is related to smoking, high-fat and low-cellulose diet, intestinal inflammation and other factors (125, 126). As for the occurrence and development mechanism of colorectal cancer, recent studies indicate that the inflammatory immune microenvironment of tumor cell growth plays an important role in such processes. Patients with chronic inflammatory bowel diseases, such as ulcerative colitis, have a significantly increased incidence of colorectal cancer, with enteritis-related colorectal cancer accounting for 6.7% of the total population during a 30-year follow-up period (127). The proportion of patients with ulcerative colitis who developed poor prognosis types of colorectal cancer such as signet ring cell carcinoma or myxoid carcinoma has increased significantly (128–130). Therefore, regulating the over-activation of inflammatory and immune reaction thus controlling the formation of tumor-associated inflammatory and immune microenvironment is vital for the prevention and treatment of colorectal cancer.

As shown in previous research and studies from us and other researchers, autophagy could function in the regulation of inflammatory and immune responses in many inflammation- and immune-related diseases, such as inflammatory bowel disease (IBD) (79, 131–135). Such inflammatory and immune regulating effects have also been revealed by numerous studies in colorectal cancer. For instance, autophagy was shown to couple the environmental signals and metabolic homeostasis to protect lineage and survival integrity of Treg cells, thus preventing tumor resistance and development of inflammatory disorders (136). The induction of mitophagy, a form of selective autophagy, could trigger the anti-tumor adaptive immunity during tumorigenesis (137). In addition, autophagy in intestinal epithelial cells was demonstrated to prevent tumorigenesis via the restoration of DNA damage and prevention of cell proliferation and inflammation, while deficiency in autophagy promoted tumor progression of colorectal cancer (138, 139). Induction of autophagy by certain small molecular agents were reported to protect against colitis-associated colorectal cancer via suppressing the NLR family pyrin domain containing 3 (NLRP3) inflammasome activation (140). Furthermore, as shown in our previous study, autophagy could attenuate the growth and metastasis of colorectal cancer through the modulation of neutrophil extracellular traps (NETs) and inflammasomes (141). However, another study revealed that the Thr300Ala variant in Atg16L1, one of the vital Atgs, was associated with improved overall survival in human colorectal cancer (142). Those findings indicated that certain mutation of Atgs might produce a therapeutic effect on colorectal cancer.




Conclusion

In this review, we have introduced and discussed the role of autophagy in three popular gastrointestinal cancers, including esophageal cancer, gastric cancer and colorectal cancer. As discussed, the effects of autophagy on the gastrointestinal cancers are controversial and complex. Although there have been many research studies conducted on this topic, the real mechanisms of autophagy in gastrointestinal cancers remain unclarified. To fully take advantage of autophagy in the treatment of gastrointestinal cancer, further studies are demanded on this topic.
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Cancer is a leading cause of death worldwide and novel prognostic factors are reported with increasing numbers. Systematic reviews and meta-analyses on cumulative research data are crucial in estimating the true prognostic value of proposed factors. Dysadherin (FXYD Domain Containing Ion Transport Regulator 5; FXYD5) is a cell membrane glycoprotein that modulates Na+, K+-ATPase activity and cell-cell adhesion. It is abundantly expressed in a variety of cancer cells, but only in a limited number of normal cells and its levels are increased in many different tumor types. The expression or level of dysadherin has been suggested as an independent predictor for metastasis and poor prognosis by number of studies, yet we lack a definitive answer. In this study, we systematically evaluated the prognostic value of dysadherin in cancer and summarized the current knowledge on the subject. PubMed, Scopus, Web of Science and relevant clinical trial and preprint databases were searched for relevant publications and PRISMA and REMARK guidelines were applied in the process. After a careful review, a total of 23 original research articles were included. In each study, dysadherin was pointed as a marker for poor prognosis. Meta-analyses revealed 3- and 1.5-fold increases in the risk of death (fixed effects HR 3.08, 95% CI 1.88-5.06, RR 1.47, 95% CI 1.06-2.05 on overall survival, respectively) for patients with high (>50%) tumoral FXYD5 level. In many studies, a connection between dysadherin expression or level and metastatic behavior of the cancer as well as inverse correlation with E-cadherin level were reported. Thus, we conclude that dysadherin might be a useful prognostic biomarker in the assessment of disease survival of patients with solid tumors.
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Introduction

Dysadherin, also known as FXYD domain-containing ion transport regulator 5 (FXYD5), DYSAD, or IWU1, is a member of FXYD family, of which all seven members (FXYD1–7) are known to interact with Na+/K+-ATPase and tissue-specifically modulate its function. Dysadherin is a cell membrane glycoprotein abundant only in a limited number of normal cells - namely lymphocytes, endothelial cells, and cells of epithelial tissues (1). FXYD5 gene locates in chromosome 19 and encodes a 178 amino acid protein with a putative signal sequence, a potential O-glycosylated extracellular domain, a single transmembrane domain, and a short cytoplastic tail (2) (3). To our knowledge, there are no human disease conditions or animal models of disease deriving from mutations in FXYD5 (4). However, for many different cancer types, increased dysadherin expression is an independent predictor of metastasis and poor prognosis (1). The use of FXYD5 expression as a prognostic factor has not been studied in other pathologies than cancer. In general, dysadherin is not yet an extensively studied molecule, and its clinical usability and full biological function are just being discovered.

Initially dysadherin was identified as a target of a monoclonal antibody which was developed to react with a variety of cancer cells, but only with few normal cells (3). In normal cells, dysadherin has a physiological role in modulating cellular junctions, affecting cell adhesion, influencing chemokine production and, most importantly, modulating Na+/K+-ATPase activity (1). In addition, dysadherin has a role in normal epithelia during inflammation. Lubarski-Gotliv et al. demonstrated that in epithelium, dysadherin increases the cells’ response to lipopolysaccharide (LPS) through tumor necrosis factor α (TNF-α) signaling (5). Brazee et al. studied the pro-inflammatory effects of dysadherin in lung injury and found dysadherin to be one of the key contributors in the pulmonary inflammatory response (6). Recently, dysadherin was shown to be a substrate of MMP8 and its cleavage increased cell-cell adhesion leading to restrained migration in oral cancer cells (7).

Dysadherin is linked to certain known cancer promoting signaling pathways. High expression of dysadherin is involved in the downregulation of E-cadherin, which by acting as the cell-cell adhesion receptor, has an important role in suppression of tumor progression (1). Downregulation of E-cadherin leads to reduced cell adhesion and upregulation of chemokine production thereby creating more favorable conditions for metastatic spread (8). However, dysadherin expression also correlates with changes in cell morphology and increased metastasis in cancer cells lacking E-cadherin expression, which suggests that dysadherin also exerts E-cadherin independent mechanisms in tumor progression (1). Moreover, dysadherin expression increases the secretion of chemokine (C-C motif) ligand 2 (CCL2) by enhancing the transcriptional activity of NF-κB (9) and increasing the activation of AKT (10) in vitro.

The previous review articles on the role of dysadherin in cancer prognosis are not systematic reviews on the subject and are not considering solely cancer prognosis (1, 8, 11, 12). The review article by Lubarski et al. gathered the current knowledge on FXYD5 mostly focusing on its functional effects and experimental data (1). A review by Nam et al. focused on the possible mechanisms of FXYD5 in the process of cancer progression (8). They concluded that dysadherin is a potential molecular target for the visualization, prevention or treatment of head and neck cancers with advanced stage. Molecular mechanisms of FXYD5, mostly related to E-cadherin regulation was discussed in the review by Georgolios et al. (12). Articles examining dysadherin in head and neck cancers specifically were reviewed by Giotakis et al. (11). They concluded that dysadherin is frequently overexpressed in head and neck cancer and could be a potential, reliable independent prognostic factor. By applying systematic review guidelines and methods, we gathered the original research articles on dysadherin related to cancer prognosis and provided a comprehensive compilation of the current knowledge on the subject. Thus, we aimed to create an overview of the prognostic value of dysadherin in cancer.



Materials and methods


Search protocol

This article was compiled by following the systematic review guide – Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA 2020) (13). Searches were performed in PubMed (https://pubmed.ncbi.nlm.nih.gov), Scopus (https://www.scopus.com), Web of Science (https://www.webofscience.com), clinical trial databases clinicaltrials.gov (https://clinicaltrials.gov/) and ICTRP (https://www.who.int/clinical-trials-registry-platform) as well as pre-print databases MedRXiv/BioRXiv (https://www.medrxiv.org/) and ResearchSquare (https://www.researchsquare.com/). All reports published until July 2022 were included. The search terms dysadherin (dysadherin OR dysad OR fxyd5 OR iwu1) and cancer (cancer OR tumo?r* OR neoplasm* OR carcinoma OR malignan* OR sarcoma* OR leukemi* OR lymphoma OR adenocarcinoma*) and prognosis (prognos*) were searched from titles, abstracts and keywords (Scopus) or all fields (PubMed, Web of Science). Clinical trial databases were searched for dysadherin (as above) and preprint databases with dysadherin (as above) as well as prognosis (prognos*) due to limitations in search query length. The asterisk is used to indicate truncation and the question mark to indicate wildcard characters in search terms.



Review of relevant publications

The workflow of the systematic review is depicted in Figure 1. A total of 148 search hits were retrieved originally. After removing the multiplicate articles, 78 articles remained, of which articles other than original research (reviews or comments/notes) or overlapping (same report in conference and original publication) were excluded. The remaining 59 reports were carefully retrieved and analyzed. Reports were further excluded if dysadherin or cancer was not studied, or if the study did not focus on prognostic value of dysadherin in cancer. Two reviewers (AN and KJ) independently screened and assessed the selected literature. Differences in the results, if any, were resolved through discussion with a third reviewer (MR). Finally, 23 collected reports were included in this systematic review. To answer our specific research question (“What is the prognostic value of dysadherin in cancer?”) the information about study size and type, main findings and statistical methods were retrieved. All extracted data is presented shortly in the Table 1 (reference, cancer type, effect on prognosis and statistics) and fully in the Supplementary Table 1 (reference, country where and years when study was conducted, received therapies, sample type, antibody used, correlation with patient parameters and period of follow up in months).




Figure 1 | Systematic literature search depicted as flowchart.




Table 1 | Overview of reports (included in the systematic review) studying dysadherin in evaluating cancer prognosis.






Evaluation of publication quality

We used the Reporting Recommendations for Tumor Marker Prognostic Studies (REMARK) guidelines to evaluate the quality of reporting in each study (37). The REMARK evaluations are presented in the Supplementary Table 2 and evaluation of inter-rater agreement with Cohen’s κ showed substantial agreement (0.72) between reviewers. The REMARK criteria consist of a checklist with 20 items of which we eliminated three irrelevant items for this kind of studies, leaving us with a checklist of 16 items. The eliminated items were 6, 8, 9, and 18. The item was fulfilled if the article reported most of the criteria listed. Items 4 and 13, describing the control samples, and reporting the marker expression against standard prognostic variables respectively, were missing from several articles. Discussion about limitations of the study (in item 19) was missing from almost all articles.



Meta-analysis of relevant publications

The open software R (version 4.1.2) with the package “metafor” (version 3.0-2) was used for meta-analysis. By utilizing the rma.uni-function (i.e. inverse variance method), both fixed and random effects models were applied to estimate the combined effect of FXYD5 expression on overall survival in selected studies. The heterogeneity statistics Cochran’s Q and I2 are presented to describe the variance between included studies. The p-value < 0.05 is considered statistically significant.




Results

As shown in Figure 1, our original search resulted in 148 hits in seven databases. After removing the multiplicates (n=36) and reports without original data (n=19), we were left with 59 reports, which were retrieved and analyzed. Finally, 23 reports which provided data on the connection of dysadherin expression/level and cancer patients’ survival were deemed eligible. Table 1 contains an overview of the reports included in this study. In general, we only discuss the statistically significant results identified from the included studies and exact statistical values are reported in Table 1. In Supplementary Table 1 additional clinical details of the studies are listed.

For this systematic review, we classified articles according to the anatomical location of the tumor into five categories: gastrointestinal and urinary, gynecological, head and neck, lung, and skin and connective tissue cancers. In addition, results from meta-analyses on the use of dysadherin protein level as prognostic marker are included as a separate chapter.


Gastrointestinal and urinary cancers

The tumoral dysadherin has been evaluated in gastrointestinal and urinary cancers in eight studies reporting high dysadherin protein level and mRNA expression as a marker of poor overall survival (14–21) (Table 1 and Supplementary Table 1). Dysadherin protein was immunohistochemically observed on cancer cell membranes, but not in the normal epithelium in colorectal carcinoma (n=82 and n=123, 2 studies), gastric cancer (n=276), pancreatic ductal adenocarcinoma (PDAC, n=125) and extrahepatic cholangiocarcinoma (100 ECC, 30 peritumoral tissues, 10 adenoma, 15 normal biliary tract tissues) (14, 15, 17–19). In contrast, in esophageal squamous cell carcinoma (ESCC, n=117) dysadherin staining was also observed in the basal cells of normal epithelium (20). Similarly, Tian et al. identified high FXYD5 mRNA expression to predict poor overall survival in renal kidney cancer as part of a seven-gene signature (21). An association between dysadherin protein level and metastasis was found in colorectal carcinoma, ECC, PDAC and gastric cancer (14, 17–19).



Gynecologic cancers

The role of dysadherin in gynecologic cancers has been investigated in five studies, all reporting high dysadherin mRNA expression or protein level as a marker of poor overall survival (22–26) (Table 1 and Supplementary Table I). Raman et al. examined potential survival-related markers by utilizing copy number amplifications and gene expression datasets of serous ovarian carcinomas (SOC) (n=572) in The Cancer Genome Atlas (TCGA). Dysadherin was identified as a marker of poor survival in SOC, and this finding was validated in another set of microarray data from ovarian carcinomas (OC) (n=204) (22). Tassi et al. compared the survival biomarkers between long-term and short-term high-grade SOC survivors (n=39 in training set, n=29 in validation set). Dysadherin was upregulated both on mRNA and protein level in patients with poor overall survival compared to those showing favorable outcome. Multivariate analysis revealed dysadherin as an independent prognostic factor of mortality (23). Bai et al. studied patients with high-grade stage III OC (n=58) and patients with benign ovarian tumors or uterine lesions (n=22). Using immunohistochemistry, the authors demonstrated higher dysadherin level in OC patients’ tumors compared to normal tissues. Upregulation of dysadherin mRNA associated with a poor overall, relapse-free and post-progression survival in epithelial ovarian cancer patients analyzed with Kaplan-Meier Plotter tool (24).

In cervical squamous cell carcinomas (CSCC, n=206), higher protein level of dysadherin was significantly associated with shorter overall survival. Wu et al. found that most tumors were positive for dysadherin protein, and that dysadherin was also present in the basal and parabasal cells of normal cervical epithelia (25). In addition, Besso et al. evaluated dysadherin in tumor samples (n=74) and concluded that high mRNA expression in tumors were associated with endometrial cancer aggressiveness. Analysis of uterine corpus endometrioid cancer patients (TCGA) identified a high-risk group of patients with increased dysadherin mRNA expression and shorter overall survival rates compared to the low-risk group (26).



Head, neck and thyroid cancers

Five studies examined dysadherin in head and neck cancers (27–31), and three of them suggested high tumoral dysadherin mRNA expression or protein levels to predict poor overall survival (Table 1 and Supplementary Table 1). Muramatsu et al. evaluated the impact of dysadherin on survival of head and neck cancer patients (n=48) treated with radiation therapy. Patients with high dysadherin levels showed a poor response to radiation therapy, but no correlation to disease free survival or the recurrence were found. Dysadherin protein level alone did not correlate with metastasis but correlation to metastasis was found when it was combined with E-cadherin staining level (29). Chen et al. identified dysadherin as one of the immune-related differentially expressed genes between human papilloma virus positive (HPV+) and negative (HPV-) head and neck cancer patients. High dysadherin mRNA expression was included in a nine immune-gene panel, which could separate HNSCC patients in to high- and low risk groups with poor and better prognosis, accordingly (30).

Nakanishi et al. showed association of high dysadherin level with tumor stage and infiltrative growth pattern in tongue squamous cell carcinoma (n=91). Dysadherin-positive staining was observed on the membranes of cancer cells as well as in the basal cells of normal squamous epithelium. Increased dysadherin immunopositivity was an independent and significant prognostic factor of poor overall survival in their study (27). Kyzas et al. showed similar results in their study on head and neck squamous cell carcinoma (n=108). High dysadherin level was a significant independent prognostic factor for overall survival and correlated with higher clinical stage, lymph node metastasis, and increased intratumoral lymphatic invasion and density. Intense dysadherin immunostaining was mainly observed in the membranes of cancer cells but also in the basal cells of normal stratified squamous epithelium. Dysadherin-positive cancer cells were located especially in the areas with increased lymphatic concentration, surrounding and invading small intratumoral lymphatics (28).

Sato et al. investigated three different types of thyroid carcinomas (51 papillary, 10 follicular, and 31 undifferentiated carcinomas) and found significant increase in dysadherin protein level in undifferentiated carcinoma compared to papillary and follicular carcinomas and no staining in normal thyroid follicular epithelial cells. Dysadherin expression correlated with tumor size and metastasis, and patients who dies to thyroid carcinoma had higher tumoral dysadherin levels (31).



Lung cancers

We found two lung cancer studies reporting high tumoral dysadherin protein level as an independent predictor of poor overall (32) or disease-free (33) survival (Table 1 and Supplementary Table 1). Tamura et al. examined dysadherin protein by immunohistochemistry in patients with non-small cell lung cancer (NSCLC) (n=131). The overall survival was significantly worse for patients with dysadherin-positive tumors compared to those with dysadherin-negative tumors (31). The results were consistent with Ono et al. who studied stage I NSCLC specimens (n=107) and identified high dysadherin expression as predictor of poor disease-free survival. High dysadherin level together with low E-cadherin level could also be used to detect patients with lower overall or progression-free survival. No significant association between dysadherin and cancer recurrence was observed (32).



Cancers of skin and connective tissue

Three immunohistochemical studies examined the role of dysadherin in skin and connective tissue cancers and found high tumoral protein level to predict poor overall survival (34–36) (Table 1 andSupplementary Table 1). Nishizawa et al. reported that increased dysadherin level is an independent and significant prognostic factor for overall survival in patients with cutaneous malignant melanoma (n=115). High dysadherin expression also correlated with tumor subtype, Clark level, tumor thickness, ulceration, TNM stage, lymph node metastasis indicating dysadherin as a protumorigenic factor in this cancer. Dysadherin expression was also detected in basal cells of normal epidermis (34).

Izumi et al. examined epithelioid sarcomas and malignant rhabdoid tumors (n=72+6, respectively) and detected dysadherin-positive staining more frequently in proximal-type epithelioid sarcoma cases than in distal-type epithelioid sarcoma cases. In malignant rhabdoid tumors dysadherin staining was not observed. Patients with dysadherin positive epithelioid sarcoma survived for a significantly shorter time compared to those with dysadherin negative tumors (35). In another study by Izumi et al., dysadherin level was examined in synovial sarcomas (n=92) and similarly, patients with high dysadherin level survived for a significantly shorter time than those without dysadherin level. High dysadherin level correlated with age of the patient, glandularity and size of the tumor as well as Ki67-labeling index. Tumors with positive immunohistochemical staining also showed higher mRNA expression of dysadherin (36).



Meta-analyses

The significance of dysadherin protein level (50% cut-off point) in estimating cancer patient’s overall survival was evaluated by two individual meta-analyses by combining the results of original studies which reported either HR (meta-analysis I) or RR (II) parameters. Meta-analysis I included results from three independent studies on head and neck (28) as well as oral tongue (27) squamous cell carcinoma and advanced colorectal carcinoma (14) (Figure 2A). The meta-analysis I revealed that cancer patients with high tumoral dysadherin protein level face a three times higher risk of death (HR 3.08, 95% CI 1.88-5.06, p-value <0.000, both fixed and random effects models) compared to patients with low dysadherin level. Heterogeneity between the included studies in this meta-analysis was low (Cochran Q = 0.447, p-value = 0.780, degrees of freedom = 2 and I2 = 0.00%) demonstrating the universal usability of this marker in evaluating cancer patient’s prognosis.




Figure 2 | Forest plots depicting the meta-analysis results on high FXYD5 protein expression on risk of death estimated as hazard ratio (A) or risk ratio (B). The black square displays the HR or RR identified in the study and the whiskers display the 95% confidence interval (CI). Size of the black box signifies the weight that the study contributes in the meta-analysis. The combined effect, estimated with both fixed and random effects models, is displayed as the black diamond.



The relative risk (i.e., risk ratio) of death between patients with high (>50%) and low (<50%) tumoral dysadherin protein level have been studied in esophageal squamous cell carcinoma (22) and gastric cancer (15) and these studies were used for the meta-analysis II (Figure 2B). The results vary depending on the model used, especially on the significance (fixed effects model RR = 1.47, 95% CI 1.06-2.05, p-value = 0.023 and random effects model RR = 1.67, 95% CI 0.77-3.63, p-value = 0.197). For meta-analysis consisting of only few (typically 2 to 3) studies, the fixed effects model has been suggested as random effects estimators tend to overestimate the variance between studies (38, 39). To conclude the results of meta-analysis II, cancer patients with high dysadherin staining face a 1.5-times the risk of death compared to cancer patients with low tumoral dysadherin level, although the heterogeneity between studies is large (Cochran Q = 4.6365, p-value = 0.0313, degrees of freedom = 1 and I2 = 78.43%).




Discussion

In this systematic review we gathered the available research articles on the prognostic role of dysadherin in cancer using PubMed, Scopus, Web of Science, clinical trial (clinicaltrials.gov, ICTRP) and pre-print (MedRXiv/BioRXiv and ResearchSquare) databases. The importance of biomarkers in the clinical management of cancer patients is increasing. A biomarker is any measurable biological molecule, such as DNA, RNA, protein or peptide, that can be used as an indicator of normal or abnormal biological state in an organism. Clinically, cancer biomarkers measure the risk of developing cancer, risk of cancer progression or response to therapy. Based on their usage, cancer biomarkers are classified into predictive and prognostic biomarkers. Predictive biomarkers provide information about the response to a particular therapy helping to identify the patients most likely to benefit from the treatment. Prognostic biomarkers are associated with the overall cancer outcome and indicate the likelihood of a future clinical event, such as death, disease recurrence or progression (40, 41). Reliability of a biomarker increases with the number of publications, yet as the cancer field is battling with the dramatic increase of information, a synthesis of the current knowledge is required. Systematic reviews, especially accompanied with meta-analyses, offer a solution for this need, but thorough approach is needed to ensure their good quality (42).

All 23 studies included in this systematic review found dysadherin to be a marker for poor prognosis either being directly associated with survival or markers indicating higher risk of malignancy. Furthermore, many studies (7/23) reported a connection between dysadherin and the occurrence of metastases. Dysadherin staining was mainly found on the plasma membrane of cancer cells. In some studies, the normal cells were found negative for dysadherin staining. However, in several cancer tissues (20, 24, 25, 27–29, 34–36) positive dysadherin staining was observed in the basal cells of normal epithelia, lymphocytes, and endothelial cells by using the same antibody (3) (see Supplementary Table 1). According to the studies published to date, the only cancer type negative for dysadherin staining was malignant rhabdoid tumor (35). Malignant rhabdoid tumor (RT) is a highly aggressive and lethal tumor that typically arise in brain, kidney or other soft-tissue type (43). In epithelioid sarcoma and malignant rhabdoid tumor, dysadherin is significantly useful for the differential diagnosis between these two tumor types (35).

Studies on cancer cell lines suggest that dysadherin overexpression results in reduced cell-cell adhesion and thereby increased metastasis potential (1, 8). Induction of cell motility by dysadherin may be both E-cadherin dependent and independent. Overexpression of dysadherin caused morphological changes in vitro and a dose-dependent down-regulation of E-cadherin by a posttranscriptional mechanism (3). On the other hand, dysadherin also seems to promote invasion and metastasis of cancer cells completely lacking E-cadherin (9). From the 23 articles included in this review, examining role of dysadherin in cancer prognosis, 13 also evaluated the level of E-cadherin by immunohistochemistry. In six studies, a substantial reverse association between increased dysadherin level and decreased E-cadherin level was observed. One study identified a tendency for this association (29) and one study showed diminished E-cadherin expression in vitro after silencing dysadherin (26). Likewise, increased dysadherin and reduced E-cadherin levels predicted the worst prognosis for the patients (18, 20, 27, 33, 36).

Limitations of the present study are the diversity of cancer types studied in the collected articles and relatively small number of total articles, which also affect the quality of meta-analysis (44) and, deter us from applying methods to analyze publication bias (45). Publication bias may still be present as all studies recognized dysadherin as prognostic factor for cancer, whereas negative results might have gone unpublished (46, 47). Furthermore, some relevant reports might have been missed since the snowball was not conducted. In addition, information on ethnicity was missing in the majority of studies, and the majority (~80%) of studies are conducted in Asian countries thus the results might not be applicable to other populations. Due to limited number of studies on the same cancer type now, meta-analyses could be only performed by combining studies of various cancers.

In conclusion, articles published to date consistently connect the high dysadherin levels or elevated mRNA expression with worse overall survival in various cancers. Mostly this phenomenon has been identified in colon and colorectal (n=3), ovarian (n=3) and head and neck cancer (n=3). For high dysadherin levels or mRNA expression to be a clinically relevant biomarker, clear parameters for high dysadherin protein level or mRNA expression should be uniformly defined. Furthermore, the studies, which look into the correlation between dysadherin and prognosis or patient parameters such as metastases, should focus on a certain cancer (sub)type. Using dysadherin protein level or mRNA expression to select cancer patients for different treatment paradigms is currently highly understudied topic in dysadherin research.
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miRNAs play a crucial role in regulating genes involved in cancer progression. Recently, miR-153 has been mainly well-known as a tumor suppressive miRNA modulating genes in proliferation, metastasis, EMT, angiogenesis and drug resistance ability of a variety types of cancer. Mechanistic activity of miR-153 in tumorigenicity has not been fully reviewed. This manuscript presents a comprehensive review on the tumor suppressive activity of miR-153 as well as introducing the controversial role of miR-153 as an oncogenic miRNA in cancer. Furthermore, it summarizes all potential non-coding RNAs such as long non-coding RNAs (LncRNAs), transcribed ultra-conserved regions (T-UCRs) and circular RNAs (CircRNAs) targeting and sponging miR-153. Understanding the critical role of miR-153 in cell growth, metastasis, angiogenesis and drug resistance ability of cancer cells, suggests miR-153 as a potential prognostic biomarker for detecting cancer as well as providing a novel treatment strategy to combat with several types of cancer.
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Introduction

Cancer is one of the most critical diseases with an increasing prevalence rate and high mortality. Cancer is a type of cell transformation and loss of cell differentiation with uncontrolled cell growth. It is also a genetic and epigenetic disorder, having much heterogeneity in both tissue and cellular levels. It is characterized by different properties such as proliferation, migration and invasion, metastasis, angiogenesis and chemo/radio resistance abilities. There are many oncogenes, tumor suppressor and regulatory genes which modulate cancer characterizations through various mechanistic pathways (1, 2).

miRNAs are non-coding small RNAs (∼20–24 nucleotides) which regulate target genes negatively, by binding to complementary sites of 3´ UTR in a specific gene’s mRNA, resulting in mRNA degradation or translation inhibition based on complete or partial complementary, respectively (3). Recently, the role of microRNAs (miRNAs) as oncogenes or tumor suppressor genes, has been confirmed in regulating genes involved in the progression of various types of malignancies. The expression level of numerous miRNAs has modified in different types of cancer cells (4–6). Dysregulation of miRNAs is associated with the development and progression of cancer. Therefore, miRNAs have been proposed for using as prognostic biomarkers, predicting and detecting cancer as well as usage as novel strategy for treatment of cancer (7). miR-153, one of the miRNAs involved in cancer progression and development, has recently been reported in several studies. The two miRNAs genes, miR-153-1 (miR-153-5p) and miR-153-2 (miR-153-3p) with a conserved sequence are evolutionarily-conserved genes in Eukaryotes, Vertebrata, Mammalia, Primates, Hominidae, and Homo located on chromosome 2q35 (Chromosome 2 - NC_000002.12) with 90 bp (https://www.ncbi.nlm.nih.gov/gene/406944) and chromosome 7q36.3 (Chromosome 7-NC_000007.14) with 87 bp (https://ncbi.nlm.nih.gov/gene/406945) Evaluation of genomic sequence of miRNA-153-1 and miRNA-153-2 has been revealed that these miRNAs as intragenic miRNAs, are embedded within the 19th intron of IA-2 (also known as PTPRN) and IA-2β (also known as PTPRN2), the conserved host genes, respectively (8).

Recently, dysregulation of miR-153 has been verified in different types of cancer cells such as cervical, lung, neuroblastoma and gastric cancer (9–12). It is implicated in cancer pathophysiological processes, including proliferation, apoptosis, invasion, EMT and metastasis, angiogenesis and chemo/radiotherapy resistance (13). Most importantly, miR-153 acts as a tumor suppressive miRNA to reduce stemness phenotypes of cancer cells (14, 15). Both 5′-arm and 3′-arm of the miR-153 precursor suppress tumor initiation and progression through modulating expression of their target genes (16). Besides anti-tumorigenicity activity of miR-153, several studies have reported the oncogenic role of miR-153 in some types of cancer cells (16–18). It recommends a controversial role of miR-153 as both a tumor suppressor gene and an oncogene.

Critical role of miR-153 in different types of cancers and especially the controversial role of miR-153 in tumorigenicity of cancer cells made the author put forth this review, which is the first comprehensive review with details about miR-153, its transcriptional regulation and mechanistic effects on cancer. This review presents a study on the mechanistic roles of miR-153 as either a tumor suppressor gene or an oncogene in proliferation, apoptosis, migration and invasion, metastasis, angiogenesis and chemo/radio resistance ability of cancer cells. Moreover, it introduces a number of non-coding RNAs (ncRNAs) which regulate the expression of miR-153 in different mechanistic pathways of malignancy. Furthermore, it summarizes some suggested strategies for miR-153-related therapy as well as suggesting as a prognostic biomarker that is associated with some pathological parameters. Recognition and understanding the molecular mechanisms modulated by miR-153 in cancer cells, can be effective for discovering novel treatment strategies as well as usage as a specific prognostic biomarker for the prognosis of different types of cancer.



Transcriptional regulation of miR-153

Primarily, transcriptional regulation of miRNAs is dependent on genomic stability, activity of transcription factors, epigenetic regulation and miRNA biogenesis pathway. There are some potential mechanisms that deregulate miRNAs in cancers including the amplification or deletion of miRNA genes, aberrant activity of transcription factors, epigenetic dysregulation and defects in the miRNA biogenesis pathway (19). miRNAs is regulated by several transcription activators, co-activators or suppressors, so dysregulation of some key transcription factors results in abnormal expression of miRNAs in tumors. Search to discover the potential transcription factors for transcriptional regulation of miR-153 in TRANSFAC database has exhibited the predicted binding sites for transcription factors such as CREB-binding protein (CBP)/p300, cAMP-response element binding protein (CREB), C/EBPß, and ATF4 at promoter sequence of miR-153 (20). Both CBP and p300 interact with CREB/ATF4 in a pathway dependent on the cAMP-dependent protein kinase A and may perform an important role in alteration in gene expression and the regulation of signaling pathways (21). Furthermore, it has been reported that KLF4 may also act as a transcription factor of miR-153 (22). Therefore, the regulation of miR-153 may be mediated by a group of transcription factors and dysregulation of these transcription factors may result in abnormal expression of miR-153 in tumors. Also, it has been reported that the intragenic cryptic promoter of miR-153 may be regulated epigenetically with a site of enrichment for H3K4me3 in hippocampal neurons (20). There is no more evidence on transcriptional regulation of miR-153 in cancer. Nevertheless, further studies are needed to discover the exact mechanism of miR-153 dysregulation in cancer.

miRNA-153 is transcribed by RNA polymerase II as a primary transcripts (pri-miRNAs). The primary transcript is cleaved by the Drosha ribonuclease III enzyme to produce an approximately 70-nt stem-loop precursor miRNA (pre-miRNA), which is further cleaved by the cytoplasmic Dicer ribonuclease to generate the mature miRNA-153 (https://ncbi.nlm.nih.gov/gene/406945). The mature miRNA-153 is incorporated into a RNA-induced silencing complex (RISC), which recognizes target mRNAs through base pairing with the miRNA and results in translational inhibition or destabilization of the target mRNAs (8).



Role of miR-153 in proliferation of cancer cells

Proliferation of cancer cells is mediated by different genes and mechanistic pathways. miR-153, as a tumor suppressor gene, is able to regulate genes related to proliferation (Table 1). Down-regulation of miR-153 has been verified in proliferation of various types of cancer, whereas, up-regulation of miR-153 inhibits proliferation through targeting molecules involved in survival and proliferation and modulating some suggested mechanisms (75). FYN, a tyrosine-protein kinase, implicated in cell proliferation and metastasis, is downregulated by miR-153. Downregulation of miR-153 results in overexpression of FYN, promoting proliferation and metastasis of esophageal squamous cell carcinoma (62). Also, the expression level of AKT increases in some types of cancer such as lung cancer, ovarian cancer and glioblastoma. The studies have revealed that an increase in AKT expression can be contributed to downregulation of miR-153. However, overexpression of miR-153 induces cell cycle arrest in G0/G1 and G2/M phases as well as inhibiting proliferation by regulating the expression of AKT, CDK1 through binding to and degrading their mRNAs (3, 23, 24, 26). Moreover, miR-153 suppresses the AKT signaling pathway in glioblastoma through reduction in expression of insulin receptor substrate-2 (Irs-2) which acts as a molecular adaptor, mediating influences of insulin and insulin-like growth factor 1 (IGF-1) on cell proliferation (Figure 1) (27). miR-153 inhibits the proliferation of glioma cells by targeting AKT which is also well known as a mTOR complex 2 (mTORC2) indicator (25). In addition, high expression levels of an essential subunit of mTORC2, Rictor, along with overexpression of mTORC2 have been reported in some cancer cells such as glioma cells, whereas miR-153 as an anti-Rictor is downregulated in these cells. Therefore, modulating the mTOR pathway contributes to anti-tumorigenicity activity of miR-153. Furthermore, ribosomal protein S6 kinase B1 (RPS6KB1) is a serine/threonine kinase in downstream of mTOR pathway, implicated in cell viability and inhibition of apoptosis through phosphorylating BAD protein in thyroid carcinoma. miR-153 is involved in inhibiting proliferation and development of thyroid carcinoma by targeting RPS6KB1 in the mTOR-dependent pathway (28). Furthermore, miR-153 regulates the expression level of an E3 ubiquitin ligase, Zinc and ring finger 2 (ZNRF2), which is implicated in the activity of PI3K/Akt/mTOR pathway in papillary thyroid cancer. It recommends the miR-153/ZNRF2 axis, as one of the most important mechanistic pathways in suppressing the PI3K/Akt/mTOR (29).


Table 1 | Tumor suppressor role of miR-153 in different cancer cells.






Figure 1 | anti-proliferative activity of miR-153 by modulating IRS2/PI3K/AKT/mTOR axis.



Also, anti-proliferative activity of miR-153 is mediated by targeting Kruppel-like factor 5 (KLF5) in breast and gastric cancers. KLF5 is a transcription activator of genes involved in proliferation that is activated by the MEK/ERK1/2 signaling pathway (12, 30). Moreover, upregulation of other transcription factors such as Zinc finger and BTB domain-containing protein 2 (ZBTB2) and RUNX2 due to downregulation of miR-153 may also affect tumorigenicity of gastric cancer. ZBTB2 is a novel partner of the nucleosome remodeling and deacetylase (NuRD) complex which is positively correlated with cancer cell proliferation and metastasis (33). Also, overexpression of RUNX2, a transcription factor involved in regulation of genes related to EMT, metastasis and development of cancer cells, is associated with downregulation of miR-153 in breast cancer cells (60). It suggests that ZBTB2 and RUNX2 may be considered as targets of miR-153, respectively. On the other hand, it has also been confirmed that miR-153 decreases proliferation and promotes cell cycle arrest by targeting E2F3, resulting in downregulation of E2F family transcription factors and Ki67 in thyroid cancer (31).

The other target gene of miR-153, TGFβ, is up-regulated in cancer cells such as osteosarcoma, resulting in overexpression of p-SMAD2, p-SMAD3, EGFR, IGF binding protein-3 (IGFBP-3) which are the crucial proteins in downstream of TGFβ signaling pathway. Therefore, upregulation of miR-153 suppresses proliferation of cancer cells through modulating TGFβ, negatively, which leads to low expression of its downstream proteins (32). It shows that miR-153 acts as an anti-proliferative factor which is downregulated in various types of cancer. Totally, it may be introduced as a novel biomarker to detect cancer as well as usage as a novel strategy for cancer therapy.



Role of miR-153 in apoptosis

Recently, the studies have shown the pro-apoptotic role of miR-153 in cancer cells (Table 1) (14, 76). It has been reported that the low rate of apoptosis in some cancer cells, including glioblastoma, ovarian cancer, CML and AML, may be contributed to downregulation of miR-153 which targets three antiapoptotic genes, Bcl-2, Mcl-1 and XIAP through binding to 3´UTR of their mRNAs (34, 36, 39). Recently, it has been shown that Mcl-1 is also well known as a miR-153 target gene in inhibiting metastasis in some types of cancer, including oral and liver cancer (57, 59). Thus, besides the anti-apoptotic role, MCL-1 plays an important activity in migration, metastasis and development of a variety of cancer cells. In addition, it has been confirmed that miR-153 has a critical role in cell viability reduction and apoptosis induction through activating caspase 3, 9 and rising Bax/Bcl2 ratio, which are mediated by targeting TGFβ/Samd2 axis in nasopharyngeal cancer cells (37). On the other hand, miR-153 is considered as a negative regulator of homologous to the E6-associated protein carboxyl terminus domain containing 3 (HECTD3), an E3 ubiquitin ligase. HECTD3 promotes ubiquitination of some types of caspases, including caspase 8 and 9, resulting in apoptosis inhibition and cell survival promotion in cancer cells such as breast cancer. Thus, modulating HECTD3 is implicated in miR-153-induced apoptosis in these cancer cells (38). Besides apoptotic activity, miR-153 regulates autophagy in CML and osteosarcoma. miR-153 inhibits autophagy by downregulating Bcl2 as well as targeting ATG5 (35, 40). Therefore, it can be recommended as a therapy strategy through stimulating apoptosis and suppressing autophagy.



Role of miR-153 in invasion and metastasis of cancer cells

miR-153 regulates invasion, metastasis and progression of different types of cancer through some suggested mechanisms. Numerous studies have verified that downregulation of miR-153 increases migration and metastasis of some types of cancer cells, whereas upregulation of miR-153 suppresses invasion and metastatic phenotypes of cancer cells (Table 1) (41, 43, 46, 54, 74). In addition, the role of miR-153 has been shown in inhibiting stemness phenotypes of cancer stem cells (CSCs) such as self-renewal, proliferation and tumorigenicity of lung cancer cells (42). Jagged1/Notch, one of the signaling pathways involved in CSCs, is regulated by miR-153 through targeting Jagged 1, Notch1 ligand in non-small cell lung cancer (42). Thus, Jagged1/Notch can be considered as targets for lung cancer treatment modulated by miR-153.

On the other hand, epithelial mesenchymal transition (EMT), which is a tumor progression process in malignant cancer cells and CSCs, is regulated by miR-153. Downregulation of miR-153 leads to the development of EMT through decrease in E-cadherin, the epithelial marker, as well as an increase in expression levels of mesenchymal markers, including vimentin, Snail and fibronectin. Overexpression of mesenchymal markers is mediated by upregulation of SNAI1, one of the other miR-153 target genes in various types of cancer cells such as melanoma, esophageal squamous cell carcinoma, oral cancer, osteosarcoma, human epithelial cancer, pancreatic adenocarcinoma and laryngeal squamous cell carcinoma (48, 50, 54, 56, 57, 77). miR-153 suppresses SNAI1-induced metastasis through negative regulation of SNAI1 in some types of cancer (44, 46, 47, 49). Also, WNT1-inducible signaling pathway protein-1 (WISP1) inhibits miR-153-induced downregulation of Snail mRNA translation and promotes migration, metastasis and EMT of oral squamous cell carcinoma cells (Figure 2) (55). Therefore, it demonstrates WISP1/miR-153/Snail axis acts as an important pathway in EMT and metastasis of malignancies.




Figure 2 | miR-153 regulates metastasis and EMT of cancer cells through decrease in E-cadherin and increase in expression levels of mesenchymal markers.



One of the other suggested molecular mechanisms involved in anti-metatstatic activity of miR-153 is mediated by targeting TGFβ receptor 2 (TGFβR2) that leads to inhibit invasion, migration and EMT in breast cancer (41). In addition, metadherin (MTDH), a new target of miR-153, is an oncogene inducing EMT through activating PI3K/Akt, Wnt/β-catenin, MAPK and NFκB signaling pathways. Therefore, these signaling pathways may be recognized as indirect targets of miR-153, which are over activated by downregulation of miR-153 in cancer cells (64, 78). It recommends the miR-153/MTDH axis as a prognostic biomarker and a novel targeted therapy for treatment of breast cancer. Also, it has been shown that expression of miR-153 is closely correlated with decreased expression of p-Akt in the PI3K signaling pathway regulating invasion and metastasis of glioma cells (65).

Furthermore, anti-tumorigenicity activity of miR-153 contributes to aberrant expression of a transcriptional repressor of E-cadherin coding gene, ZEB2, which plays a critical role in metastasis and EMT (43, 44). In addition, the expression of RhoGTPase activating protein 18 (ARHGAP18), Rab-like protein 3 (Rabl3) and Rho associated coiled-coil containing protein kinase 1 (ROCK1), which play a vital role in migration and metastasis of cancer cells, are negatively regulated by miR-153 in hepatocellular carcinoma and breast cancer (51–53). Kinesin-like protein (KIF20A) is another target of miR-153 which is responsible for intracellular organelle transport and cell migration. miR-153 promotes downreulation of KIF20A and inhibits migration and invasion of cervical cancer cells (61). Also, S100A14, a calcium dependent regulatory protein with a phosphorylation site by protein kinase C (PKC), is one of the other miR-153 targets which is closely related to proliferation and metastasis of non-small cell lung cancer cells (58). Furthermore, degradation of extracellular matrix proteins by A Disintegrin and Metalloproteinase (ADAM) proteolytic enzymes is a key step to migration and metastasis of cancer cells. Downregulation of miR-153 is correlated with overexpression of ADMA19, proposing ADMA19 as another miR-153 target gene in non-small cell lung cancer (63). Totally, miR-153 suppresses migration, invasion, EMT and metastasis of cancer cells through some suggested pathways, resulting in introducing miR-153 as a prognosis marker and therapy target for malignancies.



Role of miR-153 in angiogenesis of cancer cells

Angiogenesis is a vital process in the development of tumors that is modulated by hypoxia and thus, hypoxia-induced HIF1 mediates angiogenesis in cancer cells. HIF1α promotes the expression of some angiogenic factors, including vascular endothelial growth factor (VEGF) and angiopoietin 1 (ANG1) by binding to HIF1 response element (HRE) (79). Recently, it has been verified that miR-153, as a tumor suppressor gene, regulates angiogenesis by modulating VEGF and ANG1 in glioma and breast cancer, respectively (Table 1). miR-153 suppresses angiogenesis through targeting HIF1α as well as negative regulation of ANG1 and inhibition of endothelial cell tube formation and migration in breast cancer (Figure 3) (67, 80, 81). On the other hand, miR-153 declines the expression of angiogenesis promoting factors such as VEGFA and cdc42 by binding to 3´UTR of their mRNAs in glioma (68). Therefore, it indicates that miR-153 regulates HIF1α/VEGF axis in angiogenesis, proposing usage as an anti-angiogenesis therapy in cancer. In addition, the insulin-like growth factor1 receptor (IGF-1R) mediates proliferation of vascular smooth muscle cells (VSMCs) through promoting the PI3K/Akt signaling pathway in hyperplasia. miR-153 suppresses proliferation of VSMCs by targeting and downregulating IGF-1R as well as inhibiting PI3K/Akt signaling pathway (69).




Figure 3 | miR-153 regulates angiogenesis and proliferation of VSMCs by modulating HIF1α/VEGF/CDC42 axis as well as inhibiting PI3K/Akt signaling.



Furthermore, high metabolism in cancer cells is related to malignancy of cancer cells. Increased metabolism of tryptophan has been observed in angiogenesis. Metabolism of tryptophan is mediated by indoleamine 2,3-dioxygenase 1 (IDO1), which is downregulated by miR-153 in bladder cancer. Therefore, miR-153 can reduce tryptophan metabolism and also modulate angiogenesis through suppressing the IL6/STAT3/VEGF signaling pathway (66). The studies have confirmed that miR-153 may be used as a prognostic marker for angiogenesis and applied as a target for treatment of a variety of malignancies.



Role of miR-153 in radio and chemotherapy resistance of cancer cells

Some potential mechanisms are implicated in radio/chemotherapy resistance ability of cancer cells and CSCs mediating recurrence in some types of cancer (82). Recently, numerous studies have reported the role of miRNAs, in particular, miR-153, in regulating radio and drug resistance ability of cancer cells (Table 1) (70, 71, 83, 84). The expression of miR-153 is dysregulated in radiotherapy resistant cancer cells. However, high expression level of miR-153 increases sensitivity of cancer cells to radiotherapy, which may be mediated by targeting Snail and Jagged canonical notch ligand1 (JAG1) in pancreatic cancer (70, 71). Moreover, downregulation of miR-153 has been reported in drug resistant cancer cells, whereas miR-153 overexpression enhances the sensitivity of cancer cells to chemotherapy (26, 35, 76). One of the suggested mechanisms of drug resistance of cancer cells is upregulation of ABCE1 due to downregulation of miR-153 in lung cancer cells (72). Therefore, ABCE1 is suggested as miR-153 target gene modulating drug resistance of cancer cells. In addition, miR-153 regulates drug resistance by modulating expression of Cbp/p300-interacting transactivator 2 (CITED2), which is implicated in drug resistance of gastric cancer cells (Figure 4). CITED2 regulates the TGF-β signaling pathway through its association with the SMAD/p300/CBP-mediated transcriptional coactivator complex (73). Also, miR-153 is able to regulate the nuclear factor erythroid 2-related factor 2 (NRF2), a transcription factor upregulated in antioxidant responses of radio/chemotherapy resistant cancer cells. NRF2 overexpression controls the expression of glutathione peroxidase 1 (GPX1) and reduces ROS, which leads to enhancement of chemotherapy resistance (15). However, aberrant expression of NRF2 as a result of upregulation of miR-153, increases sensibility of cancer cells and CSCs to radio/chemotherapy in some types of cancer cells including esophageal squamous cell carcinoma and glioma stem cells (15, 74). In addition, miR-153 decreases drug resistance of AML through targeting XIAP, which is responsible for protecting cells from apoptosis by blocking the function of caspases (39). Recently, miR-153 has been recommended as an adjuvant in treatment of various types of leukemias. Acute promyelocytic leukemia (APL) and Chronic myeloid leukemia (CML) show drug resistance to As2O3, which is well-known as an effective drug in the treatment of APL, CML and other leukemias (85). The expression of miR-153 reduces in As2O3-resistant CML, whereas overexpression of miR-153 induces greater apoptosis in combination with As2O3 in CML (76). Also, downregulation of miR-153 has been observed in drug resistance ability of CML to imatinib. However, miR-153 upregulation increases sensitivity of CML to chemotherapy through downregulating Bcl2, resulting in autophagy reduction in drug resistant CML (35). It indicates that miR-153 overexpression in combination with chemotherapy may be used as a novel strategy to combat with leukemias. Totally, the studies suggest that miR-153 can be used as a molecular target in order to reduce the drug resistance of cancer cells.




Figure 4 | miR-153 regulates radio/chemotherapy resistance by modulating expression of CITED2 (A) and NRF2 (B). (A) miR-153 targets CITED2 which is implicated in drug resistance of cancer cells through regulating TGF-β signaling. (B) NRF2 overexpression controls the expression of glutathione peroxidase 1 (GPX1) and reduces ROS which leads to enhancement of chemotherapy resistance.





Oncogenic roles of miR-153 in cancer cells

Besides tumor suppressor activity of miR-153 in various types of cancer, the oncogenic role of miR-153 has been confirmed in some studies (16, 17, 86). There is a positive correlation between the overexpression of miR-153 and aggressive phenotypes of cancer cells including, proliferation, lymph node metastasis, EMT and drug resistance that can be mediated by targeting some suggested target genes (Table 2). Proliferative and metastatic activity of miR-153 is mediated by activating the PI3K/Akt signaling pathway. One of the suggested mechanisms involved in the oncogenic role of miR-153 is downregulating PTEN, which is responsible for suppressing the PI3K/Akt signaling pathway in prostate cancer cells (17). miR-153 promotes proliferation of prostate cancer cells through enhancing G1/S phase transition, cyclin D expression as well as inhibiting CDK inhibitor (p21) that are mediated by targeting PTEN. Aberrant expression of PTEN results in activation of PI3K/Akt signaling and downregulation of Forkhead box class O 1 (FOXO1) in these types of cancer cells (86, 87). Also, the expression of Argonaute RISC catalytic component 1 (AGO1), a miRNA processing protein in RISC complex, is downregulated in renal cell carcinoma due to upregulation of miR-153. The miR-153/AGO1 axis induces progression of renal cell carcinoma through activating PI3K/Akt signaling pathway. It recommends both AGO1 and miR-153 as potential prognostic markers for detecting this type of cancer (16). One of the other signaling pathways involved in tumorigenicity activity of miR-153 is Wnt/β catenin signaling pathway which is activated by miR-153 targeting WWOX, a tumor suppressor and inhibitor of Wnt/β catenin in hepatocellular carcinoma (88). Moreover, it has been reported that miR-153 is upregulated in triple negative breast cancer and may exhibit an oncogenic role in breast cancer development and progression. miR-153 inhibitor suppresses proliferation and induces apoptosis through enhancing caspase 3/7 activity in triple negative breast cancer (89). The oncogenic role of miR-153 is associated with an increase in anti-apoptotic proteins such as surviving and BCL2, as well as a decrease in p21. miR-153 promotes proliferation and metastasis of cancer cells such as hepatocellular carcinoma through suppressing the efficiency of chemical and targeted drugs including Etoposide, Paclitaxel and Sorafenib (86). miR-153-induced dug resistance of cancer cells is promoted by production of matrix metalloproteinase (MMP9) as well as inhibiting transcription factor Forkhead box class O 3a (FOXO3a), a tumor suppressor protein in colorectal cancer (18). Totally, miR-153 can be considered as an oncogene and potential prognostic marker for detecting some types of cancer that may be suggested as a novel therapy target.


Table 2 | Oncogenic role of miR-153 in different cancer cells.





Controversial role of miR-153 as both tumor suppressor and oncogenic miRNA

It has been confirmed that miR-153 acts as both tumor suppressor gene and oncogene which may be dependent on type of cancer cells with different gene expression profiles (17). It proposes a tumor suppressive role of miR-153 which is downregulated in most types of tumors including non-small cell lung cancer, liver cancer, glioblastoma, thyroid carcinoma, gastric cancer, osteosarcoma, melanoma, oral cancer, pancreatic adenocarcinoma, bladder cancer, cervical cancer and leukemias, and an oncogenic activity of miR-153 which is upregulated in prostate, colorectal and renal cell carcinoma. In renal cell carcinoma, the signaling pathway involved in oncogenic effect of miR-153 is mainly PI3K/AKT signaling pathway which has a critical role in cell cycle progression and proliferation by upregulation of cyclin D1 as well as EMT-mediated metastasis by downregulation of E-cadherin and upregulation of Snai1. Also, PI3K/AKT signaling pathway is suppressed by AGO1, a tumor suppressor gene and one of the miR-153 targets which is implicated in gene silencing and translational inhibition of mRNAs (16). miR-153 has also an oncogenic role in prostate cancer. One of the signaling pathways promoting prostate cancer is PI3K/AKT signaling pathway which is regulated by PTEN, a PI3K/AKT signaling inhibitor. PTEN is frequently downregulated in prostate tumors that may be mediated by upregulation of miR-153. miR-153 targets PTEN to activate PI3K/AKT signaling pathway, resulting in cell cycle progression and proliferation through upregulation of cyclin D1 and downregulation of p21, a CDK inhibitor (87). Moreover, in colorectal cancer, higher expression of miR-153 has been detected in primary cancer cells compared with normal colonic epithelial cells and in advanced stage of tumor compared with early stages. It has been revealed that miR-153 supports colorectal cancer via pleiotropic effects that enhance progression and chemotherapeutic resistance (18). Compared to early stages of colorectal cancer, overexpression of MMP9 is strongly associated with more advanced stages. It has been confirmed that miR-153 upregulates MMP9 through targeting some predicted transcription factors that may suggest mechanism for this process (18). In addition, it is assumed that miR-153 has a controversial role as both tumor suppressive and oncogenic miRNAs in hepatocellular carcinoma and breast cancer in a manner dependent on heterogeneity and tumor stage. In early clinical stages, miR-153, as an oncogenic miRNA, promotes proliferation and tumor growth of hepatocellular carcinoma through modulating β-catenin signaling pathway (88). On the other hand, it acts as tumor suppressor miRNA in metastatic cancer and in an advanced clinical stage of hepatocellular carcinoma by targeting ARHGAP18, Rabl3 and snail which are up-regulated and implicated in migration and metastasis of this type of cancer cells (51, 52, 56). Moreover, abnormal downregulation of miR-153 can also be associated with advanced clinical stage of breast cancer as detected in human ovarian tumor (89, 90). Also, the expression of a specific miRNA may be different due to diverse histological subtypes in a certain cancer (91). For example, data from The Encyclopedia of RNA Interactomes (ENCORI) showed that the expression levels of miR-153 in kidney chromophob is higher than kidney renal papillary cell carcinoma and is lower than kidney renal clear cell carcinoma. The expression levels of miR-153 is also higher in lung adenocarcinoma compared with lung squamous cell carcinoma (Figure 5). Further investigation is recommended to detect miRNA expression in different histological subtypes of other cancers.




Figure 5 | Relative expression levels of miR-153 in some cancers with diverse histological subtypes (The data were obtained from ENCORI). Kidney chromophob (N = 65) against normal samples (N = 24), kidney renal clear cell carcinoma (N = 517) against normal samples (N = 71), kidney renal papillary cell carcinoma (N = 289) against normal samples (N = 32), lung adenocarcinoma (N = 512) against normal samples (N = 20) and lung squamous cell carcinoma (N = 475) against normal samples (N = 38). N indicates the number of tissue samples. ***P < 0.001.



In addition, miRNA concentration affect gene silencing. Some target genes require lower miRNA concentration and some others need higher miRNA abundance for silencing that depends on miRNA-mRNA complementary base pairing (92). It is suggested that the concentration of miR-153 is one of the other reasons causing the different effects of miR-153. Because oncogenes are more abundant targets of miR-153, they require low concentrations of miRNA to be silenced. On the other hand, tumor suppressor genes are less abundant targets of miR-153, they require high concentrations of miRNA to be silenced. Therefore, miR-153 has the tumor suppressive and oncogenic roles in the low and high concentrations, respectively (Figure 6).




Figure 6 | Dual role of miR-153 may be contributed to miRNA concentration and targets abundance.



To date, many miR-153 target genes have been confirmed, and there are numerous other unverified genes that can be regulated by miR-153 and affect several signaling pathways, simultaneously. Also, a specific target can be regulated by various miRNAs. Therefore, it influences the ultimate function of miRNA, just as the expression level of the target genes also affects the function of miRNA. In a study, tumor suppressive and oncogenic effects of miR-204 have been confirmed through targeting XRN1 in prostatic adenocarcinoma cells and neuroendocrine-like prostate cancer cells, respectively (93). In another report, inhibition of all miRNAs targeting FOXO1 in endometrial cancer cells with low levels of FOXO1 expression (Ishikawa cells) induced cell cycle arrest, while no significant changes were observed in endometrial cancer cells with high levels of FOXO1 (HEC-1B cells) (94). Therefore, contradictory role of miRNAs in cancer may be due to the variable expression levels of the target genes in cancer cells. It has been shown that miR-153 induces apoptosis through targeting HECTD3 in BT-549 breast cancer cells, whereas in another report miR-153 inhibits apoptosis through indirect targeting of caspase 3/7 activity in triple negative breast cancer (38, 89). Ultimately, the function of miRNA is determined by the network of these target genes with different expression and functions (92). The abundance of these targets with opposite function may be contributed to the dual role of miR-153 in cancers.

Furthermore, the dual role of miR-153 in cancer may also be contributed to single nucleotide polymorphisms (SNPs) in miRNAs or miRNA-binding sites (92). SNPs can affect binding affinity of miRNAs to their target genes. For example, it has been reported that there is a significant association between SNP-rs66461782 in miR-186 and breast cancer. On the other hand, rs1062577 on its target gene, ESR1, decreased the binding affinity of miR-186 to ESR1 mRNA due to alteration in the number of hydrogen bonds (92). Several SNPs in pre-miR-153-5p, pre-miR-153-3p and three SNPs on the seed site of miR-153-3p (rs747400621, rs1478975893 and rs1034944138) have been recognized (http://bioinfo.life.hust.edu.cn/miRNASNP/#!/) that may affect the biogenesis and function of miR-153 on its target genes. There is still no evidence that has revealed the association between these SNPs with various cancers. Furthermore, there are numerous SNPs on the 3´UTR of target genes of miR-153 that may create or disturb negative regulatory effects of miR-153 on target mRNAs. For example, there is a significant association between 3′UTR WWOX SNP (rs73569323) and risk of hepatocellular carcinoma, as it has shown that T allele decreases risk of hepatocellular carcinoma with an unknown mechanism (95). Also, it has been reported that 3′UTR polymorphisms of amyloid precursor protein (APP) (APP-118C/A and APP-534G/A) may affect the binding affinity of miR-153 and the regulation of APP expression by this miRNA in Alzheimer’s disease (96). In the other research, it has also been verified that the expression of C/T allele variants (rs6932603) in CCDC170 may be regulated by miR-153. miR-153 significantly downregulated rs6932603-T expression in bone osteosarcoma epithelial cells (97). Therefore, studies can be extended to identify the association between SNPs in miR-153 and its target genes with different types of cancers as well as detecting effects of these SNPs on the miR-153 binding to its target genes in cancers.



Non coding RNAs modulating the expression of miR-153 in cancer cells

There are various types of non-coding RNAs, including long non-coding RNAs (LncRNAs), transcribed ultra-conserved regions (T-UCRs) and circular RNAs (CircRNAs) regulating miR-153, negatively. Several types of non-coding RNAs are upregulated in various types of cancer cells that results in inhibiting anti-cancerous effects of miR-153. A number of LncRNAs, T-UCRs and CircRNAs play an oncogenic role in proliferation, invasion, metastasis, angiogenesis, and drug resistance ability of cancer cells by targeting and sponging miR-153 through some suggested mechanisms (Table 3). Figure 7 also presents a summary for non-coding RNAs-related regulation of miR-153 and an overall schematic representation of miR153 in cancer. LncRNA CASC15 promotes proliferation of breast cancer cells through sponging miR-153 targeting KLF5 (98). It has been confirmed that LncRNA TTN-AS1 and LncRNA OIP5-AS1 increase proliferation of papillary thyroid cancer and gastric cancer through miR-153/ZNRF2 axis and miR-153/ZBTB2 axis, respectively (29, 33). LncRNA CDKN2BAS and LncRNA LINC00858 induce migration, invasion and metastasis of hepatocellular carcinoma through suppressing miR-153 and upregulating ARHGAP18 and Rabl3 (51, 52). Also, LncRNA HIF1A-AS2 and LncRNA NEAT1 promote migration, invasion and metastasis of non-small cell lung cancer in a manner dependent on the miR-153/S100A14 axis and the miR-153/Wnt signaling axis (58, 78). Moreover, oncogenic activity of LncRNAs including LncRNA-XIST, LncRNA FGD5-AS1, LncRNA LINC00152 is mediated by overexpressing SNAI1, MCL1, FYN in osteosarcoma, oral cancer, esophageal carcinoma, respectively (48, 59, 62).


Table 3 | Non coding RNAs modulating the expression of miR-153 in different cancer cells.






Figure 7 | A summary figure for lncRNA-related regulation of miR-153 and an overall schematic representation of miR153 in cancer.



On the other hand, angiogenic activity of LncRNAs has been confirmed by some studies. It has been reported that angiogenic activity of LncRNA SNHG15 is regulated by suppressing miR-153, which targets VEGFA and cdc42 in glioma (68). Furthermore, LncRNAs including LncRNA LINC00511 and LncRNA KCNQ10T1 promote angiogenesis by overexpressing HIF1 in a manner dependent on LncRNAs/miR-153/HIF1 in colorectal cancer and retinoblastoma (80, 81). HIF1 is considered as a potential transcription factor regulating the expression of LncRNA LINC00511. Therefore, it suggests positive feedback for LncRNA LINC00511 as miR-153/HIF1/LINC00511 (80). Also, aberrant upregulation of lncRNA OIP5-AS1 regulates angiogenesis and autophagy of osteosarcoma through down-regulating miR-153, which targets ATG (40).

In addition, resistance to chemotherapy may be mediated by Lnc-RNA FGD5-AS1 suppressing miR-153 and upregulating CITED2, a gene target of miR-153, in gastric cancer (73).

T-UCR ncRNA Uc.416 + A is a non-coding RNA which is well-known as a crucial factor for EMT of cancer cells such as renal carcinoma. Tumorigenic activity of T-UCR ncRNA Uc.416 + A contributed to upregulating vimentin and snail through sponging miR-153 (77).

CircRNAs, the other regulating RNAs, have been recognized as non-coding RNAs which have an important role in tumorigenicity of cancer cells by modulating miRNAs in particular miR-153. CircRNAs such as CircRBMS3, CircRNA-0084043 and Hsa-Circ-0008537 promote cancer cell migration, invasion and metastasis through upregulating SNAI1 and snail as a result of sponging miR-153 in melanoma, gastric cancer and liver cancer (54, 57, 99). One of the other CircRNAs contributing to migration, invasion and metastasis of cancer cells by modulating miR-153 is Has-Circ-0014359, which is upregulated in glioma cells and leads to an increase in the PI3K signaling pathway (65). Also, miR-153 can be targeted by CircPCNXL2, which overexpresses ZEB2 in renal carcinoma in a manner dependent on the CircPCNXL2/miR-153/ZEB2 axis (100). Circ-0005576 is also overexpressed in cervical cancer resulting in upregulation of KIF20A, one of the other target genes of miR-153 (61). Furthermore, one of the other CircRNAs sponging miR-153, is CircPAN3, which induces chemotherapy resistance of AML through suppressing miR-153 and overexpressing XIAP (39).

LncRNAs can also regulate the expression of transcription factors related to miR-153 expression. For instance, LncRNA Taurine upregulated1 (TUG1) downregulates miR-153 indirectly in colorectal cancer through targeting KLF4, which is well-known as a miR-153 transcription factor (22). It demonstrates non-coding RNAs as molecular targets in order to discover a novel strategy for treatment of a variety of cancers.



Some potential therapeutic drugs and suggested strategies for miR-153-related therapy

Some research have examined anti-cancerous activity of several potential therapeutic drugs and regents that are able to modulate the expression of miR-153 in vitro models of some cancers including glioblastoma and breast cancer. 4-phenylbutyric acid, 5-aza-2´-deoxycytidine and Olea europaea leaf extract induce apoptosis through upregulation of miR-153 targeting Bcl-2, Mcl-1 and Irs2 in glioblastoma (27, 101). Also, Mifepristone and Mifepristone derivative FZU-00,003 inhibit cell cycle progression and proliferation of breast cancer cells as well as inducing apoptosis through suppressing KLF5 expression which is mediated by overexpression of miR-153 (30, 102). Therefore, it can be suggested that regents and drugs regulating the expression of miR-153 can be extended in the experiment for a variety of tumor cells.

In addition, expanding prospective trials with larger sample sizes and further validation by independent studies on different types of tumors, miR-153 could be entered the clinical trial process and recommended as a novel treatment strategy in the future. For this purpose, there are some suggested miRNA treatment strategies including miRNA mimics and inhibitors, polymer based delivery system, nanoparticles, viral and non-viral approaches. For oncogenic miRNAs, miRNAs inhibitors, antagomiRs, anti-miR oligonucleotides, single-stranded antisense, locked nucleic acid anti-miRs, miRNA sponges prevent miRNA biogenesis or miRNA-mRNA interaction. On the other hand, for tumor suppressive miRNAs, synthetic miRNA mimics can be applied to compensate for downregulated miRNA (103).

Being unstable in the body due to numerous ribonucleases, not uptaking in the cell due to their negative charge, acting tumor microenvironment related immune cells, miRNA mimics and inhibitors have some problems with delivering in cancer cells (103). To overcome these limitations, researchers have applied several approaches to deliver therapeutic miRNA inhibitors and mimics. Using a local delivery system such as intratumoral injection of miRNA mimics or inhibitors is followed by minimal nonspecific uptake which provides effective delivery (104). Recently, some studies have been reported that local delivery of miRNAs using a polymer based delivery system, polyethylenimine and nanoparticles could achieve a significant anti-tumor effects (104–106). Mostly, local delivery systems can be applied to accessible solid tumors, thus improvement of other delivery approaches is essential to include metastatic tumors and other types of cancers. Systemic miRNA delivery systems have shown developed delivery of miRNA mimics and inhibitors (104).

In addition, using viral vectors, lentivirus, adenovirus and adeno-associated virus (AAV) have effectively delivered miRNA mimics and inhibitors. Nevertheless, the immunogenic response of viral vectors may provide serious concern in therapeutic applications (107). Therefore, improved non-viral approaches with chemical modifications is recommended for clinical applications (103). Non-viral systems are categorized into nanoparticles, lipid-based vectors (neutral/cationic), polymeric vectors (polyethylenimine, polylactic-co-glycolic acid/PLGA, chitosans, collagen and gelatin), biomaterials, and inorganic materials (gold, diamond, silica, and ferric oxide). Nanoparticles such as lipid-based systems with biocompatibility, flexibility, low immunogenicity, and versatility are the most common used approaches which constitute sphere-shaped structures composed of phospholipid bilayers in delivering exogenous nucleic acids. Furthermore, exosomes are biological nanoparticles with lipid-bilayer membrane naturally secreted from cells to mediate cell communication through intercellular transmission of nucleic acids and proteins (103, 106, 107).



Discussion and conclusion

miR-153 is predominantly well-known as a tumor suppressive miRNA which negatively regulates genes related to cancer development. Down-regulation of miR-153 has been associated with development and progression of cancer. Expression level of miR-153 is nearly twice or more in normal tissues compared with different tumors. It can target numerous oncogenes such as AKT, CDK1, Bcl2, Mcl1, SNAI1, Snail and multiple other genes involved in proliferation, invasion, metastasis, angiogenesis and chemo/radiotherapy resistance of several types of cancer cells. Besides being as tumor suppressor, oncogenic role of miR-153 has been confirmed by some research. It can downregulate tumor suppressive genes, including PTEN, AGO1, FOXO3a and WWOX in different types of cancer. It recommends a controversial role of miR-153 as both tumor suppressor gene and oncogene which may be dependent on type and stage of cancer cells with different gene expression profiles (16–18, 88). Nevertheless, these data should be further validated by independent studies on different types and stages of tumors. On the other hand, several LncRNAs, T-UCRs and CircRNAs are introduced as oncogenic non-coding RNAs targeting and sponging miR-153 in some suggested mechanisms. Up-regulation or down-regulation of miR-153 is associated with prognostic parameters such as lymph node involvement, distant metastasis, stage and differential grade but not associated with age, gender and size of tumor in different types of cancer (Table 4). Ultimately, it recommends miR-153 as a potential diagnostic biomarker for detecting cancer as well as providing a novel treatment strategy to combat with several types of cancer. In conclusion, further studies, cohorts and prospective trials on a larger scale should be applied to achieve this value.


Table 4 | Low or high expression level of miRNA-153 is associated with the prognostic parameters in different types of cancer.
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Forkhead box K2 (FOXK2) is a member of the forkhead box transcription factor family that contains an evolutionarily conserved winged-helix DNA-binding domain. Recently, an increasing number of studies have demonstrated that FOXK2 plays an important role in the transcriptional regulation of cancer. Here, we provide an overview of the mechanisms underlying the regulation of FOXK2 expression and function and discuss the roles of FOXK2 in tumor pathogenesis. Additionally, we evaluated the prognostic value of FOXK2 expression in patients with various cancers. This review presents an overview of the different roles of FOXK2 in tumorigenesis and will help inform the design of experimental studies involving FOXK2. Ultimately, the information presented here will help enhance the therapeutic potential of FOXK2 as a cancer target.
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Background

Cancer is one of the major causes of death worldwide (1). In 2018, there were 18.1 million new cancer cases and 9.6 million cancer-related deaths (2). Cancer Tomorrow predicts that by 2040, there will be a 63.1% increase in total new cancer cases over 2018 levels (3). Cancer is a major cause of morbidity and mortality worldwide (4), and despite significant progress in diagnostics and treatments, it remains a critical health concern. This may be due to the unknown aspects of carcinogenic mechanisms, including the role of transcription factors.

The forkhead box (FOX) family of transcription factors originates in unicellular eukaryotes and is named after the Drosophila melanogaster (fruit fly) gene forkhead (fkh) (5). The specificity of FOX proteins is determined by the highly conserved FKH DNA-binding domain, which comprises approximately 100 residues (6). Based on the conserved DNA-binding domain, the FOX family of proteins can be divided into 19 sub-families: FOXA to FOXS (7). FOXK transcription factors are widely expressed in various tissues and play crucial roles in the cellular functions of higher organisms. The FOXK family includes two members, FOXK1 and FOXK2, which can regulate metabolism, cell cycle progression, proliferation, survival, differentiation, and apoptosis (8). All functions are mediated by the specific activation of a coordinated transcriptional program. The role of FOXK1 in tumors has been thoroughly studied. Thus, in this review, we summarize the latest information regarding the molecular mechanisms by which FOXK2 expression and activity are regulated and the role of FOXK2 in cancer. Additionally, we focused on the prognostic value of FOXK2 expression in various cancers.



Structure and function of FOXK2

FOXK2, also known as ILF or ILF1, is located on human chromosome17q25.3, which encodes a functional FOXK2 protein containing 660 amino acids (9). FOXK2 is characterized by a forkhead-associated (FHA) domain, a FOX domain that mediates its interaction with DNA, and a nuclear localization signal (NLS) (Figure 1). The FHA domain of FOXK2 mediates interaction with other proteins. For example, the amino acid region 1–128 mediates the interaction between FOXK2 and the breast cancer gene 1 (BRCA1) ring domain 1 (BARD1) (10). The amino acid region 54–171 mediates the interaction between FOXK2 and disheveled (DVL) or Sds3 (11, 12). The amino acid region 128–353 mediates the interaction between FOXK2 and estrogen receptor α (ERα), leading to lower ERα protein stability and inhibition of its transcriptional activity via a mechanism that involves BRCA1/BARD1 (10). The amino acid region 8–190 primarily mediates the interaction between FOXK2 and BAP1 (13) (Figure 1). FOXK2 mRNA undergoes alternative splicing with three isoforms identified to date (14, 15), whose functional differences have not been explored.




Figure 1 | The structure of FOXK2. FOXK2 comprises a FHA, FOX domain, and NLS. Well-known proteins that interact with FOXK2 are shown above the corresponding domains. The post-translational modification (PTM) sites of FOXK2 are shown.





FOXK2 expression and cell metabolism

Although FOXK2 was discovered in the early 1990s, its biological role has remained elusive for some time. Only within the past decade have the many broad and unique functions of FOXK2 been discovered, including its participation in various molecular signaling pathways.


FOXK2 and autophagy

Autophagy is a self-degradation process that plays an important role in balancing energy sources and eliminating harmful metabolites such as misfolded proteins and reactive oxygen species (16, 17). Recent studies have shown that FOXK2 functions as a transcriptional inhibitor of autophagy. Interestingly, FOXK2 was used to balance the activity of another forkhead transcription factor, FOXO3, which induces a set of overlapping autophagy and atrophy targets in muscle. FOXK2 also limits the expression of autophagy genes by recruiting Sin3A-HDAC complexes. Notably, under nutrient-rich conditions, the mammalian target of rapamycin (mTOR) phosphorylates and activates FOXK2 to limit basal levels of autophagy (18). Chen demonstrated that the FOXK2 protein plays an important role in transcriptional regulation, linking DNA damage and autophagy. DNA damage induces CHK2-mediated FOXK2 phosphorylation at Ser61 and traps FOXK2 in the cytoplasm by binding to 14-3-3γ (Figure 2). Trapping FOXK2 in the cytoplasm relieves the inhibition of autophagy-related genes (ATGs) and promotes autophagy (19) (Figure 2). The autophagy-related proteins, ULK1, Vps34, and FOXO3, were markedly upregulated by FOXK2 knockdown and downregulated by FOXK2 overexpression. Although FOXK2 can inhibit autophagy, tumor cells can relieve the inhibitory effect of FOXK2 on autophagy through various mechanisms to protect their malignant behavior under conditions of nutritional deficiency, radiotherapy, chemotherapy, and stress.




Figure 2 | FOXK2 expression and cell metabolism. Autophagy genes are inhibited through the direct binding of FOXK2 and recruitment of Sin3A–HDAC complexes, resulting in the reduction of activating H4ac marks. FOXK2 is regulated by the downstream of mTOR. Upon DNA damage, ATM activates CHK2, which directly phosphorylates FOXK2 and creates a 14-3-3γ binding site. This site, in turn, traps FOXK2 in the cytoplasm. mTOR induces nuclear translocation of FOXK2 through GSK regulation and FOXK2 induces glucose consumption. In addition, FOXK2 regulates aerobic glycolysis and inhibits aerobic oxidation by upregulating glycolysis target genes.





FOXK2 and aerobic glycolysis

A series of tumor-metabolism related genes are regulated by FOXK2 at the transcriptional level. Some studies have demonstrated that fasting/starvation-induced FOXK2 induces aerobic glycolysis by upregulating the required enzymatic machinery (including hexokinase-2, phosphofructokinase, pyruvate kinase, and lactate dehydrogenase), while simultaneously suppressing further oxidation of pyruvate in the mitochondria by increasing the activity of pyruvate dehydrogenase kinases 1 and 4 (20). FOXK2 was upregulated in the muscle and adipose tissue of wild-type C57BL/6J mice that were starved for 16 h, and in skeletal muscle after exercise. In response to FOXK2 overexpression, glucose uptake increased in myoblasts and myotubes, an effect that was reversed by FOXK2 knockdown. Additionally, FOXK2 overexpression induced glycolysis in adipocytes, suggesting that it is a key transcriptional regulator of glycolytic enzymes. Interestingly, transcriptome analysis of adipocytes either overexpressing or lacking FOXK2 revealed that differentially expressed glycolytic pathway genes were co-regulated by FOXK2, indicating additional redundancies in their functions (20). The in vivo relevance of these findings has been confirmed, as mice lacking FOXK2 expression exhibited reduced glucose uptake, supporting a role for FOXK2 in regulating aerobic glycolysis (Figure 2).




Molecular mechanisms of FOXK2 regulation

Emerging evidence suggests that the there are several different mechanisms involved in the regulation of FOXK2 activity in cancer cell, such as hypermethylation, noncoding RNAs (ncRNAs), and post-translational modifications (PTMs). Here, we introduce several important regulatory modes of FOXK2 in cancer.


Transcriptional regulation of FOXK2 by DNA methylation

Hypermethylation of promoter regions inhibits gene expression, and genome-wide hypomethylation leads to genome instability and the activation of oncogenes (21). In mouse embryonic stem cells, FOXK2 binds methylated DNA (22). Park et al. found that urinary nicotine equivalents are significantly associated with FOXK2-methylated CpG sites (23). Although the role of DNA methylation in transcriptional regulation is still unclear, a report by Baymaz et al. showed that FOXK2/polycomb repressive deubiquitinase (PR-DUB) and MBD6 share a subset of genomic target genes, establishing a link between DNA methylation and the recruitment of transcriptional complexes (24). In this study, MBD5 and MBD6 interacted with PR-DUB, and MBD6 was recruited to the site of DNA damage after microirradiation in a PR-DUB-independent manner. In conclusion, these studies demonstrated that FOXK2 was involved in DNA methylation.



Transcriptional regulation of FOXK2 by ncRNAs

Several studies have revealed that ncRNAs function as tumor regulators by targeting transcription factors, including FOXK2 (Table 1). MicroRNAs (miRNAs) are a group of small, single-stranded ncRNAs (18–25 nucleotides in length) that regulate gene expression by binding to the 3’UTR of the corresponding target mRNA (31). By targeting FOXK2, miR-602 promotes esophageal squamous cell carcinoma proliferation and metastasis and regulates cell cycle progression. More importantly, in nude mice, systemic delivery of the planned miR-602 antagomir reduces tumor growth and increases FOXK2 protein expression (25). In hepatocellular carcinoma (HCC), FOXK2 is a direct target of miR-1271. Re-introduction of miR-1271 decreased FOXK2 mRNA and protein levels. FOXK2 expression was also reported to be inversely correlated with miR-1271-5p expression in HCC samples (26). Additionally, the expression of FOXK2 may be regulated by miR-1271 in non-small-cell lung cancers (28).


Table 1 | ncRNAs targeting FOXK2 in cancer.



Circular RNAs (circRNAs) are a special group of RNAs consisting of hundreds of nucleotides that regulate gene expression at the transcriptional or post-transcriptional level by binding to target miRNAs (32). In cervical cancer, circ-ITCH sponges miR-93-5p and upregulates FOXK2 by suppressing cell proliferation, migration, and invasion (29). Aberrant expression of circ-UBAP2 inhibits the proliferation, migration, and invasion of clear cell renal cell carcinoma (ccRCC) cells by sponging miR-148a-3p. The promotion of cell proliferation and invasion by the restoration of FOXK2 expression in circ-UBAP2 knockdown cells confirmed the circ-UBAP2-miR-148a-3p-FOXK2 axis in ccRCCs (30).

Long noncoding RNAs (lncRNAs), which are usually divided into five categories, are primarily transcribed by RNA polymerase II and lack an obvious open reading frame (33). Like miRNAs and circRNAs, lncRNAs can regulate the expression of FOXK2. For example, the lncRNA SNHG7 enhances the development of HCC by sponging miR-122-5p to regulate FOXK2 (27). This finding suggests that lncRNAs and FOXK2 are involved in the occurrence and development of cancer.



Post-translational regulation of FOXK2

PTMs regulate protein structure and function by covalently adding functional groups, peptides, or other complex molecules to extend and diversify protein properties (34, 35). To date, more than 300 types of PTMs have been identified (36). Accumulating evidence indicates that the functions of FOXK2 are altered in cancers by PTMs, which affect the expression of FOXK2 target genes (Table 2).


Table 2 | Regulation of FOXK2 through PTMs and their functions.



Phosphorylation is one of the most widely studied PTMs and orchestrates various cellular functions (42). CHK2 specifically phosphorylates FOXK2 at Ser61 in response to DNA damage and induces FOXK2 binding to the 14-3-3γ protein, which, in turn, traps FOXK2 in the cytoplasm (19). Simultaneously, FOXK2 phosphorylation leads to chemo-resistance in cancer cells by modulating autophagy (19). During the cell cycle, the phosphorylation level of FOXK2 increases periodically, and hyperphosphorylation occurs in mitotic cells. Cyclin/CDK complexes are important for generating the hyper-phosphorylated form of FOXK2 during G2-M. Ser368 and Ser423 were identified as the main binding sites for FOXK2 phosphorylation by CDK-CLNA complexes (37). Insulin signaling modifies phosphorylation at Ser415/Ser419 sites, resulting in the reciprocal translocation of FOXK2, which depends on the Akt, mTOR, and GSK3 pathways (38) (Figure 3).




Figure 3 | Post-transcriptional regulation of FOXK2. Stimulation with insulin results in the phosphorylation of FOXK2 through PI3K-Akt that leads to the translocation of FOXK2. CDK/cyclin complexes phosphorylate FOXK2 and promote its degradation. ATM activates CHK2, which phosphorylates FOXK2 at Ser61. BAP1 binding to chromatin depends on FOXK2. A PR–DUB complex is produced, which regulates histone H2AK119ub1 levels and transcription. Sumoylation of FOXK2 increases its transcriptional activity and mediates the cytotoxic response to paclitaxel through FOXO3a. SIRT1 inhibition enhanced FOXK2-induced chemosensitivity to cisplatin via acetylation.



Ubiquitination and deubiquitination are dysregulated in cancer (43). FOXK2 binds to the SIN3A and PR-DUB complexes, which contain an important tumor suppressor protein, the deubiquitinase BAP1. FOXK2 recruits BAP1 to DNA, promotes local histone deubiquitination, and alters target gene activity (44). The binding of PR-DUB to target genes depends on FOXK2, and loss of the complex leads to increased H2AK119ub1 levels at target genes and their subsequent downregulation (39) (Figure 3).

Similar to ubiquitylation, sumoylation is a highly conserved enzymatic cascade in which a SUMO protein is enzymatically conjugated to the ϵ-amino group of certain lysine residues (45). Unlike ubiquitin modification, SUMO modification is primarily responsible for modifying substrates rather than directly degrading them (46). Recently, sumoylation (Lys 527 and Lys633) was associated with the regulation of FOXK2 activity, and its role in mediating the cytotoxic response to paclitaxel through the tumor suppressor FOXO3 in breast cancer cells was recently reported (40) (Figure 3). Unfortunately, there have been few studies on FOXK2 sumoylation. Hence, the precise sumoylation sites on FOXK2 and the biological mechanism of FOXK2 sumoylation require further study.

Acetylation is another reversible form of PTM that plays a key role in regulating gene expression and controlling cellular processes (47). It was not until recently that Wang et al. provided the first evidence that SIRT1 mediates the deacetylation of FOXK2. In this study, SIRT1 inhibition enhanced FOXK2-induced chemosensitivity to cisplatin via acetylation at K223 of FOXK2, and FOXK2 K223 deacetylation reduced the chemosensitivity of cancer cells to cisplatin (41) (Figure 3). Further investigations are needed to shed light on the roles of FOXK2 acetylation at other sites and determine how they crosstalk with other PTMs.




FOXK2 in cancer progression

Studies have shown that the abnormal regulation of FOXK2 can suppress or promote the occurrence and development of certain cancers. Additionally, FOXK2 participates in the regulation of a series of biological behaviors, such as tumor metabolism, autophagy, proliferation, invasion, and metastasis, via multiple signal pathways. Here, we discuss the suppressive and promotive roles of FOXK2 in the context of cancer.


Tumor-suppressive role of FOXK2

During the progression of breast cancer, the interaction of FOXK2 with ERα leads to decreased stability and ubiquitin-mediated degradation of ERα, which depends on BRCA1/BARD1 (10). Corroborating these data, a separate study reported that FOXK2 mediates the cytotoxic effects of chemotherapeutic agents (paclitaxel and epirubicin) on breast cancer cells (48). Some studies have shown that the expression of FOXK2 is gradually lost during breast cancer development. To further explore FOXK2 functions in breast cancer tumorigenesis, Shan et al. reported that FOXK2 interacts with the transcription co-repressor complexes NCoR/SMRT, SIN3A, NuRD, and REST/CoREST to repress a cohort of genes, including HIF1β and EZH2, and to regulate several signaling pathways, including the hypoxic response (49). The authors found that FOXK2 inhibited the proliferation and invasion of breast cancer cells and suppressed the growth and metastasis of breast cancer. Notably, FOXK2 is transactivated by ERα and transrepressed through reciprocal successive feedback by HIF1β/EZH2. Additionally, combining transcription inhibitory complexes, such as SIN3A, NCoR/SMRT, NuRD, and FOXK2, inhibits the transcription of a series of oncogenes, including HIF1, EZH2, and VEGFR. This affects a series of signaling pathways, including the cell cycle, DNA damage response, hypoxia response, p53 signaling, and the epithelial–mesenchymal transition (EMT), ultimately inhibiting the occurrence and development of breast cancer.

Similar to its role in breast cancer, FOXK2 has been implicated in suppressing tumorigenesis in non-small-cell lung cancer (NSCLC). FOXK2 regulates NSCLC cell growth by suppressing the expression of cyclin D1 and CDK (28). Additionally, the capacity for invasion and EMT progression of NSCLC cells were impaired following FOXK2 knockdown. Wang et al. analyzed the expression of FOXK2 in 151 patients with glioma and confirmed that the expression of FOXK2 was negatively correlated with tumor grade and prognosis (50). At the cellular level, FOXK2 inhibits the proliferation, invasion, migration, and upregulation of E-cadherin and α-catenin, and downregulates the expression of N-cadherin and vimentin, suggesting that FOXK2 modulates the expression of epithelial and mesenchymal markers closely linked to the EMT process (50). Consistent with these findings, Liu et al. reported that FOXK2 downregulation in gastric cancer cell lines inhibits cell proliferation and colony formation, in addition to the suppression of cellular migration and invasion (51). Zhang indicated that FOXK2 inhibits the malignant phenotype of ccRCC and acts as a tumor suppressor, possibly through the inhibition of EGFR (52). Interestingly, methylated FOXK2 has been observed in circulating leukocytes of smokers in an epigenome-wide association study of nicotine equivalents (23), suggesting that epigenetic modifications serve as additional mechanisms for silencing FOXK2 gene expression, which may have implications for the pathogenesis of lung cancer.



Tumor-promotive role of FOXK2

Despite its role as a tumor suppressor, some reports have attributed an oncogenic role to FOXK2. In HCC, overexpression of FOXK2 results in enhanced cell growth and migration. Further investigations revealed that FOXK2 facilitates the development of HCC via the activation of the PI3K/AKT pathway; overexpression of FOXK2 resulted in a significant increase in the expression of phosphorylated Akt, survivin, c-Myc, p27, and CyclinD1 proteins, which was reversed following FOXK2 knockout. Treatment with LY294002, an inhibitor of the PI3K/AKT pathway, markedly attenuated the cell growth induced by FOXK2 in HCC cell lines (26). Another study reported that FOXK2 downregulation inhibited cell proliferation, colony formation, migration, and invasion in HCC cells and suppressed EMT partly through the inhibition of the Akt signaling pathway (53). The gene targets involved in mediating the oncogenic effects of FOXK2 in HCC remain to be identified. In addition to HCC, FOXK2 acts as an oncogene in colorectal cancer (CRC). FOXK2 promotes CRC metastasis by activating EGFR and ZEB1 (54). FOXK2 protein levels are elevated in CRCs and correlated with DVL nuclear localization, and they positively regulate Wnt/β-catenin signaling by translocating DVL into the nucleus (11). This is consistent with a report on the oncogenic role of FOXK1 in CRC (55). Corroborating these data, Qian et al. have reported that FOXK2 promotes the proliferation of CRC cell lines and that the FOXK2 promoter is transcriptionally regulated by SOX9 oncogenic proteins (56).

In papillary thyroid cancer, stable knockdown of FOXK2 markedly inhibited cell proliferation, significantly increased the ratio of LC3-II/LC3-I, and reduced p62 expression, whereas overexpression of FOXK2 resulted in the opposite phenotype (57). FOXK2 positively regulates VEGF and VEGFR-signaling networks. Functional experiments have demonstrated that FOXK2 promotes angiogenesis by inducing VEGF-A transcription. We also found that FOXK2-induced VEGF-A could bind to VEGF-R1 to compensate for VEGF-R2 blockage, which promoted angiogenesis by activating ERK, PI3K/AKT, and P38/MAPK signaling in human umbilical vein endothelial cells (58).




Clinical significance of FOXK2 in cancer

The identification of specific and sensitive biomarkers is important for early cancer detection and for designing individualized treatment strategies for cancer patients. Molecular biomarkers highlight biological differences between cancers and help to prognosticate the outcomes of patients. During the last few decades, some studies have reported FOXK2 expression in cancer patients. In breast cancer, 53 breast tumor specimens (27 ERa-positive and 26 ERa-negative) were analyzed using immunohistochemical assays, and a negative correlation between ERa and FOXK2 was observed. FOXK2 nuclear expression correlates with FOXO3a expression and clinical outcomes in patients with breast cancer. Further research suggests that constitutively high expression levels of nuclear FOXK2 are associated with drug resistance and poor clinical outcomes (59). Shan et al. reported that the level of FOXK2 expression was negatively correlated with the histological grades of tumors, suggesting that FOXK2 expression is progressively lost during cancer progression (49). Clinical data have demonstrated that FOXK2 expression is reduced in gastric cancer tissues, and low FOXK2 expression is indicative of poor prognosis. Data obtained from the Human Protein Atlas have revealed that gastric cancer patients with high levels of FOXK2 experienced longer Overall Survival (OS) times (51). Similar to the case in gastric cancer, FOXK2 expression gradually decreased with increasing glioma grades, and low FOXK2 was indicative of poor prognosis (50). Additionally, FOXK2 protein and mRNA levels were upregulated in HCC. Most importantly, HCC patients with high FOXK2 protein expression exhibited worse survival in a multivariate analysis, indicating that FOXK2 may serve as an independent predictor of survival. In ccRCC, FOXK2 mRNA and protein levels were downregulated, and low FOXK2 expression was associated with worse disease-free survival, highlighting the potential of FOXK2 as an independent prognostic marker (60). FOXK2 is significantly upregulated in human CRC tissues and correlates with more aggressive features, again indicating poor prognosis (54). FOXK2 expression is associated with chemoradiotherapy resistance and poor prognosis in patients with locally advanced rectal cancer (LARC), and is a promising LARC biomarker (59).

Overall, there is a complicated picture emerging where FOXK2 expression may have prognostic or diagnostic value. The value of FOXK2 as a biomarker is likely highly tumor-specific, and even then may only apply to specific sub-types of specific tumors or to particular therapeutic regimes (Table 3).


Table 3 | Functional roles of FOXK2 pathway in different types of cancer.





Summary and future perspectives

FOXK2, a forkhead box transcription factor, is an important regulator of multiple physiological and pathological processes. FOXK2 plays a role in regulating the expression of a series of downstream target genes and affects multiple cancer signaling pathways. Deregulation of FOXK2 results in the initiation, development, and progression of cancer. The FOXK2 protein is regulated by many signaling networks. In many human cancers, the complex regulatory networks controlling FOXK2 activity are often significantly altered. Thus, FOXK2 exhibits great potential as a therapeutic target for various cancers. While our understanding of FOXK2 regulation during cancer development has made significant progress in recent years, there are still many puzzles that remain to be solved. Firstly, the expression, prognostic value, and clinical application of FOXK2 in different tumors require additional clinical data support. Moreover, the mechanisms underlying the activity of FOXK2 require further elucidation. The discovery of additional broad-spectrum FOXK2 regulatory targets will be of great significance for elucidating tumorigenesis mechanisms. Importantly, there have been a few clinical trials targeting FOXK2 for developing cancer therapeutics. Future research should focus on the missing links between FOXK2 activity and cancer, as such studies are likely to contribute novel insights into the mechanisms regulating carcinogenesis, which may render FOXK2 a powerful target for anti-tumor intervention therapy.
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Cancer is still a leading cause of death worldwide and liquid biopsy is a powerful tool that can be applied to different stages of cancer screening and treatment. However, as the second most abundant cell type in the bloodstream, platelets are isolated through well-established and fast methods in clinic but their value as a BioSource of cancer biomarkers is relatively recent. Many studies demonstrated the bidirectional interaction between cancer cells and platelets. Platelets transfer various proteins (e.g., growth factors, cytokine, chemokines) and RNAs (e.g., mRNA, lncRNA, miRNA, circRNA) into the tumor cells and microenvironment, leading the stimulation of tumor growth and metastasis. In turn, the platelet clinical characteristics (e.g., count and volume) and contents (e.g., RNA and protein) are altered by the interactions with cancer cells and this enables the early cancer detection using these features of platelets. In addition, platelet-derived microparticles also demonstrate the prediction power of being cancer biomarkers. In this review, we focus on the clinical applications of platelet detection using the platelet count, mean platelet volume, platelet RNA and protein profiles for human cancers and discuss the gap in bringing these implementations into the clinic.
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Introduction

As cancer is still a worldwide leading cause of morbidity and mortality, continuous efforts are made to improve the diagnosis and management of this disease. In recent years, precision medicine gained attentions in the tumor field as it aims to tailor therapies for patients in relation to the personalized patterns of the tumor (1–3). Early diagnosis and monitoring of disease progression are of great importance to improve the efficacy of therapies and to reduce cancer mortality (4). Although traditional tissue biopsy is the gold standard for tumor profiling, it presents some limitations (5), such as invasive and risky procedure, charged with potential complications, sometimes unrepeatable and could be unavailable. Furthermore, tissue biopsy provides a tumor picture limited to a single point at time and may show the genetic heterogeneity of various tumor subclones. Additionally, the dynamic genetic and epigenetic profiles of tumor cells further limit the tissue biopsy to capture the alternations of different tumor sites (4). Given this, the new field of oncology research has focused on the cancer-derived components that circulate in the bloodstream (6).

Liquid biopsy is always introduced for the analysis of circulating tumor cells (CTCs), circulating tumor DNA/RNA/protein (ctDNA/ctRNA/ctProtein) and exosomes (Figure 1) (6–9). It may provide the opportunity of detecting, analyzing, and monitoring cancer in various body effluents such as blood or urine instead of a fragment of cancer tissue. It could give an accurate and comprehensive snapshot of the tumor and its microenvironment on multiple levels (10). Many studies have used the liquid biopsy approaches to improve the cancer screening, diagnosis and prognosis, the classification of more heterogeneous entities, the assessment of treatment response, and the detection of treatment-resistant subclones (4, 6), due to the advantages of liquid biopsy such as non-invasive, repeatable and real-time (3–5, 10). More recently, the blood platelets (thrombocytes), a neglected BioSource of tumor cell information, showed their vast potential in liquid biopsy (11, 12).




Figure 1 | Liquid biopsy for human cancers. Liquid biopsy mainly consists of the detections of circulating tumor cells (CTCs), platelets, exosomes, circulating tumor DNA (ctDNA), circulating cell-free RNA (cf-RNA) and circulating tumor-associated protein (ctProtein). Multiple technologies can be applied to detect the tumor cell-associated information within these sources, such as morphological characteristics, DNA mutations, RNA expression, protein expression and epigenetic changes. The clinical applications of these liquid biopsy tools can be used for early cancer detection, minimal/measurable residual disease (MRD) detection, and monitoring the prognosis, therapy guidance and therapy monitoring of cancer patients.



Platelets are small enucleated cellular fragments that are 2 – 4 µm in diameter and derived from megakaryocyte cells in the bone marrow. They are the second most numerous corpuscles in the blood normally circulating at between 150 – 450 × 109/L (13). The lifespan of platelets in bloodstream is relatively short, ranging from 8 to 11 days, and subsequently degraded in the spleen (14). Since platelets were first described in 1881 (15), they have been shown to possess an important biological role at several stages of malignant disease (16), such as angiogenesis, cell proliferation, cell invasiveness and metastasis. The bidirectional interaction between cancer cells and platelets is evidently reciprocal and has been well reviewed by Yu et al. (17). Bioactive molecules on the membrane of and/or within the platelets are thought as key players in the cancer progression and metastasis (18). At the same time, the protein and RNA profiles of platelets can be altered by the interactions between cancer cells and platelets (16, 17). Thus, platelets are considered as important repositories of potential RNA (messenger RNA, microRNA, circular RNA, long noncoding RNA, and mitochondrial RNA) and protein biomarkers for early cancer detection, monitoring the disease progression and responses to treatment. Furthermore, several promising studies showed the abnormal clinical features (e.g., platelet count and mean platelet volume) of platelets from patients with cancer at early stages (19, 20). In the current paper, we will briefly review the crosstalk between cancer cells and platelets and present an overview of literature describing the clinical studies of platelet detection in patients with cancer in terms of platelet count, mean platelet volume, RNA/protein profile, and platelet derived microparticles.



Crosstalk between cancer cells and platelets

Although platelets are produced by the megakaryocytes in the bone marrow sinusoids, the crosstalk between cancer cells and platelets happens in multiple ways and all mechanisms inducing platelets activation and aggregation are called tumor cell induced platelet aggregation (TCIPA) (21). Clinical data have shown that cancer patients often suffer from thrombotic complications (e.g., deep vein or arterial thrombosis, and pulmonary emboli) and that thrombosis is the second leading cause of malignancy-associated death (22, 23). The impacts of cancer on platelets reviewed by Plantureux et al. showed that cancer cell-induced platelet production, activation and function alteration might be the major reasons of thrombosis (Figure 2) (21). They summarized that a variety of tumor-related humoral factors and cytokines directly or indirectly influence megakaryopoiesis and thrombopoiesis during cancer progression, such as granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factors (GM-CSF), basic fibroblast growth factor (b-FGF), interleukin-6 (IL-6), interleukin-1 (IL-1), and thrombopoietin (TPO). Yu et al. reviewed that cancer cells activate platelets by direct cell interactions or by releasing various mediators, such as ADP, thromboxane A2, tissue factor, thrombin and matrix metalloproteinases (17). Additionally, the growth factor contents, RNA and protein profiles of platelets, and platelet characteristics (e.g., platelet count and volume) are also influenced by cancer cells (17). The alternation of platelet characteristics, mRNA and protein content makes platelets an interesting new target for blood biomarker research for the detection of early-stage cancer, which will be discussed later in this study.




Figure 2 | Bidirectional interactions of platelets and tumor cells. Cancer cells promote the platelet production and activation via the megakaryopoiesis and thrombopoiesis. Also, the morphological characteristics of platelets (e.g., count and volume) and contents within the platelets (e.g., RNA and protein) can be altered by cancer cells. Activated platelets can release various of mediators to facilitate the tumor growth and cancer metastasis. Activated platelets attach to the circulating cancer cells (CTCs) and enhance their survival in circulation via preventing CTCs from shear flow, immune surveillance, and apoptosis. Further, activated platelets also facilitate the adhesion and angiogenesis of CTCs. TCIPA, Tumor Cell-Induced Platelet Aggregation; G-CSF, Granulocyte- Colony-Stimulating Factor; GM-CSF, Granulocyte-Macrophage-Colony-Stimulating Factor; b-FGF, Basic Fibroblast Growth Factor; IL-1, Interleukin-1; IL-6, Interleukin-6; TPO, thrombopoietin; TGFβ, Transforming Growth Factor β; PDGF, Platelet-Derived Growth Factor; VEGF, Vascular Endothelial Growth Factor; PF4, Platelet Factor 4; PDPN, Podoplanin; CLEC2, C-type lectin receptor type 2; ADP, Adenosine 5’Diphosphate; P2Y12, platelet P2Y12 receptor (P2Y12R) for ADP; GPVI, Platelet Glycoprotein VI; PECAM-1, Platelet-Endothelial Cell Adhesion Molecule-1; PSGL-1, P-selectin Glycoprotein Ligand-1; Gal3, Galectin-3; FcγRIIa, The Platelet Fc Gamma Receptor II Type a.



In turn, platelets can stimulate angiogenesis and induce cancer growth, proliferation, and metastasis (Figure 2). Platelets contain various bioactive growth factors including chemokines, cytokines, and matrix metalloproteinases (MMPs) and their secretion into the tumor microenvironment support platelets playing an important role in the regulation of tumor angiogenesis, vascular stabilization and integrity, and resistance to therapy (16). Among the bioactive growth factors, transforming growth factor β (TFGβ) (24, 25), platelet-derived growth factor (PDGF) (25), and vascular endothelial growth factor (VEGF) (26, 27) are three well known growth factors released by platelets that can promote the proliferation of cancer cells. In addition, platelet associated platelet factor 4 (PF4) and interactions of CLEC-2~podoplanin and ADP~P2Y12 were found to expedite the tumor growth in several cancer types including lung (28, 29) and ovarian (30). Additionally, the secretome and microparticles released by activated platelets also increase the proliferation of some cancer cells, such as ovarian and hepatocellular carcinoma cancer cells (24, 31). The formation of circulating tumor cell (CTC)-platelet aggregates enables the protection of CTCs from immune surveillance and the adhesion of platelets to the endothelium of potential metastatic sites (32, 33). Furthermore, the interaction of platelet and tumor cells can activate the TGF-β/Smad and NF-κB pathways in malignant cells, and further enhance the aggressiveness of tumor cells via epithelial-mesenchymal transition (EMT) (33–35). The expression of some mesenchymal markers, such as SNAIL, vimentin, fibronectin, MMP-9, and E-cadherin, in the cancer cells can be modulate by platelets (34, 36).



Clinical applications of platelets for cancer patients


Platelets counts

Thrombocytosis has been well known as an indicator of health outcomes not necessarily confined to thrombosis and haemostasis processes (37). In 2000, based on the platelets of stage IV renal cell carcinoma (RCC) patients who had undergone a variety of adjuvant therapies after nephrectomy, Symbas et al. first reported that thrombocytosis (platelet count > 400,000/μL) was a negative predictor for survival in metastatic RCC (38). However, this was not consistent with the study performed in 2001 by Négrier et al. (39). This issue was then addressed by Petros’s group themselves in another study cohort of 204 patients with RCC who underwent radical nephrectomy with curative intent between June 1993 and January 2000 at Emory University Hospital (40). They again documented the association of thrombocytosis with decreased survival of RCC patients and found that the cancer specific death rate of early stage RCC patients who undergo nephrectomy with a perioperative platelet count of greater than 400,000/μL was greater than 5 times the rate in patients with a persistently normal platelet count after radical nephrectomy. In 2006, another cohort study of 700 previously untreated metastatic RCC patients enrolled on phase 1, 2, or 3 clinical trials conducted in the United States and Europe confirmed thrombocytosis as an independent prognostic factor for survival in patients with metastatic RCC (41). Further, the platelet count of RCC patients was found with strong correlation with T stage, tumor size, Fuhrman grade, nodal invasion, hemoglobin level, lymph node positivity, ECOG score, and the presence of distant metastasis (42, 43). The 5-year survival rate was 70% for the patients with a platelet count < 450,000/μL, compared to 38% for the patients with the platelet count ≥450,000/μL (42).

In other solid tumors, elevated platelet count is also associated with poor prognostics. Long et al. performed a meta-analysis of thirty colorectal cancer (CRC) studies and reported that pre-treatment elevated platelet count was associated with poorer overall survival (Hazard ratio = 1.837, 95% confidence interval, 1.497 to 2.255, p = 0.000) and poorer disease-free survival (Hazard ratio = 1.635, 95% confidence interval, 1.237 to 2.160, p = 0.001) in CRC patients (44). In ovarian cancer, the decrease of platelet count can significant prolong overall survival and progression-free survival in serous ovarian cancer patients (45). The overall hazard ratio, progression-free survival and disease-free survival were 1.81 (95% CI: 1.52 – 2.15), 1.48 (95% CI: 1.24 – 1.75) and 1.39 (95% CI: 1.19 – 1.61), respectively, in ovarian cancer patients with elevated pre-treatment platelet count (46). In a large cohort study of Chinese Taipei population, both low and high platelet count in older cancer patients was observed to associate with high mortality, presenting a U-shaped curve, which was further confirmed by a similar cohort study in Danish population (47, 48). Although some studies showed that thrombocytopenia is a poor prognostic factor for cancer patients (49, 50), a nested case-control study over a 10-year period gave a final answer in 2022 that an elevated platelet count was associated with cancer at several sites and could potentially serve as a marker for the presence of some cancer types (51).



Mean platelet volume

Mean platelet volume (MPV) is the average size of platelets, which is measured by hematological analyzers based on the volume distribution during routine blood morphology test. The normal MPV is about 9.4 to 12.3 fL, whereas the percentage of large platelets amounts to 0.2 ~ 5.0% of the whole platelet population. Probably due to the haemostasis maintenance and preservation of constant platelet mass, MPV is inversely proportional to the platelets (52). Considering increased platelet is associated with poor prognostics of cancer patients, theoretically MPV could be another potential marker for human cancers. However, the actual situation might be different. In a Danish population cohort study, adjustment for MPV did not change the association between platelet count and mortality of cancer patients, although MPV correlated inversely with the platelet count (Spearman’s rho = -0.41, p < 0.001) (48). Some studies demonstrated that increased MPV is a marker for cancers. By comparing the MPV levels of 230 subjects with normal, chronic hepatitis, cirrhosis, and hepatocellular carcinoma (HCC), Kurt et al. showed that MPV might be a potential or adjunctive marker for HCC patients with chronic liver diseases (53). Another study by Cho et al. also showed the higher levels of MPV and high ratio of MPV/platelet count in HCC patients compared to healthy individuals (54). The increase of MPV as a marker has also been observed in patients with CRC (55), metastatic CRC (56), gastric cancer (57), papillary thyroid cancer (58, 59), pancreatic cancer (60), and oral cancer (61). Interestingly, no change of or decreased MPV was also observed between cancer patients and healthy subjects in the studies of CRC (62), lung cancer (63, 64), uterine cervix (65), RCC (66), oral cancer (67), and prostate cancer (68).

Although researchers have divergent findings of the MPV levels in cancer patients and healthy control, it is agreed by most studies that decreased MPV is a good prognostic biomarker for cancer patients. In CRC patients, decreased MPV was observed after surgical removal of intestinal tumor (55) or chemotherapy (69). Further, CRC patients with lower MPV were found to respond much better to the chemotherapy and achieve longer remission (56). High MPV increased the fatality by 4.7 times (p = 0.032) for oral cancer patients (61). The decrease of MPV when treatment applied was also reported in the patients with pancreatic cancer (60, 70), squamous cell carcinoma of the esophagus (71), and gastric cancer (72). Compared with other clinical covariates (e.g., neutrophil-to-lymphocyte ratio, platelet-to-lymphocyte ratio, combined neutrophil-platelet score and systemic immune-inflammation index), the ratio of MPV/platelet count was more accurate in determining the prognosis of gastric cancer patients and could be an independent prognostic factor for patients with resectable gastric cancer (73). Further, some studies investigated the cause of increased MPV in cancer patients. In gastric cancer, the increase of MPV was associated with chronic inflammation and elevated IL-6 concentration, which causes the maturation and proliferation of megakaryocyte and the enhanced release of platelets (74). The increase of IL-6 was observed in the serum of gastric cancer patients by different groups (74–76). Another cause might be the genetic variants, which have influence on the biogenesis and reactivity of platelet (77–79), such as megakaryocytopoiesis, megakaryocyte/platelet adhesion, platelet formation, platelet count and MPV. However, the molecular mechanisms and regulation networks of IL-6 and other mutated genes in the platelet count and MPV remain not fully understood and require more future research.



Tumor-educated platelets contain clinical RNA biomarkers

As an important part of the tumor microenvironment, the alternation of platelet RNA profiles via direct and indirect communications with tumor cells or tumor cell derived biomolecules is called education of platelets by tumor cells, and the platelets after this process are so called tumor-educated platelets (TEP). Although the term of “TEP” was first described by Best et al. in 2015, the observation of tumor affecting platelets can date back to 19th century. In 1865, Trousseau observed that cancer cells can induce the thrombosis formation (80), which is called “Trousseau’s syndrome” or cancer-associated thrombosis (81). The direct interaction between tumor cells and platelets was observed by Billroth in 1877 (82), and they found the “thrombi filled with specific tumor elements” as part of tumor metastasis (83, 84). As more advanced technologies were applied into the identification of biomolecules within platelets, studies have been demonstrated to search tumor-derived RNA biomarkers in platelets. Using microarray analysis, Gnatenko et al. identified approximately 2,000 transcripts (13 ~ 17% of probed genes) in unstimulated platelets and concluded that the platelet transcriptome will be another option to study proteins related to normal and pathologic platelet functions (85). In another gene microarray study performed by Calverley in 2010, 197 out of 200 platelet genes were downregulated in lung cancer metastasis and 33 of them were identified with between 3 and 13 splicing events each (86). In 2011, Nilsson et al. reported that cancer-associated RNA biomarkers EGFRvIII and PCA3 were transferred into the platelets isolated from glioma and prostate cancer patients, respectively (87). They also performed the gene expression microarray and identified distinct RNA signatures in platelets from glioma patients compared with normal control subjects. They concluded that platelet transferring of tumor RNA molecules is independent from the microvesicle transfer mechanisms in the circulating system (87).

As deep sequencing technology and computer identification algorithms developed in the past few years, they have been applied into the identification of clinical biomarkers in the platelets isolated from cancer patients. Best et al. applied SMARTer mRNA amplification for the low amount (100 ~ 500 pg) of total RNA and performed RNA sequencing for TEP of multiple cancer types, including non-small cell lung cancer (NSCLC), CRC, glioblastoma (GBM), pancreatic cancer (PAAD), hepatobiliary cancer (HBC) and breast cancer (BrCa) (88). They identified platelet marker genes (e.g., B2M, PPBP, TMSB4X and PF4) in the TEPs and found that the platelet RNA profiles were correlated with previously reported platelet and megakaryocyte but not with other blood cell RNA profiles. Using a leave-one-out cross-validation support vector machine algorithm (SVM/LOOCV), 1,072 platelet RNAs were selected to build a predictive model for pan-cancer, which gave an accuracy of 95% in the training cohort and 96% in the validation cohort (88). Then, the authors applied this method into the prediction of multiclass cancer diagnostics and obtained 84% ~ 100% accuracy in the validation cohorts of individual cancer subtype. When the TEP RNA profiles were used to discriminate specific cancer in three (CRC, PAAD and HBC) and all types of adenocarcinomas, the overall accuracy of prediction classifiers in validation cohorts was 76% and 71%, respectively. Two years later in 2017, Best et al. showed high accuracy of detecting early- (81%) and late-stage (88%) of NSCLC using TEP transcriptome profiles, independent of age, smoking habit, whole-blood storage time and various inflammatory conditions (89). In a liquid biopsy study of endometrial cancer, the accuracies of utilizing TEP transcriptome profiles and circulating tumor DNA (ctDNA) coupled with artificial intelligence were compared and the authors reported higher accuracy and AUC of TEP-dedicated classifier in predicting endometrial cancer (90). Xu et al. reported that TEP RNA profiles have high potential of distinguishing and staging CRC patients from other noncancerous intestinal diseases (91). When Xiao et al. used the pan-cancer model from Wurdinger (88) to predict RCC using the TEP RNA profiles, it showed 48.7% accuracy and 0.615 AUC value (92). Their results showed that the pan-cancer model developed by Best et al. in 2015 may not be suitable for other cancer types and that more TEP RNA profiles need to be analyzed to improve the pan-cancer model.

In addition to the TEP mRNA profiles, some studies uncovered the noncoding RNA biomarkers within the platelets from cancer patients. Ye et al. reported four lncRNAs (e.g., LNCAROD, SNHG20, LINC00534 and TSPOAP-AS1) were upregulated in the platelets of CRC patients and a binary logistic model derived from these four lncRNAs can predict CRC with an AUC of 0.78 (93). Mantini et al. reported 41 and 981 differentially expressed miRNAs and isomiRs (miRNA isoforms produced by Drosha and Dicer), respectively, in pancreatic ductal adenocarcinoma (94). Further, platelet-derived circNRIP1, a circular RNA derived from the NRIP1 gene, was found as a potential diagnostic biomarker for NSCLC patients (95). These studies strongly support platelet detection as an alternative liquid biopsy tool for human cancers.



Platelet derived proteins as cancer biomarkers

Upon the activation, platelets can transport numerous of bioactive proteins into the microenvironment, such as growth factors, chemokines and proteases (96). In vivo studies of tumor-bearing mice showed increased protein levels of tumor derived factors in platelets, such as TGF-β, MCP-1, RANK, TIMP-1, and TSP-1 (97, 98). The expression level of TSP-1 was highly correlated with tumor progression and was decreased after the tumor resection (98). Another in vivo study of mice bearing human tumors identified PF-4 upregulated in early growth of human liposarcoma, mammary adenocarcinoma and osteosarcoma (99). Thus, the upregulation of TSP-1 and PF-4 inside platelets was reviewed to detect clinically undetectable tumors (< 1 mm3) in mice (98, 99).

Studies have also been conducted to report potential protein markers for cancer patients since platelet proteome was remarkably altered in cancer patients (17). Sabrkhany et al. identified 85 proteins in platelets significantly changed in patients with early-stage lung and pancreas cancers compared to controls (100). It is interesting that 81 of these 85 proteins restored their expression to normal level after the tumor resection. Peterson et al. demonstrated elevated concentrations of VEGF, PF-4 and PDGF in the platelets of CRC patients (101). These three platelet proteins were analyzed to be independent predictors of CRC and as a set providing a significant discrimination (AUC: 0.893, P < 0.001). Sabrkhany et al. demonstrated a significant increase of VEGF and PDGF concentrations in the platelets of patients with early-stage (I-II) lung cancer compared to the platelets of a healthy sex- and age-matched control group (20). However, in the platelets of late-stage (III-IV) lung cancer patients PF-4, CTAPIII, and TSP-1 were decreased as compared to the control group. In patients with head of pancreas cancer only, VEGF was elevated in platelets as compared to controls (20). This study also showed that the utilization of a combination of platelet features (including clinical characteristics and protein contents) may improve the prediction power of discriminating cancer patients and healthy controls. Some platelet protein biomarkers were identified to discriminate benign adnexal lesions and ovarian cancer (FIGO stages III-IV) with high sensitivity and specificity (102). Overall, these studies support that platelet derived proteins can also be utilized as biomarkers for cancers, however, how tumor cells modify platelet proteome remains unclear so far.




Platelet-derived extracellular vesicles

EVs are nano-membrane particles (30 – 2000nm) released by most cell types and function in cell-cell communications (103, 104). Platelets transfer their contents by releasing two types of EVs – exosomes (40 – 100 nm) and microparticles (100 – 1000 nm), of which platelet-derived microparticles (PMPs) present the most abundant population of EVs in blood (105). It is well documented that PMPs are associated with many aspects of cancer progression, including angiogenesis, tumor growth, metastasis, escape from apoptosis and immune surveillance, extracellular matrix degradation, and chemoresistance (106, 107). To our knowledge very limited studies focused on the diagnostic applications of PMPs or platelet exosomes in cancer patients. However, D’Ambrosi et al. hypothesized that PMPs can be potentially used as a cancer biomarker, as an increase in the number of circulating EVs are observed in many types of cancer and the concentration of circulating PMPs increases with cancer development (107).



Advantages and limitations of platelet detection

Platelet detection is an easy-to-go liquid biopsy method for human cancers. The preparation strategy of platelets does not require advanced instruments or commercial reagents. Best et al. introduced the thromboSeq pipeline that includes a platelet-isolation protocol with differential centrifugation steps and that can result in relatively pure platelet preparations (1 – 5 leukocytes per 1 million platelets) (108). As shown in Figure 1, like CTCs and exosomes platelets can be used to detect both clinical characteristics (e.g., size and count) and molecular biomarkers (e.g., RNA, and protein) for cancer patients. As infections (caused by bacteria and viruses), autoimmune diseases (e.g., lupus, immune thrombocytopenia, and idiopathic thrombocytopenic purpura), drugs (e.g., antibiotics that contain sulfa, heparin to prevent blood clots, and anti-seizure drugs such as phenytoin and vancomycin), and hemolytic uremic syndrome can also alter the count, mean volume and protein profiles of platelets in the patient blood, it is challenging to use these markers to detect cancers. Thus, platelet count, mean volume and some proteins might be only used as one of the symptoms for cancer detection currently. We summarized the advantages and limitations of different liquid biopsy methods in clinical applications (Table 1). Like platelet count and mean volume, the circulating tumor-associated markers like AFP, CEA, PSA, CA19-9 and CA72-4 might be limited to the aid diagnosis currently, because they are not sensitive or specific and not recommended for population screening (109). Although platelet detection for cancer is still in early development, the applications of TEP RNA profiles have demonstrated high sensitivity and accuracy in predicting human cancers and can be applied for early cancer diagnosis (86–95). Further, the purity of platelets and the cost for low-input deep sequencing are challenges that hinders the clinical use of TEP RNA profiles for cancer detection.


Table 1 | Comparison of liquid biopsy methods for cancer diagnosis and prognosis.





Conclusions and perspectives

Liquid biopsy is an important tool for early cancer detection and allows the improvement of overall survival of cancer patients. Platelet detection is increasingly evident to be a useful tool of liquid biopsy for patients with cancer, like other liquid biopsy tools (e.g., CTC, ctDNA, cfRNA, exosomes) (Figure 1). This review summarizes and discusses the platelet features (e.g., count, volume, RNA profile and protein profile) and the clinical studies utilizing these features in the detection of cancers at different stages. It is believed that clinical characteristics of platelets (from normal blood test) including platelet count and mean platelet volume are altered in patients with cancer, however, they seem to have more prognostic value and their potential of being diagnostic biomarkers for early cancer detection require more studies to be validated. Further, the protein and RNA profiles of platelets showed high accuracy in the prediction of early cancer diagnosis and decision of tumor stages for patients. Remarkably, utilization of TEP RNA profile and artificial intelligence enables high specificity and sensitivity in the detection of several cancer types, but the model generated from one cancer cohort may not be applicable to another one. To our knowledge, the prediction tools of TEP RNA profiles have much higher accuracies in both train and validation datasets than other liquid biopsy tools. But they still require long-time follow up studies to improve the prediction power in early cancer diagnosis.

The combination of platelet features would improve the diagnostic model for discriminating cancer patients from healthy controls (20). This might enlighten us that the combination of platelet detection and other liquid biopsy tools might be future research directions of early cancer diagnosis. In addition, the detection technologies applied with platelet contents might limit the use of platelets in the diagnosis and prognosis for cancer patients. Although there are some problems that to be addressed for the clinical use of platelet detection for human cancers, such as the biomarker candidates, computing algorithms and detection technologies, platelets may become the holy grail in cancer blood biomarker research and will gain more attention from the industry.
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Bladder cancer is one of the top ten most common cancers and top ten causes of cancer death globally. 5-year survival rates have decreased in Australia from 66% to 55% in the past three decades. The current gold standard for diagnosis is cystoscopy. However, cystoscopies are an invasive and health-resource intensive procedure which has sub-optimal sensitivity for flat lesions such as CIS (carcinoma in situ) and low specificity for differentiating inflammation from cancer - hence requiring biopsies under anesthesia. Frequent and life-long surveillance cystoscopy is required for most patients since there are high rates of progression and local recurrence in high-risk non-muscle invasive cancer (NMIBC) as well as poor outcomes associated with delayed detection of muscle-invasive bladder cancer (MIBC). There is an unmet need for a non-invasive test to provide better discrimination and risk-stratification of bladder cancer which could aid clinicians by improving patient selection for cystoscopy; enhanced risk stratification methods may guide the frequency of surveillance cystoscopies and inform treatment choices. Exosomes, which are nano-sized extracellular vesicles containing genetic material and proteins, have been shown to have functional roles in the development and progression of bladder cancer. Exosomes have also been demonstrated to be a robust source of potential biomarkers for bladder cancer diagnosis and prognosis and may also have roles as therapeutic agents. In this review, we summarize the latest evidence of biological roles of exosomes in bladder cancer and highlight their clinical significance in bladder cancer diagnosis, surveillance and treatment.
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Introduction

Bladder cancer was the tenth most common cancer globally, with an estimated 573,278 new diagnoses and 212,536 deaths, in 2020 (1). Bladder cancer mainly affects the elderly population, and the age-adjusted incidence of bladder cancer is significantly higher in males compared to females (34.2 vs 8.5 per 100,000) (2). Muscle-invasive bladder cancer (MIBC) invades into or past the muscularis propria, whilst cancer confined to the urothelium or lamina propria is classified as non-muscle invasive bladder cancer (NMIBC). NMIBC accounts for 80% of newly diagnosed bladder cancers and is further sub-divided into low-risk (low-grade, non-invasive papillary tumors) and high-risk (high-grade papillary tumors with/without invasion and/or CIS) groups with additional intermediate and very high-risk groups recommended by some researchers (3). NMIBC has 90% 5-year overall survival and > 95% cancer-specific survival rates (4) however the rate of recurrence and progression can be as high as 70% (4, 5) and 75% (4), respectively, in the high-risk group. Life-long surveillance is required for high-risk patients due to the high rates of recurrence which, if not detected early, can progress to MIBC by the time symptoms develop. Delayed detection of recurrence at an advanced stage (T2 or higher) is associated with worse overall survival rates (6) - with 5-year overall survival rates below 50% (7). The need for frequent surveillance cystoscopy (e.g. every 3 months for 2 years then every 6 months for 5 years then annually lifelong in high-grade NMIBC) has made bladder cancer one of the most resource-intensive malignancies to manage (8). Therapeutic options for localized bladder cancer have not significantly progressed for the past two decades, which are limited to transurethral resection of bladder tumor (TURBT) and intravesical therapy for NMIBC (9), and cystectomy/radiotherapy +/- systemic therapy for MIBC (10).

Early detection at a curable stage, accurate risk-stratification, timely treatment and adequate surveillance are key to improving long-term survival for bladder cancer patients. Cystoscopy is the current gold standard for bladder cancer diagnosis but is an invasive procedure which suffers from poor sensitivity (58-68%) for flat lesions such as CIS and non-papillary tumors (11). Urine cytology is non-invasive and has a high specificity (95%) when reported as consistent with high-grade malignancy (12), however it is more often reported as atypical or suspicious which only confers a PPV of 6-39% (13) and 47-63% respectively (14). Cytology also has poor sensitivity (37%), particularly for low-grade tumors (15). Furthermore, bladder cancer is associated with a high tumor mutation burden and multiple studies have identified a wide range of distinct molecular signatures of bladder cancer (16–22). This genetic heterogeneity presents a challenge in the use of genomics for detection and risk-stratification of bladder cancer but, if solved, genomics may improve selection for: diagnostic and surveillance cystoscopy, intra-vesical therapy, early cystectomy in high-risk NMIBC, chemo-/immuno-therapy or novel targeted therapies in MIBC and nodal/distant metastatic disease.

Exosomes are nano-sized extracellular vesicles (EVs), carrying cell-specific cargoes of proteins, lipids and nucleic acids, which are present in almost all body fluids and released by a variety of cell types by exocytosis (23). Recently, exosomes have garnered much research interest as they can transfer cargos to recipient cells - forming complex networks that connect tumor cells with tumour cells, and tumor cells with the tumor microenvironment (24). There has also been research surrounding the use of exosomes in bladder cancer diagnosis and prognosis as they may potentially be a non-invasive, economic, and convenient “liquid biopsy” tool with high sensitivity and specificity (25). Exosomes appear to be abundantly present in urine, in which the lipid bilayer protects genomic and proteomic cytoplasmic contents from degradation by urinary acidity and enzymes (26). Furthermore, since exosomes and their cargoes may provide robust information regarding the molecular landscape of bladder cancer, they may be able to stratify disease which could optimize treatment pathways and improve patient outcomes (27). In this mini-review, we discuss the biogenesis and cargoes of exosomes, summarize the latest evidence of their biological roles and highlight the clinical significance of urine exosomes in bladder cancer diagnosis, surveillance and treatment.



Exosomes

Exosomes, approximately 30-150 nm in diameter, are small EVs secreted from cells and have a bilipid membrane which protects their cargo from external influence, particularly the hostile acidic environment of urine (28). This property increases the feasibility and practicality of analyzing the cytoplasmic contents of exosome cargoes, as a source of tumor genomic and proteomic information, which may in turn provide a unique advantage over cellular and cell-free genomic tests for diagnostic use. On the interventional front, exosomes may be engineered or “repackaged” and potentially have therapeutic applications such as their use as a vector in gene therapy or a vehicle to deliver chemo-/immuno-therapeutic agents (29).

The biogenesis of exosomes occurs within cells via the endocytic pathway - with several key processes: the formation of endocytic vesicles, the generation of multi-vesicular bodies (MVBs), and the release of exosomes (30, 31). The inward budding of endosomal membranes results in the formation of intraluminal vesicles (ILVs) (32). MVBs, which are late endosomes, accumulate ILVs within their endosomal lumen (33). One fate of MVBs is their fusion with the plasma membrane and exocytosis, which releases ILVs, now termed “exosomes”, into the extracellular space (34).

Exosomes contain nucleic acids, proteins, lipids, and metabolites; however, their exact contents vary with the type and physiological state of the parent cells (30). The ESCRT (endosomal sorting complexes required for transport) family of proteins play an important role in the unique enrichment of these exosomal cargoes compared to the parental cells (35). Furthermore, the selective sorting of exosome cargoes has also been found to occur via novel ESCRT-independent pathways such as via tetraspanin-mediated e.g. (CD9, CD63, CD81) or lipid-raft mediated mechanisms (31). Lipids such as cholesterol, sphingomyelin, and phospholipids are enriched in exosomes and have attracted attention due to novel discoveries regarding exosomal lipid-based biomarkers (36) and their impacts on pharmacokinetics (37). It has been shown that there is also selective sorting of both non-coding RNAs (38), including microRNAs (miRNAs), long-coding RNAs (lncRNAs), and circular RNAs (circRNAs); as well as messenger RNA (mRNA) in exosomes (31). RNA-binding proteins and membrane proteins have been found to regulate the selective sorting mechanisms of miRNAs in exosomes - and it has also been demonstrated that several disease states, such as cancer and heart disease, have associated effects on miRNA expression in exosomes (39, 40).



Functional roles and clinical significance of exosomes and their cargoes in bladder cancer


Functional roles in cancer and bladder cancer

Exosomes act as intercellular messengers that ferry active biological molecules accumulated from parent cells to target cells. The transfer of genomic, transcriptomic, proteomic and metabolomic information to target cells may promote changes in metabolism and phenotype (41). In general, tumor cells produce a greater number of exosomes compared to healthy cells (42), making them an ideal candidate for cancer detection. The oncogenic properties of cargoes in tumor-derived exosomes have been shown to aid in tumor development, invasion, metastasis and drug resistance (43) (Figure 1).




Figure 1 | Biological functions of tumor-derived exosomes. Tumor-derived exosomes have important roles in tumorigenesis, proliferation, angiogenesis, invasion, metastasis and drug resistance in almost all cancer types.



In bladder cancer, exosomes have been shown to promote cell proliferation, migration, and invasion (44); angiogenesis (45); and malignant behaviors (46). Lin et al. found that exosomal miR-21 promoted bladder cancer progression by polarizing tumor-associated macrophages via PI3K/AKT pathway (47). It was also shown that bladder cancer EVs could facilitate the malignant transformation of non-malignant cells by activating endoplasmic reticulum stress-induced unfolded protein response and inflammation in vitro (48). In the tumor microenvironment, cancer-associated fibroblasts-derived exosomes could directly transport miR-148b-3p into bladder cancer cells, which was responsible for increased metastatic behaviour and drug (paclitaxel and doxorubicin) resistance in vitro and in vivo (49).



Clinical significance of exosomal cargoes as biomarkers for bladder cancer

Exosomes contain a variety of biologically functional molecules that capture a real-time snapshot of the heterogeneity of the entire tumor. In addition, exosomes are stable, abundant and accessible in almost all types of body fluids (42). Exosome biomarkers may improve the current standard of care by identifying patients with aggressive forms of bladder cancer - allowing for optimal management and treatment decisions, reducing the frequency of surveillance, and potentially forming the basis of new treatments. Table 1 summarizes some key findings in the clinical utility of exosome cargoes in the diagnosis and prognosis of bladder cancer.


Table 1 | Clinical significance and performance of exosomal cargoes as biomarkers in bladder cancer.




Exosomal RNAs as biomarkers in bladder cancer

The recent discovery of nucleic acids in urine exosomes has emerged as promising diagnostic biomarkers for bladder cancer. In a comparative study, Perez et al. evaluated the mRNA expression in five bladder cancer patients and six non-cancer patients and found that LASS2 and GALNT1 were present in cancer patients, while ARHGEF39 and FOXO3 were only present in non-cancer patients (53). Another study (n=60) carried out by Matsuzaki et al. found that urinary exosomal miR-21-5p was able to differentiate urothelial carcinoma patients even with negative cytology (AUC=0.9, sensitivity, 75.0%; specificity, 95.8%) (50). Piao et al. found that the expression ratio of miR-6124 to miR-4511 was significantly higher in the bladder cancer groups than in patients with hematuria or pyuria (sensitivity, 91.5%; specificity, 76.2%) and the sensitivity even increased to 94.0% in patients with gross hematuria (51). These findings are significant as they have identified biomarkers that can distinguish which patients with hematuria should undergo a full work-up, with greater sensitivity and specificity compared to cytology.

As bladder cancer is a heterogeneous disease characterised by a high mutation burden, several studies highlighted the importance of integrated molecular profiles rather than single gene tests which may be abnormal in some tumors but not others. Using RNA sequencing, Huang et al. identified an RNA panel consisting of three mRNAs (KLHDC7B, CASP14, and PRSS1) and two lncRNAs (MIR205HG and GAS5) that is able to distinguish bladder cancer patients from healthy volunteers (AUC=0.924, 95% CI, 0.875–0.974), and the expression levels of these five RNAs were correlated with clinicopathological features (57). Similarly, a study conducted by Yazarlou et al. (n=108), found that the expression levels of an exosome lncRNA panel (UCA1-201, UCA1-203, MALAT1 and LINC00355) had high sensitivity and specificity in differentiating urothelial carcinoma from normal samples (92% sensitivity and 91.7% specificity) (52). However, although biomarker panels have higher diagnostic performance compared to single or dual biomarkers, there are issues in their translation to clinical implementation as the cost, complexity, and convenience of the test are important factors to consider and they require multiple external validations in independent studies across a range of populations.

Exosomal biomarkers have also been researched as prognostic markers for bladder cancer but are largely in infancy. Andreu et al. demonstrated that urinary exosomal miR-375 was a biomarker for high-grade bladder cancer while miR-146a could identify low-grade patients using a microarray platform (58). Other studies found that urinary exosomes from patients with high-grade bladder cancer were enriched in lncRNA HYMA1, LINC00477, LOC100506688, OTX2-AS1 (54) and TERC (59). Recently, Zhan et al. established that upregulation of exosomal lncRNA PCAT-1 and MALAT1 was associated with poor recurrence-free survival (RFS) of NMIBC, with PCAT-1 overexpression being an independent prognostic factor (55). These lines of evidence further support the feasibility and utility of urinary exosome biomarkers for bladder cancer risk stratification, to inform use and intensity of intra-vesical and radical treatment options for high-risk NMIBC, and to guide personalized treatment for MIBC. There is currently a large-scale prospective cohort study (n = 3000), in its recruitment stage, evaluating the clinical performance of a urine exosome-based test in the diagnosis of bladder cancer in hematuria patients, and the identification of recurrent disease in bladder cancer patients (NCT04155359).



Exosomal proteins as biomarkers in bladder cancer

There have been several studies that investigated the association between the urinary exosome proteome and bladder cancer. Smalley et al. (60) identified the upregulation of several proteins in urinary exosomes of bladder cancer patients compared to healthy individuals (n=9). Furthermore, five of the nine differentially expressed proteins (NRas, EPS8L1, EPS8L2, Mucin 4, and EH Domain-containing Protein 4) are implicated in the epidermal growth factor receptor (EGFR) pathway that is associated with worse prognosis in bladder cancer (61). Using quantitative proteome profiling, protein makers TPP1, TMPRSS2 and FOLR1 were consistently detected and highly upregulated in urinary exosomes derived from the bladder compared to those derived from the ureter. The study also revealed that a distinct population of exosomes released from the bladder might promote distant recurrence through metabolic rewiring, even after apparent complete downstaging (62). More recently, the same group further confirmed in 10 cT2 bladder cancer patients that despite the absence of detectable tumor, the entire bladder released exosomes that contribute to metastasis, regardless of sampling site, and highlighted the need for early radical cystectomy in cT2 bladder cancer (63).

Chen et al. (56) examined urinary exosome proteins in bladder cancer patients and identified that the concentrations of 24 proteins changed significantly compared to the control group, with AUC values ranging from 0.702 to 0.896. Moreover, they found that concentrations of TACSTD2 in urinary exosomes had 6.5-fold higher expression in bladder cancer patients compared to control patients, which has high potential as a novel biomarker for early diagnosis and prognosis for bladder cancer.




Exosomes as therapeutic targets

Apart from the applications in diagnosis and prognosis, novel therapeutic approaches involving exosomes may also be a possibility. Methods of altering exosome biogenesis, delivery or cell uptake could be investigated and potentially used to control the detrimental effects of tumor-derived exosomes. There are currently no studies of therapies targeting cancer-derived exosomes in bladder cancer per se, although studies have suggested that EV-targeting antibodies or antagonists showed therapeutic and chemo-/immuno-sensitizing potentials in breast (64), pancreatic (65, 66) and colorectal (67) cancers.

There is also interest in utilizing exosomes as a therapeutic vector. Due to their size, ability to cross biological barriers and autologous nature, exosomes could be packaged with pharmacological drugs or tumor-suppressive RNAs that could alter the phenotype of malignant cells (64). Early-phase clinical trials testing EV-based cancer therapy have been completed (68, 69), confirming their capacity to produce anti-tumor effects in patients, and warrant the feasibility of further large-scale investigations. Phase I clinical trials demonstrated the ability of dendritic cell-derived exosomes to exert natural killer cell effector functions in patients, however, a phase II clinical trial evaluating its effectiveness as maintenance immunotherapy on non-small cell lung cancer did not reach its primary endpoint (69). Several other clinical trials are currently underway, testing exosomes as a delivery vehicle for anti-tumor drugs (NCT01294072) or small interference RNAs (NCT03608631).




Challenges and future perspectives

Exosomes and their cargoes have generated increasing research interest over the last decade. Investigations have demonstrated promising results regarding their use as biomarkers in the diagnosis and risk-stratification of bladder cancer. The efficient and accurate isolation, quantification and profiling of exosomes are crucial for biomarker discovery. In the current standard workflow, these steps are performed separately. While the techniques are well-established, they are often laborious, costly and time consuming, limiting their application in clinical settings. Recently, several “lab-on-a-chip” fluorescent (70), magneto-electrochemical (71), nanoplasmonic (72) and cationic lipoplex nanoparticle (73) technologies have been developed for detection of proteins and miRNAs in exosomes from biological fluids. However, they either require pre-processed clinical specimens or involve intricate fabrications. Future research is warranted to overcome these challenges and ultimately establish the value of a single integrated platform in a clinically validated study to enable point-of-care diagnostics. It has also been demonstrated that exosomes could be used as therapeutic agents in various types of cancers. Exosomes have unique advantages to current therapeutic agents, such as their high drug release stability, bio-compatibility and penetration of biological barriers; a greater understanding of their biological mechanisms and further clinical studies will aid in the development of exosomes for cancer therapy (74).

In the current clinical landscape for bladder cancer, there are several key areas where exosome-based biomarkers could provide benefit: (i) diagnosis; (ii) frequency of surveillance; (iii) type and intensity of intra-vesical treatment; (iv) selection for radical treatment in high-risk NMIBC; (v) selection for neo-/adjuvant chemotherapy and/or immunotherapy; and (vi) monitoring of disease progression. As stated previously, early diagnosis and personalized surveillance of bladder cancer could improve long-term survival, cost and quality of life outcomes. Additionally, from a clinical and health system perspective, the accurate stratification of lower-risk patients could reduce the need, or frequency, for cystoscopy thus reducing the burden on patients and healthcare systems.
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Pulmonary sarcomatoid carcinoma (PSC) is a rare subset of NSCLC that accounts for about 0.5-1% of all primary lung carcinoma, and its malignant biological behavior is more aggressive than other pathological types of lung cancer. Recent studies have reported a variety of gene mutations associated with the occurrence, development and treatment of PSC, especially the mesenchymal-epithelial transition (MET) proto-oncogene alterations, including the exon 14 (METex14) skipping mutations as well as the amplification and overexpression of MET gene, which are associated with molecularly targeted therapy for PSC. METex14 skipping mutation is the most common and well-studied mutation type, occurring in about 22-31.8% of PSC patients, while the prevalence of MET amplification is reported as 4.8-13.6% and MET ovexpression is about 20.2%. Molecular pathology tests, including IHC and NGS, are valuable in determining the prognosis of patients with PSC and helping to determine the treatment. The existing clinical data have confirmed the efficacy of MET-TKI in PSC patients with MET alteration, among which the clinical study of Savolitinib has enrolled the largest proportion of PSC patients and achieved relatively good efficacy, but more clinical researches are still needed. The multi-disciplinary team may maximize the optimal treatment options for patients with the advanced PSC.
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Introduction

Non-small cell lung cancer (NSCLC) is the most common type of lung cancer, accounting for approximately 85% of all lung cancer with significant heterogeneity and it may be associated with some known and/or unknown driver gene changes (1). According to the Non-Small Cell Lung Cancer, Version 3.2022, NCCN Clinical Practice Guidelines in Oncology, NSCLC can be further classified into adenocarcinoma, squamous carcinoma, adenosquamous carcinoma, large cell carcinoma, and sarcomatoid carcinoma (2). Twenty years ago, there were limited treatments, such as surgery, radiotherapy and chemotherapy for advanced NSCLC, and the overall prognosis was dismal (3). However, the prognosis of advanced NSCLC has improved dramatically. And one of the important reasons is the discovery of the driver genes, their somatic genomic alterations (also known as molecular biomarkers) includes gene mutations and fusions, and the emergence of molecular targeted drugs (2–4). In the NCCN guidelines, the recommended genes for genetic testing in most patients with advanced NSCLC include ALK, BRAF, EGFR, KRAS, MET, NTRK1/2/3, RET and ROS1. The broad genomic testing can be used to assess mechanisms of drug resistance in patients who have relapsed after the targeted therapies, to distinguish primary lung cancer from intrapulmonary metastasis, and to help determining suitability for certain molecular-driven clinical trials (2).

Pulmonary sarcomatoid carcinoma (PSC) is a rare subset of NSCLC that accounts for about 0.5-1% of all primary lung carcinoma, and its malignant biological behavior is more aggressive than other pathological types of lung cancer (5–7). According to the World Health Organization (WHO) Classification of Lung Tumors (2015 version), PSC is defined as a group of poorly differentiated NSCLC containing a component of sarcoma-like elements or true sarcomatous areas that is currently solely based on morphological characteristics, and is divided into five subtypes such as spindle cell carcinoma (a carcinoma almost completely composed of epithelial spindle cells), giant cell carcinoma (a carcinoma almost entirely composed of tumor giant cells), pleomorphic carcinoma (a poorly differentiated NSCLC that contains at least 10% spindle and/or giant cells or a carcinoma consisting only of spindle and giant cells), carcinosarcoma (a mix of NSCLC and true sarcoma) and biphasic pulmonary blastoma (a tumor composed of embryonal-type epithelial elements and primitive mesenchymal stroma) (6, 8).

PSC usually occurs in older men with a history of smoking, and its clinical symptoms are non-specific compared with other types of NSCLC, such as cough, chest pain, hemoptysis, and dyspnea, which makes early detection and diagnosis difficult to some extent (5, 6). PSC has a very poor prognosis, with overall survival (OS) and 5-year survival rate significantly lower than other types of lung cancer. In different studies, 5-year survival for sarcomatoid carcinoma has been reported ranging from 20.1% to 36.1%, with less than 5% survival and less than 7 months survival in advanced stage (5, 6). Due to the rapid progression of PSC and its insensitivity to conventional chemotherapy agents, previously, many patients with PSC do not have the opportunity to receive a second-line chemotherapy or to try other novel antitumor agents.

Although the precise molecular characterization of PSC is largely unexplored, many studies have found that a variety of gene mutations may be associated with the occurrence, development, and treatment of PSC. Several recent studies have confirmed the mesenchymal-epithelial transition (MET) proto-oncogene alterations in PSC, including MET exon 14 (METex14) skipping mutations and MET amplification, with an incidence of approximately 22% and association with molecular-targeted therapy for PSC (6). This review aims to update the molecular pathology and clinical features of MET gene alteration in PSC.



Wild type MET structure and function

The MET gene is located on the long arm of human chromosome 7q21-q31 (125kb long) and contains 21 exons. The MET proto-oncogene encodes a membrane MET tyrosine kinase receptor that mainly expressed in epithelial cells, also known as hepatocyte growth factor (HGF) receptors, which have been identified as a tumor driver gene and potential target of NSCLC (9). MET can bind with HGF with high affinity and induce a series of biological effects, and it is frequently associated with and functionally supports the Epithelial-to-Mesenchymal Transition, which is mainly manifested to stimulate cell proliferation, survival, invasion and migration in tumors (8). In other words, the ectopic activation of MET pathways can drive the development, growth, and metastasis of various malignancies, including lung cancer, breast cancer, cervical cancer, gastric cancer and colon cancer (10).

Being structured with a 50kD α chain and a 145kD β chain linked by disulfide bonds, MET protein also contain an N-terminal extracellular binding domain, a transmembrane helical domain, and an intracellular C-terminal domain with tyrosine kinase activity (11). The extracellular domain contains three distinct functional regions, including the Semaphorin (SEMA) domain covering the whole α chain and the N-terminal of some β chain, cystine-rich MET-related domain (Plexins-semaphorins-Integrins, PSI) containing four disulphide bonds and four immunoglobulin-plexin transcription regions (IPT) (3). The intracellular domain (957-1390 amino acid residues) after the transmembrane helical domain also consists of three regulatory regions, including the juxtamembrane (JM) domain containing Tyr1003 and Ser985 phosphorylation sites, the catalytic domain containing Y1234 and Y1235 phosphorylation sites, and the C-terminal multifunctional binding region containing Y1349 and Y1356 acting as a docking site for adaptor proteins, which leads to downstream signaling via phosphoinositide 3-kinase (PI3K)/AKT (protein kinase B), signal transducer and activator of transcription protegins (STAT), mitogen-activated protein kinase (MAPK), Wnt/beta-catenin, extracellular signal regulated kinase (ERK), mammalian target of rapamycin (mTOR)and nuclear factor-kB (NF-kB) (3, 11, 12).

HGF is the only known natural ligand of MET, and its binding to MET leads to receptor dimerization and phosphorylation of Y1234 and Y1235 tyrosine residues in the kinase domain’s catalytic loop and autophosphorylation of the carboxy-terminal bidentate substrate-binding sites 1349 and 1356, which can activates RTK-mediated downstream signaling pathways mentioned above (3, 11). These signaling transduction pathways are widely involved in cell proliferation, survival, cell motility, embryogenesis, organogenesis, angiogenesis, epithelial-mesenchymal transition and many other important biological behaviors in normal cells (13).

MET dysfunction is considered to be one of the driver event of lung cancer, which is often caused by gene copy number amplification, receptor protein overexpression, genetic sequence variations; exon 14 JM skipping mutations cause alternative splicing variant, and MET gene fusions (14). Many studies have reported that the frequency of MET alteration in PSC is higher than that in other types of lung cancer. At present, the most important MET alteration in the field of PCS is MET overexpression, MET amplification, and METex14 skipping mutations. At the same time, routine application of genetic testing in clinical practice can identify potential genetic biomarkers for developing targeted treatments and provide treatment options in addition to surgery, radiation, and chemotherapy.



MET mutations

MET mutations can be detected in 3% to 5% of patients with non-small cell lung cancer (mainly adenocarcinoma) and occur more frequently in PSC, and METex14 skipping mutation is the most common and well-studied mutation type, occurring in about 3%-4% of adenocarcinoma patients and 22% of PSC patients (15, 16). Therefore, we will focus on the MET14 exon skipping mutation, including the biology, genetic testing, diagnosis and related molecular targeted therapy strategies of METex14 skipping mutation in this section.

The molecular mechanism of METex14 skipping mutation in NSCLCs was reported by Kong Beltran et al. in 2006 (17). Exon 14 encodes the 47-amino acid JM domain of the MET receptor, a key regulatory region that prevents MET hyperactivation. When MET mutation occurs, the binding sites for Y1003 and c-CBL are lost and the process of CBL-mediated MET protein degradation is impaired, MET receptors are aggregated, and MET oncogenic signals are overactivated (18). METex14 skipping mutation is considered to be an independent lung cancer driver, which is usually mutually exclusive with other lung cancer driver genes such as EGFR, ALK and ROS1, and is also associated with poor prognosis of lung cancer, including sarcomatoid cancer (19). Therefore, some studies recognized the lung cancer with METex14 skipping mutation as an independent molecular subtype and carried out individualized treatment (20).

Compared with the common type of non-small cell lung cancer, the incidence of METex14 skipping mutation is significantly higher in PSC (7). It is important to improve the sensitivity and specificity of the genetic testing for METex14 skipping mutation, which is an independent driver mutation of NSCLC without exception for PSC and its clinical significance is more prominent. Reverse transcriptase polymerase chain reaction(RT-PCR) and Sanger sequencing have both been used to detect MET mutations, but these targeted methods are rarely used because of the efficiency of detection (21). Compared with testing other lung cancer driver genes, such as EGFR and KRAS, the application of NGS in the diagnosis of MET alterations is not very efficient, especially for METex14 skipping mutation. The main reason is that DNA sequencing can only detect the genomic sequence alterations to predict or postulate a possible splicing result, which will not confirm the actual METex14 skipping event.

There are two DNA-based NGS technologies commonly used for genetic diagnosis of tumors currently. The first method is amplicon-based methods, which uses primers to capture the sequences of target genes in genomic regions by multiplex polymerase chain reaction (PCR) amplification (22). This method has a relatively shorter detection time and can better capture some regions that are difficult to sequence, but it is prone to sequencing distortion for regions with small insertion/deletions (indels), homopolymers, and allele loss. Amplicon-based method may fail to identify all METex14 skipping mutation, mainly because amplification primers are not designed for high-quality sequencing and fail to capture key mutation sites. In the case of single-nucleotide variant or small indels in the primer region, the primers may not bind due to mismatches, eventually leading to allele dropout (20). In addition, the binding site of the primer may also be lost if there is an entire deletion in the genomic region. In other words, the location and size of the genetic alterations that cause the METex14 skipping mutation may lead to allelic dropout and false-negative results, which ultimately lead to a low detection rate of METex14 skipping mutation using the Amplicon-based method (23). Another approach is hybrid capture-based method, which uses long biotinylated oligonucleotides to hybridize target regions in the genome and enable flanking regions to be sequenced (22). These probes are significantly longer than the PCR primers used in the amplicon-based method and thus can tolerate binding site mismatches without interfering with target hybridization, which can avoid the problem of allelic deletions seen in amplicon based methods (22). Chen et al. (24) reported that hybrid capture-based method is the preferred method to avoid common allele deletions caused by amplicon-based assays.

Unlike the detection mechanism of DNA NGS, RNA NGS can detect fusion of METex13 to 15, which is a common consequence of any altered splicing mechanism or deletion (13). Thus, it has the advantage of theoretically detecting all genomic events that lead to METex14 skipping mutation (15). Subramanian et al. (22) and Socinski et al. (21) reported that the accuracy and detection rate of RNA NGS were higher than that of DNA NGS in the detection of MET14 mutations. Davies et al. (15) found that the detection rate of RNA NGS was 4.2% (17/404) for METex14 skipping mutation, which was significantly higher than DNA NGS (1.3%, 11/856). But there are also problems with RNA NGS. RNA is less stable than DNA, which limits the shelf life of the tissue. In addition, interpretation of RNA NGS results poses challenges due to the high variability of mRNA expression between nonmalignant and tumor tissues (25). Teishikata et al. (26) also reported that the differences of METex14 skipping mutation detection not only exist between different sequencing technologies, but also between different NGS platforms. In short, the detection of METex14 skipping mutation by DNA NGS and RNA NGS has its own advantages and disadvantages, and it is possible to obtain more comprehensive and accurate information about METex14 skipping mutation by using dual-omics detection for some lung sarcomatoid carcinomas.

As mentioned above, the incidence of METex14 skipping mutation ranged from 22% to 31.8% in PSC, a higher mutation rate than in other types of NSCLC (16, 27). Li et al. (28) reported that in a study of 77 PSC patients, patients with advanced PSC and a positive METex14 skipping mutation had a faster rate of disease progression than patients without any driver gene mutation, and they have a median PFS of not yet reached vs. 3.97 months during follow-up (P =0.017). Therefore, the efficacy of molecular targeted therapy for MET is a hot topic at present, and many clinical studies of drugs are being carried out. Crizotinib, a multi-target TKI covering MET, has been reported in some small retrospective studies to treat advanced PSC with METex14 mutation. Unfortunately, these data have not been analyzed independently from other non-small cells (5). Capmatinib is an oral, potent, and selective MET inhibitor that has been approved by the FDA for the treatment of NSCLC patients with the METex14 mutation. A phase I single-arm trial (NCT01324479) enrolled four PSC patients with METex14 mutations, including one with stable disease and three with partial response (29). Tepotinib, the first highly selective TKI for METex14 mutation approved for marketing in the world, enrolled 2 patients with PSC out of 152 patients in the VISION study (open-label, phase 2), but the trial data were not analyzed by pathological type (30). Savolitinib is a highly selective MET TKI, which is the first and currently the only approved selective MET inhibitor in China. A multicenter, single-arm, open-label, phase 2 study of savolitinib enrolled a total of 70 patients with NSCLC who had METex14 skipping mutation (25 of whom were patients with PSC). The mPFS of PSC subgroup was 5.5 months, mOS was 10.6 months, ORR was 50%, and disease control rate (DCR) was 90% (31). It is the only MET inhibitor with PSC population data, which has brought a breakthrough for the treatment of PSC patients.



MET amplification

MET amplification is also known as MET gene replication, mainly acquired by chromosomal 7 or local regions duplication. Aberrant chromosomal 7 replication, containing MET gene, always results in segmental chromosomal polysomy. The presence of polysomy can lead to the contiguous gene amplification, including MET and other genes on the affected chromosomal region. However, local amplification is usually caused by regionally cryptic copy number gain, but not microscopic chromosomal duplication.

Now there is no unified diagnostic criterion for MET amplification, with different cut-offs for different detection methods, such as immunohistochemistry (IHC), fluorescence in situ hybridisation (FISH), quantitative Real-Time reverse transcriptase-PCR (qRT-PCR), or NGS (Next Generation Sequencing). However, IHC appears to be a poor screen for MET amplification since MET IHC-positive cases may be MET amplification negative and vice versa (32). qRT-PCR has been used to detect MET amplification, although it isn’t well characterized compared to FISH and NGS (33).

Traditionally, MET amplification was detected by FISH with MET gene copy number (GCN) or the ratio of MET to chromosome enumerating probe against chromosome 7 (CEP7). Generally, MET GCN≥5 or MET : CEP7≥2.0 is used as the FISH criteria for MET amplification (3, 11). MET : CEP7 is more accurate than GCN, for MET : CEP7 is able to distinguish the true MET amplifications and MET polysomy. The degree of amplification were categorized into three groups by MET : CEP7, low (≥1.8 to ≤2.2), intermediate (>2.2 to <5) and high (≥5) or low (≥1.8 to ≤2.2), intermediate (>2.2 to <4) and high (≥4) (34, 35). In general, the MET : CEP7 ≥5 was identified as an appropriate cut-off with no overlap with other oncogenes compared with low and intermediate groups and seems to be the strongest predictor of MET-driven tumors (13, 36). Additionally, the targeted therapies, like crizotinib, showed more effective in patients with high MET amplification than low and intermediate categories (35). Now, NGS is widely used in detecting MET amplification. MET amplification was commonly defined by copy number fold change of 1.8x or more by NGS. Similar to FISH, the cut-offs may vary significantly between different assays. The main limitation of NGS is that the result is highly dependent on the quality of the sample and, more importantly, the amount of non-tumor DNA from the non-tumor cells in the sample (37).

De novo MET amplification (primary MET amplification) occurs in about 1-5% of non-small-cell lung cancers (NSCLC), and acquired MET amplification (secondary MET amplification) are typically identified in about 5-20% patients with oncogene-positive NSCLC following resistance to tyrosine kinase inhibitors (TKIs), such as EGFR TKIs (38, 39). Until now, there was no large-scale prospective or retrospective studies of PSC with MET amplification. The frequency of MET amplification in PSC has rarely been reported. Mignard et al. (40) reported MET amplification in about 8.5% of PSC patients, Tong et al. (41) about 13.6%, and Liu et al. (42) about 4.8%. These variations may depend on the sample size and different methods used in each study.

MET amplification is a type of confirmed mechanisms of acquired resistance to EGFR-TKIs and ALK inhibitors in NSCLC (43). Several case reports of MET amplification with PSC have been published. Wang et al. reported a 74-year-old female PSC patient with co-existing mutation in exon 21 L858R of EGFR and MET amplification at diagnosis (44). Combination of EGFR and MET inhibitors, gefitinib and crizotinib, respectively, were used. The patient acquired a partial response and remained stable for 9.7 months after terminated treatment. This observation highlights the importance of genetic testing and paves the way for combined targeting strategies in PSC. This was the first reported case of PSC patient with concurrent EGFR mutation and MET amplification prior to treatment, who may benefit from combination EGFR and MET inhibitors.

He et al. (44) Reported that a 62-year-old male patient carrying two rare EGFR mutations, exon 18 L719S and exon 19 L797S. After application of afatinib for 6 months, the patient experience disease progression. NGS found new acquired MET amplification with original mutations of EGFR exon 18 L719S and exon 19 L797S. Then the patient was treated with afatinib combined with crizotinib, with a result of a partial response of the disease. Combined therapies may be efficient for the MET amplification PSC patients with concurrent mutation of other oncogenes or secondary to resistance of previous treatment of TKIs. More large-scale clinical trials are required to confirm the findings.



MET overexpression

MET ovexpression is thought to be one of the earliest MET dysregulation event in oncogenic process. MET can be found transcriptionally overexpressed in the presence of hypoxia and inflammation, thereby activating proliferation, reducing apoptosis, promoting migration, these all contributing to tumorigenesis (45). MET overexpression is present in many types of cancers, such as epithelial, mesenchymal and hematological malignancies. In addition, MET can be overexpressed in cancers with activated genomic signature, including those with primary and/or secondary MET amplifications or METex14 skipping mutation. Until now, MET TKIs showed little effect on patients with MET overexpression partially due to discrepancies in its causes (1). Fortunately, new therapeutic targets for MET are being explored, including biparatopic antibodies (targeting two different epitopes on the same target protein), antibodies and ADCs combinations.

The most commonly used detection method of MET expression is IHC with kinds of antibodies, consisted of monoclonal antibodies, polyclonal antibodies and antibodies to phosphorylated MET (46). Generally, the IHC staining of MET were always assessed by the pathologists, providing the basis for various semiquantitative scoring systems of MET protein expression and overexpression. The degree of MET expression is usually quantified as a staining score from 0 to 3+ (47). IHC 1+ indicates MET expression, while MET overexpression is defined as IHC 2+ and 3+ (47). The H-score is another typical scoring system calculated by multiplying the percentages of cells of MET expression with their staining intensity score, and ranging from 0 to 300 (43). The score ≥200 usually indicates MET overexpression, but different thresholds vary between different clinical studies (43).

MET overexpression has been reported with high frequencies in NSCLC, ranging from 22.2-74.5%, and seems to portend poorer prognosis (4). In contrast, studies on MET overexpression in PSCs are limited. Liu et al. (42) found MET overexpression in 20.2% PSCs and carried survival analysis of MET gene alterations and protein expression in Chinese PSCs with only surgery but no MET TKI treatment. They found that MET amplification suffered shorter mOS, while METex14 skipping mutation and overexpression didn’t affect patients’ survival. The studies showed different prognostic value of MET overexpression between PSCs and NSCLCs.

Xavier Mignard et al. (40) found MET overexpression as a poor predictor of MET amplifications or exon 14 mutations in PSCs. They reported that MET exon 14 mutations could cause loss of ubiquitination and improve the presence of c-MET membrane, while lack of association between them and MET overexpression remains to be understood. These results may be induced by the different genomic backgrounds between PSCs and NSCLCs, or other mechanisms in the oncogenesis of MET exon 14 mutations. The lack of clinical trials about PSCs results in the limited understanding of the biological mechanisms, development, diagnosis, prognosis and treatment of the tumors (48). We are looking forward to more relevant clinical studies.



Conclusion

PSC is a subtype of NSCLC with unique malignant biological behavior. The symptoms are not specific, and PSC is often found in the advanced stage. It is not sensitive to traditional chemotherapy and radiotherapy, and the expected survival time is short, and the prognosis is poor. It is most likely that the treatment of PSC should continue to follow the treatment guidelines for advanced NSCLC. Molecular pathology tests, including IHC and NGS, are valuable in determining the prognosis of patients with PSC and helping to determine the treatment of NSCLC patients. MET alterations occur more frequently in PSC than in other types of NSCLC, and METex14 skipping mutation is the most common type. The existing clinical data have preliminarily confirmed the efficacy of MET-TKI in PSC patients with MET alteration, among which the clinical study of Savolitinib has enrolled the largest proportion of PSC patients and achieved relatively good efficacy, but more clinical research is still needed. The multi-disciplinary team may maximize the optimal treatment options for patients with advanced PSC.
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Metastasis is a complex process, which depends on the interaction between tumor cells and host organs. Driven by the primary tumor, the host organ will establish an environment suitable for the growth of tumor cells before their arrival, which is called the pre-metastasis niche. The formation of pre-metastasis niche requires the participation of a variety of cells, in which myeloid-derived suppressor cells play a very important role. They reach the host organ before the tumor cells, and promote the establishment of the pre-metastasis niche by influencing immunosuppression, vascular leakage, extracellular matrix remodeling, angiogenesis and so on. In this article, we introduced the formation of the pre-metastasis niche and discussed the important role of myeloid-derived suppressor cells. In addition, this paper also emphasized the targeting of myeloid-derived suppressor cells as a therapeutic strategy to inhibit the formation of pre-metastasis niche, which provided a research idea for curbing tumor metastasis.
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Introduction

According to statistics, the number of cancer patients in the world has exceeded 19.3 million in 2020, with nearly 10 million cumulative deaths (1). For decades, research of cancer biologist on cancer metastasis has mainly focused on the causes of carcinogenic transformation. In recent years, due to the high mortality related to metastasis, cancer biologists are forced to turn their research to the process of tumor metastasis. After massive research, it is found that the host organ has made a series of preparations for the arrival of tumor cells before tumor metastasis, such as recruiting immune cells, remodeling matrix, generating new blood vessels, etc. These changes create a favorable environment for the colonization and dissemination of tumor cells, that is, the pre-metastasis niche (PMN) (2).

Myeloid-derived suppressor cells (MDSCs) are a group of heterogeneous cells from bone marrow with strong immunosuppressive activity. In the 1970s, MDSCs were first found in a cancer patient. After years of research, it was found that these cells are related to the occurrence and development of inflammation, chronic infection, autoimmune diseases, cancer and other diseases. In order to better describe the origin and function of such cells, researchers suggested that this group of cells be named MDSCs (3). MDSCs play an important role in promoting PMN and maintaining tumor metastasis due to their immunosuppressive function. Increasing evidence that MDSCs contributed to cancer metastasis can bring us the opportunity to develop new therapeutic approaches and enhance patient’s survival. Therefore, understanding how MDSCs can promote and maintain metastasis has laid a foundation for studying some unsolved problems and developing clinical applications. In this article, we introduced the phenotype of MDSCs and the process of PMN formation, and mainly discussed the important contribution of MSDCs in the induction of the PMN and summarized the clinical application of MDSCs targeted therapy.



Origin and phenotype of MDSCs

MDSCs are derived from hematopoietic stem cells (HSCs) (4). Under physiological conditions, HSCs differentiate into common myeloid progenitors (CMPs) and then differentiate into granulocyte-monocyte progenitors (GMPs). Immature myeloid cells (IMCs) such as CMPs and GMPs migrate to peripheral organs and differentiate into mature granulocytes, dendritic cells (DCs) and macrophages, and enter the corresponding tissues and organs to play a normal immune response. Under pathological conditions, such as trauma, infection and cancer, inflammatory factors will inhibit the differentiation of IMCs into mature myeloid cells, make it stay in various differentiation stages, and finally form MDSCs with immunosuppressive function (5).

MDSCs can be divided into polymorphonuclear or granulocytic MDSCs (PMN/G-MDSCs) and monocytic MDSCs (M-MDSCs) according to their phenotypic and morphological characteristics (6). The phenotypes of MDSCs in different species are different. Due to the high expression of myeloid differentiation antigens Gr-1 and CD11b in mice, the phenotype of M-MDSCs in mice is defined as CD11b+Ly6G−Ly6Chigh, while the phenotype of PMN-MDSCs is defined as CD11b+Ly6G+Ly6Clow (7). In 2017, Goldmann (8) and others found a new subgroup of MDSCs in mice infected with staphylococcus aureus and named it Eo-MDSCs. Because Eo-MDSCs resemble eosinophil morphologically and express the eosinophil marker Syglec-F, their phenotype is defined as CD11b+SyglecF+CCR3lowIL-5RαlowSSC-Ahigh.

Compared with mouse MDSCs, human MDSCs lack the Gr-1, and mainly express CD11b, CD33, HLA-DR, Lin (including CD3, CD14, CD15, CD19, AND CD56) (6, 9). Due to the complex classification of human MDSCs, it is widely accepted that M-MDSCs are defined as CD11b+CD14+HLA-DR−CD15− and PMN-MDSCs are defined as CD11b+CD14−CD15+ or CD11b+CD14−CD66b+ (9). In addition to the well-known PMN-MDSCs and M-MDSCs, there is another phenotype of human MDSCs. This class of MDSCs is considered immature due to the absence of granulocyte or monocyte markers and is therefore described as early MDSCs, whose phenotype is defined as Lin−HLA-DR−CD33+ (10). In addition, a subpopulation of MDSCs with a fibrocytic phenotype, known as fibrocytic MDSCs (F-MDSCs), was identified in pediatric metastatic sarcoma patients (11) and healthy neonatal cord blood (12). They defined the F-MDSCs phenotype as CD11b−CD11c−CD33+IL-4Rα+ (11, 13) (Table 1).


Table 1 | Phenotypes of MDSCs.





PMN formation

Tumor metastasis is a multi-step process, including invasion, circulation, exosmosis, colonization and so on (14–16). Christine Chaffer (17) and others summarized this complex cascade reaction into two stages. The first stage is the physical migration of cancer cells from the primary tumor to the host organ, the second stage is when cancer cells colonize the host organ and develop into metastases. However, the host organs that form metastases are not randomly selected, but determined by the organotropism of the primary tumor. The “seed and soil” hypothesis proposed by Steven Paget (18) in 1989 explained organotropism during tumor metastasis, which was also supported by Fidler (19, 20), who showed that the outcome of metastasis depended on the characteristics of tumor cells and host organs. Later researchers also came to light by realizing that breast cancer was found to predispose to bone, liver, brain, and lung metastases, colorectal cancers predominantly develop liver metastases, and tumors originating in the breast, bladder, colon, kidney, head and neck and melanoma have a tendency to cause metastases in the lung (21). In 2005, Kaplan found that myeloid hematopoietic progenitors expressing vascular endothelial growth factor receptor 1 (VEGFR1) arrived at the host organ before tumor cells and changed the microenvironment there (2). Based on these results, they proposed the concept of “premetastatic microenvironment”, in which primary tumors induce host organs to create a microenvironment that supports tumor cell metastasis. The presence of the PMN more strongly explains organ tropism during tumor metastasis and illustrates the importance of the interaction between tumor cells and host organs.

The formation of the PMN is the result of the joint action of multiple cytokines or cellular components including tumor-derived secretory factors (TDSFs), exosomes, bone marrow-derived cells (BMDCs) and extracellular matrix (ECM) (22) (Figure 1). Since PMN formation is a complex dynamic change, this paper mainly summarizes it from the following three aspects.




Figure 1 | The formation of PMN. (A) Vascular leakage is the initial marker of PMN formation. Cytokines such as COX2, MMP1 and MMP2 secreted by primary tumors increase the permeability of endothelial cells and help the exudation of tumor cells. (B) Under the induction of hypoxic microenvironment and TDSFs, MDSCs and other immune cells are recruited to PMN, creating an excellent immune microenvironment for tumor cells. (C) At the same time, the ECM in the host organ began to change, providing a good environment for the growth of tumor cells. The accumulation of fibronectin and the crosslinking of collagen I provide a platform for the adhesion of MDSCs. At the same time, MMPs promote angiogenesis and contribute to tumor cells intrusion. In addition, some cytokines secreted by MDSCs also contribute to the remodeling of ECM. (D) Tumor cells arriving at the host organ will enter a dormant state, which is regulated by cytokines secreted by tumor cells and MDSCs. When tumor cells wake up, they continue to grow. (E) The formation of the PMN is a comprehensive result of vascular leakage, MDSCs recruitment and ECM remodeling. The tumor cells shed from the primary site and colonized the host organ, eventually forming a distant metastasis.




Vascular leakiness

In the process of tumor metastasis, cancer stem cells (CSCs) with self-replication and differentiation ability first lose the cell-cell adhesion ability and detach from the primary site, invade the surrounding tissues and enter lymphatic vessels and blood vessels. In this process, CSCs undergo epithelial mesenchymal transition (EMT) to become circulating tumor cells (CTCs) (14). CTCs entering the blood vessels are surrounded by platelets, clotting factors and fibrin, preventing the killing effect of NK cells. Meanwhile, selectin and integrin secreted by platelets mediate the adhesion and adhesion of CTCs to vascular endothelial cells, preparing for CTCs extravasation (23, 24). Therefore, the changes of vascular endothelial cells are the key markers for the initial establishment of the PMN.

The current study revealed a relationship between vascular stability and TDSFs. Among them, cyclooxygenase 2 (COX2), matrix metalloproteinase 1 (MMP1) and matrix metalloproteinase 2 (MMP2) secreted by primary tumors were found to affect vascular integrity by changing the morphology of endothelial cells and improving vascular permeability in the lung metastasis model of breast cancer mice (25). In a melanoma mouse model of lung metastasis, primary tumors disrupt pulmonary vascular stability by upregulation of angiopoietin-2 (ANG-2), MMP3, and MMP10 in pulmonary blood vessels (26).

In addition to TDSFs, tumor-derived exosomes are also involved in regulating intracellular stability. Human colon cancer cell derived exosomal miR-25-3p increases vascular permeability in mouse lung and liver metastasis models by regulating the expression of VEGF2 and zonula occludens 1 (ZO-1), occludin and Claudin5 in endothelial cells (27). MiR-103, miR-638, miR-663a, miR-3648 and miR-4258 secreted by HCC attenuated the integrity of endothelial cells by down-regulating the expression of VE-cadherin and ZO-1 (28, 29). MiR-3157-3p regulates endothelial cell permeability and promotes angiogenesis by regulating the expression of vascular endothelial growth factor (VEGF), MMP2, MMP9 and occludin in Non-small cell lung carcinoma (30). Changes in the stability and integrity of vascular endothelial cells prepare for CTCs extravasation, so timely prevention of endothelial cell changes in the early stage of cancer can help block the formation of the PMN and prevent tumor metastasis.



MDSCs recruitment

In fact, primary tumors shed tens of thousands of cancer cells into the bloodstream each day, but because of oxidative stress, shear forces, and immune system attacks, only a few make it into the host organs to form metastases (31, 32). Therefore, the host organ needs to establish a good immune microenvironment to protect CTCs from elimination by NK cells, CD4+T cells and CD8+T cells. Under the action of TDSFs, BMDCs and immune cells such as regulatory T cells (Tregs), tumor associated macrophages (TAMs), and tumor associated neutrophils (TANs) are recruited to host organs to help establish the immune microenvironment (33, 34). Among them, BMDCs are the main participating cells, which protect CTCs by secreting a large number of cell components, and the MDSCs subgroup that constitutes BMDCs is considered to be the most critical cell group (35).

As an important marker of PMN initiation and evolution, the recruitment of MDSCs is a multi-step process, which is mainly regulated by tumor microenvironment and TDSFs. The hypoxic environment in the tumor microenvironment is considered to be an important factor in inducing the recruitment and activation of MDSCs. Sceneay showed that primary tumor hypoxia provides cytokines and growth factors capable of creating a premetastatic niche through recruitment of MDSCs (36). Then more studies found that hypoxia inducible factor 1 (HIF-1) induced the migration of MDSCs into PMN by up regulating the expression of CCL26 (37), programmed death-ligand 1 (PD-L1) (38) and ectonucleoside triphosphate diphosphohydrolase 2 in tumor cells (39). Among TDSFs, chemokines are the main components regulating the recruitment of MDSCs (Table 2). In addition to chemokines, other TDSFs, such as S100A8/A9, are also involved in the recruitment of MDSCs. S100A8/A9 from breast cancer cells promotes the migration and accumulation of MDSCs through the NF-κB signaling pathway. However, S100A8/A9 not only comes from tumor cells, but also can be synthesized and secreted by MDSCs (60). Therefore, S100A8/A9 may provide an autocrine pathway for PMN to recruit MDSCs.


Table 2 | Major chemokines involved in regulating MDSCs recruitment.





ECM remodeling

Since the host organ and the primary site of the tumor are not the same in tissue and structure, in order to establish a PMN suitable for the growth and colonization of CTCs, the ECM structure in the host organ will change, promoting tumor cell migration and invasion into the stromal tissue. During the formation of the PMN, primary tumors remodel ECM by inducing stromal cells to deposit new ECM components or modify old ECM components by TDSFs.

As we all know, Lysyl oxidase (LOX) and MMPs secreted by primary tumors play an important role in ECM remodeling. LOX increases the stiffness of ECM by catalyzing collagen and elastin crosslinking. At the same time, LOX can also promote the recruitment of BMDCs and drive the formation of osteolytic lesions, leading to bone metastasis (61–63). While MMPs play a role in degrading ECM and inducing angiogenesis (64). In addition, recent studies have found that tumor-produced peptidylarginine deiminase 4 (PAD4) also helps to remodel ECM. PAD4 produced by colorectal cancer affects the citrullination of ECM, which promotes EMT and eventually leads to tumor metastasis to the liver. Preventing citrullination of ECM may create an adverse microenvironment for cancer cell growth (65). Therefore, PAD4 and citrullination may be an effective target for the treatment of liver metastases.

CTCs entering the host organ either apoptosis or dormant until all environments become suitable for CTCs to awaken (66). A growing body of research has shown that the composition of ECMs and their effect on adhesion signaling not only provides a favorable environment for the growth of CTCs, but also regulates the dormancy and awakening of tumor cells (67). For example, endothelial-derived thrombospondin-1 (TSP-1) (68) and osteopontin secreted by osteoblasts (69), as well as matrigel, commonly used for cultured cells in vitro (70), can induce tumor cell dormancy. Recently, studies have found that dormant tumor cells assemble a type III collagen-enriched ECM niche. Type III collagen triggers STAT1 activation and nuclear translocation to regulate COL3A1 expression by binding to discoidin domain receptor 1 (DDR1). The increase of COL3A1 expression in turn remodeled the ECM by increasing the curl of the ECM and brought the cells into a dormant state maintained by DDR1 binding (71). Thus, the manipulation of these mechanisms could serve as a barrier to metastasis through disseminated tumor cell dormancy induction. While the awakening of tumor cells is associated with neutrophil elastase and MMP9, which induce the proliferation of dormant CTCs by exposing laminin epitopes associated with CTCs (72). Given the central role of the ECM in tumor metastasis, altering the structure, function, and biological properties of the ECM and modulating adhesion signaling promises to reduce tumor invasion and prevent tumor metastasis, providing new therapeutic strategies for cancer patients.

After a series of changes, the PMN eventually become mature, and subsequently more and more tumor cells migrate to this site to grow, proliferate, and thus form tumor metastases. Although this article divides the process of PMN formation into three main parts, the establishment and eventual progression of PMN into metastases is an integral and dynamic process, and therefore each of these changes is critical and does not act as an independent contributing factor.




Role of MDSCs in PMN formation

Since metastasis is intrinsically an inefficient process, most cancer cells are unable to metastasize to host organs. Primary tumors therefore need to develop strategies that can both suppress immune responses and alter the tissue framework when inducing PMN formation, providing the most effective aid to tumor metastasis. In this strategy, MDSCs with immunosuppressive effect are the best partners for tumor cells, which not only create a favorable growth environment for tumor cells but also provide much help for their metastasis. The important roles played by MDSCs are mainly reflected in two aspects: immunological effects and non-immunological effects. On the one hand, the immunosuppressive effect of MDSCs promotes tumor cell survival. On the other hand, MDSCs promote tumor cell metastasis by promoting EMT and mesenchymal epithelial transition (MET), protecting CTCs and promoting their extravasation, as well as inducing angiogenesis (73, 74).


Immunological effects of MDSCs

The immunosuppressive effects exerted by MDSCs include specific immunity and nonspecific immunity, both of which exert corresponding immunosuppressive effects by suppressing T cells. During the formation of the PMN, MDSCs, as the main cell group involved in the establishment of the immune system, play a key role in the survival of CTCs and the establishment and maintenance of an immunosuppressive microenvironment in host organs. The main mechanisms of action include depletion of amino acids required for T cell activation, production of reactive oxygen species (ROS), expression of negative immune checkpoint molecules, expression of relevant enzymes regulating adenosine metabolism and regulation of other immune cells (Figure 2).




Figure 2 | Immunological effects of MDSCs. (A) MDSCs consume L-arginine and L-cysteine required for T cell activation by expressing Arg-1 and ingesting cystine. (B) MDSCs produce reactive oxygen species by expressing Arg-1, iNOS and NOX. Different components of reactive oxygen species have inhibitory effects on T cells and B cells. (C) Under the induction of S100A9 and HIF-1α, the expression levels of PD-L1 on MDSCs increased. High levels of PD-L1 combined with PD-1 on T cells induced T cell apoptosis. (D) TGF-β Induce MDSCs to produce CD39 and CD73, which can induce the conversion of ATP to adenosine. The presence of adenosine inhibits the activation and proliferation of T cells. (E) In addition to inhibiting T cells, MDSCs can also regulate other immune cells to protect tumor cells and establish immune microenvironment. MDSCs inhibit the killing effect of NK cells by producing TGF-β and NO) they weakened the antigen-presenting function of DCs and macrophages by producing IL-10, and transformed M1 macrophages into M2 macrophages) they also secrete TGF-β and IL-10 up regulates the expression of FoxP3 in Tregs and induce the production of FoxP3+ Tregs.




Depletion of amino acids required for T cell activation

L-arginine and L-cysteine are considered essential amino acids for T cell activation (75, 76). Deficiency in L-arginine leads to a block in the synthesis of CD3ζ in the T cell receptor (TCR), which plays a central role in initiating the signal transduction cascade leading to T cell activation, and therefore downregulation of CD3ζ affects T cell activation and function (77). Concomitant L-arginine deficiency also causes T cell cycle arrest in G0-G1 phase by upregulating cyclin D3 and cyclin-dependent kinase 4 (78). Meanwhile, the participation of L-cysteine is also required during T cell activation. Because T cells lack cystathionase and an intact cystine transporter, it is unable to produce L-cysteine or convert intracellular methionine to L-cysteine. Therefore, the uptake of L-cysteine by T cells depends on the supply of other cells (76).

MDSCs were first shown by Bronte in 2003 to express highly active arginase-1 (Arg-1), and MDSCs inhibit T cell proliferation in an Arg-1-dependent mechanism (79). Subsequently, researchers in multiple studies have confirmed the mechanism by which MDSCs break down L-arginine required by T cells to inhibit T cell proliferation and activation by expressing Arg-1, and showed that Arg-1 can serve as a breakthrough point to block the suppressive effect of MDSCs (80–82). However, it was found that MDSCs mediated T cell suppression does not have to be Arg-1 dependent. In 2018, Bian found that either Arg-1-expressing MDSCs or Arg-1-deficient MDSCs exhibited a strong inhibitory effect on the proliferation of T cells, and found that MDSCs inhibited the proliferation of T cells required direct contact between cells (83). Clearly, further studies are needed to investigate the remaining question regarding the role of arginase-1 MDSC function, if not for mediating the inhibition of T cells.

In addition, MDSCs can competitively take up cystine with macrophages and DCs, which renders macrophages and DCs unable to take up cystine and provide its reduction to L-cysteine to T cells, resulting in limited T cell activation (76).



Production of reactive oxygen species

MDSCs generate ROS, including superoxide anion, H2O2, hydroxyl radical, NO, and others, by expressing Arg-1, inducible nitric oxide synthase (iNOS), and NADPH oxidases (NOX) (84). Although ROS are toxic to most cells, MDSC survive despite their elevated content and release of ROS (85). H2O2 produced by MDSC restricts the activation of T cells by reducing the expression of T cell CD3ζ (86), while NO blocks the proliferation of T cells by inhibiting IL-2 signal (87), and also inhibits NK-cell FcR-mediated functions including antibody-dependent cellular cytotoxicity, cytokine production, and signal transduction in a contact-independent manner (88). In addition, MDSCs can promote peroxynitrite (PNT) production by expressing iNOS, which in turn can inhibit antigen-specific T cell responses by nitrating the TCR so that CD8+ T cells are unable to bind to and respond to peptide major histocompatibility complexs (89, 90).

The production of ROS by MDSCs can inhibit not only T cells and NK cells but also B cells. Rastad have experimentally demonstrated the ability of M-MDSCs to suppress B cells in a cell contact independent manner through the production of ROS, NO, PNT and others in murine AIDS models (91). And then Stiff demonstrated that PMN-MDSCs could inhibit B cell proliferation in a cell contact dependent manner by producing Arg-1, NO, ROS (88). Moreover, multiple studies have reported that the regulation of Tregs by macrophages involves ROS generation (92, 93), and that Tregs are less able to resist oxidative stress in the tumor microenvironment and can undergo apoptosis under the induction of ROS compared with T cells. These apoptotic Tregs mediated immunosuppression via adenosine and A2A pathways (94). Although the interaction of ROS in MDSCs and Tregs is unclear, Tregs mediated suppression has been demonstrated to benefit from oxidative stress conditions. Therefore, it can be speculated that ROS produced by MDSCs may induce the suppressive effects of Tregs.



Expression of negative immune checkpoint molecules

Immune checkpoint molecules are key molecules that regulate the balance between activation and inhibition of immune responses. In the physiological state, immune checkpoint molecules block inhibitory signals for T cell activation and generate potent antitumor responses, but in tumors, negative immune checkpoint molecules mediate tumor immune escape (95). PD-L1 is a common negative immune checkpoint molecule that induces T cell apoptosis by binding to programmed death-1 (PD-1) receptors on T cells (96). PD-L1 is highly expressed in tumor derived MDSCs, especially in PMN-MDSCs (97, 98). The levels of PD-L1 expression in MDSCs was significantly increased under hypoxia, and blockade of PD-L1 at this time downregulated the immunosuppressive effect of MDSCs on T cells, suggesting that MDSCs could suppress T cells by expressing PD-L1 and that HIF-1α contributes to the induction of PD-L1 expression (37). Later, it was shown that S100A9 secreted by MDSCs also induces PD-L1 expression and that the mechanism is related to aberrant activation of the c-Myc (99). In conclusion, low MDSCs levels before tumor treatment are positively correlated with patient survival, and therefore, MDSCs can be considered as a predictive biomarker when treating with immune checkpoint inhibitors.



Expression of relevant enzymes regulating adenosine metabolism

Adenosine is an important signaling molecule in regulating the body’s immune response. Ectonucleoside triphosphate diphosphohydrolase 1 (also known as CD39) catalyzes the dephosphorylation of ATP to generate amp, which is then dephosphorylated to generate adenosine under the catalysis of ecto-5’-nucleotidase (also known as CD73). Ultimately, adenosine inhibits the priming activation and proliferation of T cells by reducing the expression of effector molecules on T cells (100, 101). In patients with head and neck squamous cell carcinoma, CD73 expression on PMN-MDSCs was elevated and significantly suppressed T cell proliferation (102). In NSCLC patients, transforming growth factor (TGF-β) induces CD39 and CD73 expression on MDSCs through the mTOR/HIF-1α signaling, which makes CD39+CD73-MDSCs highly enriched in tumor tissue and produces adenosine to inhibit T cell activity (103).

Recent studies, however, have found a dual role for CD73 for proliferation and survival of T cells. On the one hand, CD73 favors the expression of IL-7 receptor α chain on CD8+ T cells and their homeostatic survival; On the other hand, under conditions of antigenic stimulation, CD73 reduces the IL-2 receptor α chain and expression of the antiapoptotic molecule Bcl-2 thereby reducing CD8+ T cell survival (104). It is therefore important to note its dual effects on CD8+ T cells when designing CD73 as a target for antitumor therapy.



Regulation of other immune cells

Although the immunosuppressive effects of MDSCs are mainly directed against T cells, numerous studies have shown that MDSCs can also regulate immune cells such as NK cells, macrophages, DCs, and Tregs to exert tumor promoting effects.

NK cells have played an important role in antitumor immune responses by directly killing tumor cells. It was found that after co-culture with MDSCs, NK cells had decreased cytolytic capacity, IFN-γ production capacity and natural killer group 2, member D (NKG2D) expression capacity, which was related to TGF-β produced by MDSCs (105). In addition, MDSCs can also affect NK cytotoxicity by producing NO, and this mechanism has been mentioned above.

DCs and macrophages, as antigen-presenting cells, are considered key players in antitumor immune responses. Studies have shown that MDSCs and both can interact to alter the inflammatory environment in the tumor microenvironment. IL-10 produced by MDSCs impairs the antigen-presenting function of DCs and macrophages by downregulating the expression of MHC class II, CD80 and CD86 (106). Since IL-10 is a key factor in regulating IL-12 transcription, an increase in IL-10 leads to a decrease in IL-12, which promotes the transformation of macrophages into M2 phenotype (107).

Tregs, as an important component in tumor associated immunosuppression, are able to inhibit the activation and proliferation of T cells. Under the stimulation of INF-γ, MDSCs secrete TGF-β and IL-10 up regulates the expression of Foxp3, a key transcriptional regulatory protein that determines the differentiation and function of Tregs, and upregulation of Foxp3 enhances the suppressive activity of Tregs (108, 109). In addition, in a study of F-MDSCs, it was found that the suppressive effect of F-MDSCs was not mediated by Arg-1 or iNOS mechanisms but was exerted through the generation of IDO inducing effector T cells to convert into Foxp3+ Tregs and that IDO mediated depletion of tryptophan also downregulated CD3ζ of the TCR leading to blocked T cell activation (110–112).




Non-immunological effects of MDSCs

In addition to establishing and maintaining an immunosuppressive microenvironment, MDSCs recruited into host organs also play a role in various steps of tumor metastasis, promoting tumor cell growth and colonization. As the best partners of tumor cells, MDSCs play many roles, such as inducing tumor cell invasion and proliferation, aiding tumor cell extravasation, and providing trophic support to tumor cells, and their mechanisms mainly include the following three points (Figure 3).




Figure 3 | Non immunological effects of MDSCs. (A) MDSCs promote EMT of tumor cells by producing IL-6, IL-10, TGF-β and VEGF, which makes tumor cells obtain high migration and invasion ability. When CTCs reach the host organ, MDSCs will induce CTCs to undergo MET, restore their epithelial phenotype and promote their proliferation. (B) MMP2, MMP9, VEGF and Ang-2 produced by MDSCs effectively increase the permeability of blood vessels and are conducive to the extravasation of CTCs. At the same time, MDSCs combine with CTCs through VCAM-1 and NETs to form CTC/MDSC clusters, which promote the survival and extravasation of CTCs. (C) MDSCs promote angiogenesis in PMN by producing cytokines such as VEGF, MMP9, TGF-β and FGF-2. In addition, MDSCs derived exosomes miR-126a and miR-210 also induce angiogenesis.




Involve in EMT and MET of tumor cells

The mesenchymal phenotype induced by EMT in primary tumors makes tumor cells lose their intercellular junctions to acquire high migratory and invasive abilities, contributing to the completion of the complex cascade of invasion metastasis (16). Cell transdifferentiation from epithelial to a mesenchymal state is mediated by key transcription factors, such as the basic helix-loop-helix factors TWIST1 and TWIST2 (113), the zinc-finger E-box-binding homeobox factors ZEB1 and ZEB2 (114), and the zinc-finger binding transcription factors SNAI1 and SNAI2 (115), which act as master regulators of cell-cell adhesion, cell polarity and motility. They repress genes associated with an epithelial phenotype and induce the expression of mesenchymal genes, ultimately leading to the cellular hallmarks of EMT.

The most direct evidence for the role of EMT in metastasis comes from the analysis of cancer patients, where it has been reported that immune cells in cancer patients regulate the induction of tumorigenic EMT by secreting cytokines and chemokines, and that tumor cells undergoing EMT also produce immunosuppressive factors and chemokines, which further induce an immunosuppressive state of the tumor microenvironment and thus promote cancer development (116, 117). Various types of cytokines produced by MDSCs, such as VEGF (118), TGF-β (119, 120), IL-6 (121, 122) and IL-10 (123) have been shown to induce EMT in tumor cells. Reported that secreted protein acidic and rich in cysteine (SPARC) from MDSCs was immunosuppressive and tumor promoting in vivo in breast cancer patients, and deletion of SPARC rendered MDSCs with reduced suppressive function and restored EMT, which illustrated that the occurrence of EMT in tumor cells may depend on SPARC secreted by MDSCs (124).

In addition to participating in the induction of EMT, MDSCs also play a role in the met process of tumor cells. Different subpopulations of MDSCs have been shown to play roles at different stages in the tumor invasion metastasis cascade. For example, induction of EMT by M-MDSCs promotes tumor invasion from the primary site to distant site, whereas induction of MET by PMN-MDSCs promotes tumor cell proliferation to support metastatic growth. This illustrates that the regulation of tumor phenotype by MDSCs changes with tumor progression (125). In addition, MDSCs also stimulate MET in tumor cells by secreting versican to attenuate phospho-Smad2 levels (126). In summary, because tumor metastasis is a multistep process and various cancers have different classification criteria, tumor location, tumor type, and tumor stage will all be important to consider in studies on the effects of MDSCs on EMT and MET.



Promote the survival and extravasation of CTCs

After CTCs detach from the primary tumor into the blood vessels, the mechanical and shear forces present inside the vessels will adversely affect CTCs survival as well as metastasis (127). In addition to the ability of platelets, leukocytes, and macrophages to help CTCs escape from the distress caused by these stresses, MDSCs, because of their potent immunosuppressive properties, can also contribute to the survival of CTCs (128). In pancreatic cancer patients, researchers found a positive correlation between the number of MDSCs and the number of K-RASmut mRNA+ CTCs, which suggested that the presence of MDSCs may promote the proliferation and survival of CTCs (129). Moreover, existing studies have found that MDSCs can interact with CTCs and form CTC/MDSCs clusters to promote CTCs metastasis. CTC/MDSCs cluster promoted the survival and proliferation of CTCS and enhanced their metastatic potency by activating the ROS/Notch/Nodal signaling pathway (130). Recently, it has been reported that vascular cell adhesion molecule-1 (VCAM-1) is required for CTC/MDSCs cluster formation, thus VCAM-1 inhibition could be one of the important factors hindering CTC/MDSCs cluster formation, and developing drugs targeting VCAM-1 may reduce tumor metastasis to some extent (131).

CTCs that survive overcoming the mechanical and shear forces of blood vessels when they move closer and adhere to endothelial cells, MMP2, MMP9, VEGF and Ang-2 produced by MDSCs effectively increase vascular permeability, and upregulate E-selectin, which contributes to adhesion and extravasation of CTCs (26, 132–134). Studies have shown that the formation of neutrophil extracellular traps (NETs) can induce the intravascular coagulation cascade (cancer-related thrombosis), which contributes to the growth of primary tumors, cancer invasiveness, progression and metastasis. Through the use of cecal ligation, Cools Lartigue et al. observed the presence of lung cancer cells encapsulated in NETs in a mouse model of infection. These circulating “packages” were seeded in the liver, forming micrometastases within 48 h and secondary liver cancer 2 weeks after the cancer cell injection (135). Evidence consistent with these observations was provided by Najmeh et al. from the same group, who found a significant association between upregulation of β1-integrin and NET-related entrapment of circulating lung carcinoma cells, further facilitating metastasis formation and cancer spread (136). Theoretically, NETs may play an anti-tumor role by directly killing tumor cells or activating the immune system, but it has been proved that due to partial vascular obstruction and the coagulation microenvironment around NETs, circulating tumor cells can be captured. At the same time, NETs damage endothelial cells and promote the adhesion and extravasation of CTCs.

In recent years, studies have found that PMN-MDSCs are also able to induce the formation of NETs. Alfaro et al. found that IL-8 induced PMN MDSCs to form NETs in the process of studying whether IL-8 secreted by tumors could recruit MDSCs, and observed that tumor cells were captured after NETs were formed (137). In a mouse model of lung metastatic cancer, C5a was shown to induce the expression of high mobility group box 1 (HMGB1) receptors TLR4 and rage in PMN-MDSCs, while the formation of NETs was in turn dependent on HMGB1 produced by cancer cells (138). Thus, CTC/PMN-MDSCs cluster could form NETs under the induction of complement C5a (139). Therefore, hindering the formation of NETs may affect the extravasation of CTCs and thus hinder tumor metastasis, however the presence of MDSCs can directly increase vascular permeability to enhance the extravasation of CTCs. So, the effects of MDSCs and other cytokines on CTCs need to be taken into account when developing therapies that target NETs.



Induce angiogenesis

In order for CTCs to colonize the PMN efficiently, PMN would generate new blood vessels to provide nutrients for CTCs to proliferate (24). MDSCs have been shown to induce the PMN angiogenesis through a variety of mechanisms, the most prominent of which is that secretion of VEGFA by MDSCs promotes neovascularization via JAK2/STAT3 signaling (140). In addition to VEGF, other cytokines derived from MDSCs promote tumor angiogenesis, such as MMP9 (141), TGF-β (142), fibroblast growth factor-2 (FGF-2) (143), IL-1β (143), bombina variegata peptide 8 (Bv8) (144), stromal cell-derived factor-1 (SDF-1) (145) and so on. Recently researchers showed that MDSCs expressed high levels of platelet-derived growth factor-BB (PDGF-BB), and they found that this not only promoted tumor angiogenesis but also increased tumor cell metastatic growth (146). In addition, MDSCs derived exosomes also contribute to tumor angiogenesis. MiR-126a released by MDSCs induced tumor angiogenesis and enhanced CTCs adhesion to endothelial cells, which promoted tumor cell metastasis (147). Under hypoxic conditions, HIF-1α upregulates MDSCs derived exosomal miR-210, which not only enhances the function of MDSCs by increasing Arg-1 activity and producing NO, but also regulates endothelial cell activation to induce tumor angiogenesis (148, 149).





Application of MDSC in PMN detection and therapy

Early detection of the PMN formation during the course of cancer treatment helps to optimize treatment regimens and improve patient prognosis. Although there is no clinical technique at this stage available to directly visualize the dynamic process of tumor metastasis, the detection of certain specific immune cells or associated molecules in the PMN by radiological imaging offers a viable option to detect the PMN formation. In 2012, Shokeen and others used PET/CT to image very late antigen-4 (VLA-4, also known as α4β1 integrin) expressing MDSCs in PMN (150). Li and others evaluated the effectiveness of CT images in quantifying the microenvironment changes in the premetastatic lung. Their results suggested that changes in the lung microenvironment can be identified by CT before primary breast cancer lung metastasis (151). Based on the role of S100A8/A9 in promoting MDSCs accumulation and inducing the PMN, researchers reported the application of antibody-based SPECT for detection of S100A8/A9 in vivo as an imaging marker for pre-metastatic tissue priming (152). In addition to S100A8/A9, other MDSCs derived exosomes, such as miR-126a and miR-210 mentioned earlier, have also been implicated in PMN formation. But there are no effective tracers for these molecules, and their distribution profile in the pre metastatic microenvironment is unclear. Therefore, further studies are needed to test MDSCs derived exosomes as an indicator of the PMN.

With the development of cancer treatment technology, the rise of immunotherapy exemplifies the shift in cancer treatment from predominantly tumor suppressor to predominantly PMN modulating. Although targeted therapies to PMN can potentially inhibit tumor metastasis, it is difficult to target drugs to PMN owing to the aberrant tumor microenvironment generation that results from increased vascular permeability in PMN (33). Currently, clinical therapeutic strategies targeting PMN have shifted to specifically targeting PMN composition to suppress tumor metastasis. As one of the most important cells driving PMN formation, MDSCs can serve as an important target for inhibiting tumor metastasis. Currently, therapeutic strategies targeting MDSCs both inhibit MDSCs differentiation and accumulation as well as their function (Figure 4).




Figure 4 | Treatment strategies for MDSCs. (A) Inhibit the differentiation of MDSCs. (B) Inhibit the accumulation of MDSCs. (C) Inhibit the function of MDSCs.




Inhibit the differentiation of MDSCs

As described previously, IMC differentiates into mature granulocytes, macrophages, and DCs under normal circumstances, and when this process is blocked by certain cytokines, it results in the accumulation of MDSCs. Therefore, the induction of MDSCs into mature myeloid cells may be a potential strategy for the treatment of cancer.

Vitamin A has been shown to induce MDSCs differentiation. Studies have shown that all trans retinoic acid (ATRA), a metabolite intermediate of vitamin A, induces the rapid differentiation of MDSCs into macrophages and DCs by activating the ERK1/2 pathway, which reduces the suppressive function of MDSCs (153). However, it has been shown that ATRA also promotes Foxp3 expression and enhances the function of CD4+ Tregs. Therefore, while using ATRA to target MDSCs for therapy, it is important to note that ATRA may induce the generation of Tregs and thereby promote tumor development (154).

Furthermore, Chinese scholars have proved that Icariin, the main active component of Herba Epimedii, can mediate anti-inflammatory function. Here, they showed that treatment of tumor bearing mice using icariin derivatives could significantly decrease the percentage of MDSCs and their differentiation into macrophages and DCs (155).



Inhibit the accumulation of MDSCs

Because MDSCs express high levels of chemokine receptors and are recruited to PMN by tumor derived chemokines, preventing the recruitment of MDSCs could be achieved by targeting chemokine receptors on MDSCs. Chemokine receptor antagonists in multiple clinical trials, such as the CCR2 antagonist 747 (156), the CXCR1/2 antagonist Reparixin (157), and the CXCR4 antibody Ulocuplumab (158), have all been shown to reduce the infiltration of MDSCs in tumors, ultimately reducing their metastatic potential.

In addition to chemokine antagonists, aminobisphosphonates have also been shown to inhibit the recruitment of MDSCs. Aminobisphosphonates reduce MMP9 expression and the number of macrophages in the tumor stroma and decrease MDSCs infiltration in bone marrow and peripheral blood by decreasing serum pro-MMP9 and VEGF (159). In a mouse model of pancreatic cancer, the use of zoledronic acid reduced MDSCs accumulation and slowed tumor growth (160).

Depleting MDSCs recruited into PMN is also an effective therapeutic strategy. Low dose chemotherapeutic drugs have been shown to effectively eliminate MDSCs in tumor bearing mice. Given to tumor bearing mice, a significant decrease in the number of MDSCs can be observed after treatment with various chemotherapeutic agents, such as 5-fluorouracil (161), irinotecan (162), gemcitabine (163), and sunitinib (164). In addition to chemotherapeutic agents, researchers have developed fusion proteins capable of targeting MDSCs. Qin developed a novel therapeutic peptide-Fc fusion protein that specifically depletes MDSCs without affecting other pro-inflammatory classes of immune cells (165). Subsequently, Feng synthesized an NKG2D-Fc fusion protein, which reduced infiltrating MDSCs in tumors by binding to NKG2D expressing MDSCs (166).



Inhibit the function of MDSCs

Because MDSCs play an important role in the tumor microenvironment and PMN due to their powerful immunosuppressive function, alleviating the immunosuppressive mechanisms of MDSCs has become a major therapeutic target to re-establish T-cell activity.

COX2 inhibitors have been reported to act as immunosuppressive agents to improve tumor patient survival. COX2 induces ROS production in MDSCs through the production of prostaglandin E2 (PGE2), and disruption of COX2/PGE2 signaling contributes to the attenuation of the suppressive function of MDSCs. In a murine mesothelioma model, the use of a single COX2 inhibitor, celecoxib, was able to reduce MDSCs levels and reverse T cell function (167). It was subsequently shown that treatment with celecoxib in combination with 15-hydroxyprostaglandin dehydrogenase (15-PGDH) (168), sunitinib (169), and PD-1 (170) in a murine metastatic tumor model more effectively reduced MDSCs levels as well as increased T cell numbers. Therefore, multiple drug combination therapy may be used selectively on therapeutic strategies targeting MDSCs for the patient’s own condition.

In the last two years, researchers found that triggering receptor expressed on myeloid cells (TREMs) has emerged as a potent regulator of innate immune responses, and observed that TREM1 was expressed in M-MDSCs and PMN-MDSCs, but TREM2 was expressed only in the M-MDSCs. They performed contrasting experiments by overexpressing and underexpressing TREM1 and observed worse prognosis in cancer patients with increased levels of TREM1 (171). Martina’s experiments suggest that TREM2 deficiency may promote increased T cell activation and may enhance responsiveness to anti-PD-1 checkpoint blockade, and treatment with anti-TREM2 mAb curbed tumor growth and fostered regression when combined with anti-PD-1 (172). Therefore, TREMs may be a useful biomarker of tumor progression, and developing TREMs inhibitors might be able to effectively combat tumor development.

Nowadays, combining MDSCs targeted therapy and immunotherapy has emerged as a new therapeutic strategy in improving the therapeutic efficacy of targeted MDSCs. The investigators found that mice still had large primary tumors and metastases that were not eliminated after treatment with a single anti-PD-1, whereas when anti-PD-1 was combined with 5-azacytidine and entinostat, both primary tumors in mice were eliminated and no metastases appeared (173). This indicates that immunotherapy combined with MDSCs targeted therapy is more effective in improving tumor progression and improving patient survival.




Conclusion

PMN formation reflects the dynamic relationship between tumor cells and the microenvironment of metastatic sites. Exploring PMN formation as well as the understanding of PMN biology has largely relied on mouse models of lung metastases. Thus, more clinical studies are needed, and more direct assays should be developed on the basis of existing techniques for PMN detection in order to observe the dynamic course of tumor metastasis.

In PMN formation, MDSCs play an important immunosuppressive role because of their specific heterogeneity. PMN-MDSCs suppress T cell function mainly through the production of ROS, and because ROS are very labile, PMN-MDSCs need to be in close contact with T cells to exert suppressive effects. In contrast, M-MDSCs suppress T cell activation by producing large amounts of iNOS, Arg-1, and some immunosuppressive factors. The half-life of iNOS, Arg-1, is much longer compared to ROS, so M-MDSCs need not come into close contact with T cells only to exert their suppressive effect. This illustrates the higher inhibitory activity of M-MDSCs than PMN-MDSCs (84, 174–177). Compared with the first two subsets of MDSCs, aspects such as the origin and function of e-MDSCs are generally less well recognized. It has been suggested that e-MDSCs do not have an inhibitory effect on the proliferation of T cells (178), and conversely, it has been shown that e-MDSCs have a very low inhibitory effect (179). Therefore, whether e-MDSCs can be considered as M-MDSCs, PMN-MDSCs such functional MDSCs is still controversial and needs further exploration. In contrast, F-MDSCs exert immunosuppressive effects by inducing the conversion of effector T cells into Tregs through the production of IDO, as described previously.

In addition to their own immunosuppressive functions, MDSCs have been shown to play important roles in vascular leakage, ECM remodeling, angiogenesis, and so on. Based on the role of MDSCs at various stages in PMN formation, researchers have developed therapeutic approaches to target MDSCs to detect the tumor metastasis situation at early stages of cancer. Although numerous studies have demonstrated the pro metastatic role of MDSCs, additional studies have shown that MDSCs can suppress tumor metastasis in some contexts. High amounts of anti-angiogenic TSP-1 are produced by MDSCs in tumors that lack metastatic potential, and knockdown of TSP-1 restores the pro tumor effects of MDSCs (180). Attention needs therefore to be paid to the effects of TSP-1 in therapies that block tumor metastasis by targeting MDSCs. Nowadays, for targeted therapy of MDSCs, it is important to focus not only on MDSCs regulatory network but also on the mutual communication between MDSCs and other cells or components, which has the potential to provide new options for cancer therapy.
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Sustaining proliferative signaling and enabling replicative immortality are two important hallmarks of cancer. The complex of cyclin-dependent kinase (CDK) and its cyclin plays a decisive role in the transformation of the cell cycle and is also critical in the initiation and progression of cancer. CRIF1, a multifunctional factor, plays a pivotal role in a series of cell biological progresses such as cell cycle, cell proliferation, and energy metabolism. CRIF1 is best known as a negative regulator of the cell cycle, on account of directly binding to Gadd45 family proteins or CDK2. In addition, CRIF1 acts as a regulator of several transcription factors such as Nur77 and STAT3 and partly determines the proliferation of cancer cells. Many studies showed that the expression of CRIF1 is significantly altered in cancers and potentially regarded as a tumor suppressor. This suggests that targeting CRIF1 would enhance the selectivity and sensitivity of cancer treatment. Moreover, CRIF1 might be an indispensable part of mitoribosome and is involved in the regulation of OXPHOS capacity. Further, CRIF1 is thought to be a novel target for the underlying mechanism of diseases with mitochondrial dysfunctions. In summary, this review would conclude the latest aspects of studies about CRIF1 in cancers and mitochondria-related diseases, shed new light on targeted therapy, and provide a more comprehensive holistic view.
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Introduction

As an irreversible progress, the cell cycle balance of normal cells mainly depends on regulating the activities of cyclin-dependent kinases (CDKs). Cancer cells exhibit uncontrolled cell cycle progression and mitosis, due to the extraordinary proliferative ability. To sustain the capacity of rapid proliferation, cancer cells are peculiarly prone to get energy from glycolysis and display enhanced aerobic glycolysis which are referred to as the ‘Warburg effect’ (1). Researchers intend to exploit new therapeutic strategies or targets following the above two aspects to overcome the resistance encountered in cancer therapy. One strategy is to deepen the cell cycle exit, and the other one is to interfere the energy metabolism of cancer cells. However, the initial CDK inhibitors show obvious toxicities and limited efficacy, and the new class inhibitors (e.g., palbociclib, ribociclib, and abemaciclib) also display obvious tolerability (2). Recently, a novel factor (Figure 1), CR6-interacting factor 1 (CRIF1), was discovered to regulate the cell cycle progression. CRIF1 was also found to be expressed in mitochondria and to influence the OXPHOS capacity. All these suggest that CRIF1 has a considerable potential of being a new target for regulating the cell cycle and cell energy metabolism and might be applied in cancer treatment.




Figure 1 | CRIF1 regulates cell cycle, cell proliferation, and OXPHOS capacity. It could be a cancer therapeutic target, and knocking down CRIF1 is an effective way to establish mitochondrial dysfunction in mice. CRIF1 binds to CDK2 and inhibits its activity ①. CRIF1 binds to Gadd45 family proteins and enhances its activity ②. CRIF1 increases P53 expression by coactivating with SNF5 ③. CRIF1 decreases STAT3 phosphorylation and inhibits cell proliferation ④. CRIF1 transports into the mitochondrial matrix, associates with the LSU of the mitoribosome, and regulates OXPHOS capacity ⑤.



The CRIF1 gene, which is located on chromosome 19p13.2 on the human reference genome and is known as GADD45GIP1, CKBBP2, and CKbetaBP2, holds a 669-bp open reading frame (ORF) encoding a protein of 222 amino acids. It is ubiquitously expressed in mammalian tissues, with high abundance in the heart, lymph nodes, trachea, thyroid gland, and adrenal tissues (3). In posttranslational modification of CRIF1, it is phosphorylated on serine residue at position 221 by interacting with the β subunit of CKII and promotes proliferation of cells (4). CRIF1 was originally identified as a nuclear protein which enhances the activity of Gadd45 family proteins. As the underlying role of CRIF1 further develops, it is believed that CRIF1 plays a pivotal role in cell cycle progression including the induction of cell cycle arrest through three main ways (3, 5–9). First, CRIF1 binds to the Gadd45 family proteins and consequently inhibits the activities of Cdc2. Second, CRIF1 can directly interact with CDK2 via the long alpha helical region and induces cell cycle arrest. Third, CRIF1 enhances the expression of P53 and its downstream genes including P21, which mediates P53-induced G1/S arrest. Overall, CRIF1 is an important regulator of the cell cycle and is a potential tumor suppressor. In the cancer field, it is critical to enhance the sensitivity of cancer cells to treatments (radiotherapy and drugs), while CRIF1 could be a target to turn the cancer cells resistant to sensitive and could become a novel therapeutic target due to its functions in the cell cycle.

Mitochondria are well-known organelles which provide ATP via OXPHOS for cells. However, cancer cells are prone to obtain energy by glycolysis instead of aerobic oxidation, indicating that metabolic rewiring is important in malignant transformation for cancer cells (10). Beyond energy supplies, mitochondria are central players of metabolic signaling and are potential energy sensors and beacons (11). The mitochondrial proteins are partly encoded by their own DNA (mtDNA). In mammals, mtDNA encodes 13 essential proteins which are crucial for OXPHOS (12, 13). Although CRIF1 is not encoded by mtDNA, it is identified as a mitochondrial ribosomal protein (MRP) in the large subunit (LSU) (14). The expression of CRIF1 directly regulates mitochondrial OXPHOS capacity. Mechanically, CRIF1 is a key protein in the process of integrating OXPHOS polypeptides into the mitochondrial membrane in mammals (15). In different types of human diseases, mitochondrial dysfunction characterized by impaired OXPHOS capacity is implicated in the pathological process. Consequently, to reveal the underlying mechanisms of mitochondrial dysfunction in diseases, CRIF1 is an effective target to regulate the OXPHOS capacity.



CRIF1, a novel target in cancer treatment


CRIF1 regulates the cell cycle

The transcription factor P53 and the CDK–cyclin complex are two crucial factors to rule the cell cycle. P53 is a well-known tumor suppressor that upregulates numerous genes resulting in cell cycle arrest, such as Gadd45 and P21. The CDK–cyclin complex determines the phosphorylation of retinoblastoma (Rb) proteins. Phosphorylated Rb (pRb) can dissociate from the Rb–E2F complex and free E2F to the nucleus and contact the E2F transcription factor binding sites in the gene promoters to promote the cell cycle progression (16). The cell cycle machinery proteins are canonical targets in cancer therapy, and many kinase inhibitors have been investigated in preclinical/clinical trial studies or applied in clinical use, especially inhibitors for CDKs (17–20). However, with the increase in clinical application, CDK inhibitors show limitations such as drug resistance, off-target effect, and minimal effects on the kinase-independent role of CDK targets. Beyond ameliorating the structure of inhibitors, researchers attempt to overcome these shortcomings by combining inhibitors with other drugs, selecting patients with identified biomarkers or optimizing treatment sequencing (21–23). Besides, CRIF1 is another protein found to directly bind to Gadd45 and CDK2. This provides a new strategy to interfere with the activity of critical enzymes in the cell cycle; thus, CRIF1 has a considerable potential to become a therapeutic target.

CRIF1 was initially reported as a nuclear protein which can interact with Gadd45 family proteins including Gadd45α, MyD118/Gadd45β, and CR6/OIG37/Gadd45γ (3). Gadd45 family proteins have been implicated in the responses of cell cycle regulation, genomic stability, and apoptosis (24–26). In the cell cycle, Gadd45 family proteins regulate G1/S and G2/M checkpoints in different cell types. Cdc2 is a downstream gene regulated by the Rb–E2F complex. Gadd45 family proteins bind to Cdc2 kinase; at the same time, CRIF1 promotes the inhibiting effect on Cdc2 kinase in an additive manner by directly interacting with Gadd45 proteins (27–30). Overexpressed CRIF1 binds to Gadd45 and suppresses the activity of some critical enzymes in the cell cycle. The percentage of G1 cells is significantly increased (3). Gadd45 family genes were always downregulated in cancers due to promoter methylation (31). Downregulated Gadd45α promoted mammary tumor formation which is driven by Ras activation (32). Further studies revealed that Gadd45 may play different roles depending on oncogenic stress. It was regarded as a prognostic marker in breast cancer and was considered as a target in breast cancer therapy (33–35). Beyond upregulating the expression of Gadd45 family genes, increasing the CRIF1 expression is a new strategy to enhance the capacity of Gadd45 family proteins in the cell cycle. Consequently, the CRIF1 potential becomes a therapeutic target that exercises cell cycle-regulating functions through directly binding to Gadd45.

Further studies found that CRIF1 interacts with CDK2 in both nucleus and cytoplasm by co-immunoprecipitation in Jurkat cells (7). In dividing cells, CDK2 is essential for G1/S transitions and S-phase progression. CDK2 is also driven by various oncogenic signaling pathways to regulate cancers, since potent oncogenes partly enhance the activity of CDK2. Specifically inhibiting CDK2 leads to significant defects in anchorage-independent growth of cancer cells and cells with mutations in oncogenes (36). The activity of CDK2 is inhibited by CRIF1, and cells are arrested in the G0/G1 phase. In line with this, Ran et al. revealed that BMMSCs regulate the cell cycle of leukemic cells by altering the CRIF1 expression. In cocultured leukemic cells, CRIF1 directly interacts with CDK2 and acts as an inhibitor to promote leukemic cells to be arrested in the G0/G1 phase (5, 7). The long alpha helical regions of CRIF1 which include His120, Glu116, and Gln112 were considered to interact with Arg200, Arg214, and Asp210 of CDK2 to form the interaction interface of CRIF1–CDK2. More interestingly, they found that interface inhibitors observably increase ionizing radiation (IR) inhibition potential from 19.9% to 59.6% (37). In cancer treatment, CDK2 inhibitors always show exceptional anticancer activity. CDK2 inhibitors have been screened for decades, and a large number of inhibitors have been identified. Dozens of inhibitors have undergone preclinical studies, and some have been approved for clinical use (38–40). The original CDK2 inhibitors were limited by its off-target effects and high toxicity. Although some improved small-molecule CDK2 inhibitors have progressed to clinical trials or clinical use, their low selectivity is the biggest obstacle encountered in application (41, 42). Different from classical inhibitors targeting the ATP-binding site, these interface inhibitors of CRIF1–CDK2 directly bind to CRIF1 and lead to CDK2 overactivation. Overactivated CDK2 selectively promotes apoptosis and G2/M arrest in osteosarcoma (OS) cell lines (37). In other words, disrupting the complex formation of CRIF1–CDK2 by targeting CRIF1 instead of CDK2 might be a novel strategy to be used for overcoming selectivity issues and regulation of cancer cell radiosensitivity.

CRIF1 also regulates the cell cycle by altering the P53 expression. P53-P21-DREAM-E2F/CHR is an important pathway identified to induce cell cycle arrest. P21 is an important transcriptional target of P53, since it mediates P53-induced G1/S arrest by forming complexes with Cdc2, CDK2, CDK3, CDK4, and CDK6 together with specific cyclins (43). The p53 mutation is always found in ~60% of colorectal cancers. Moreover, mutated p53 activates NF-κB and promotes epithelial–mesenchymal transition (EMT) (44). Researchers found that CRIF1 enhances the expression of P53 and induces G1/S arrest in HCT116 cells. Mechanically, CRIF1 associates with chromatin remodeler SNF5 to bind to the upstream promoter sequences of the p53 gene, increasing the expression of the P53 gene. Downstream target genes such as p21 and Gadd45 are activated. P21 governs Rb phosphorylation and ultimately induces G1/S arrest in HCT116 cells (9). These advances suggest that the regulation of the cell cycle must be a result of various factors, and CRIF1 is probably involved in this progress and acts as a regulator. Depending on cancer type and stage, CRIF1 perhaps exercises its functions via different signal pathways which might exhibit different effects on tumorigenesis and progression. Due to the role of CRIF1 in cell cycle regulation, it is expected to become a target for cancer therapy and to enhance the sensitization of radiotherapy and chemotherapy.



CRIF1 regulates cell proliferation

The high capacity of proliferation is a critical characteristic of cancer cells (45). Therefore, exploiting drugs to kill cancer cells with high basal level of proliferation and regeneration is another common strategy in cancer treatment. Clinically available targeted therapies always focus on blocking the constitutive activation of signal transduction pathways and regulating hormone or receptor level (46–48). For example, the mitogen-activated protein kinase (MAPK) pathway potentially acts as the most frequently mutated signaling pathway in human cancer and plays an important role in cancer cell proliferation. Targeting the MAPK pathway has led to the clinical success of BRAF and MEK inhibitors, and ERK inhibitors exhibit potential advantages of improving cancer therapy (49). However, due to cancer heterogeneity and genomic instability, these inhibitors exhibiting a high frequency of drug resistance is the biggest obstacle encountered in clinical application. The JAK-STAT pathway is characterized by rapid membrane-to-nucleus signaling transduction, and its aberrant activation is closely associated with tumor formation (50). Moreover, some steroid hormones are regarded as cancer initiators and alter the cell genotype. For example, androgen activates androgen receptors (ARs) and promotes cell proliferation via altering gene expression (51). CRIF1 is involved in cancer cell proliferation via activating several critical signal transduction pathways, regulating hormone receptors or some transcriptional factors. This suggests that researchers could target CRIF1 to inhibit cancer cell proliferation through exercising its function of regulating cell proliferation.

CRIF1 is reported as a transcriptional coactivator of STAT3 and is important for maintaining STAT3 DNA binding activity (52). STAT3 is generally regarded as a direct transcription factor and also alters gene expression through causing epigenetic changes, such as DNA methylation and chromatin modulation. Many inhibitors targeting STAT3 are exploited for cancer treatment, including antisense oligonucleotides, STAT3 decoy oligonucleotides, and small-molecule inhibitors (53). Although the future of STAT3 inhibitors as therapies is promising, the toxicity is the most important side effect that has to be overcome. As a coactivator of STAT3, CRIF1 interacts with STAT3 via its C-terminal coiled-coil domain (CCD). STAT3 target genes such as Myc, Socs3, c-Fos, and JunB would be downregulated by CRIF1 deficiency. In mice with CRIF1 deficiency, both defective cellular proliferation and increased cell death would lead to embryonic growth deficit or death (52). Beyond this, CRIF1 negatively regulates phosphorylation of STAT3 via enhancing Socs3 activity in T cells (54). Taken together, CRIF1 is essential for STAT3 transcriptional activity. However, it also negatively regulates STAT3 phosphorylation. Exploiting new drugs targeting CRIF1 to interfere STAT3 DNA binding activity or enhancing CRIF1 activity to inhibit STAT3 phosphorylation are both potential strategies in cancer treatment.

Most of prostate cancers express AR throughout the course of the progression. Tan et al. revealed that CRIF1 plays a negative role in proliferation of prostate cancer cells (55). AR is a nuclear transcriptional factor regulated by ligand and drives cancer growth. AR signaling inhibitors (ARSIs) have been exploited and applied in clinical treatment for many years. However, the application of most ARSIs has been blighted by short-lived and therapy resistance (56). AR recruits CRIF1 to endogenous AR target promoters and interacts with either the N-terminal or C-terminal half-regions of CRIF1. Thus, the transactivation of AR is repressed. Interestingly, CRIF1 interacts with the C-terminal of AR and inhibits the interaction between p160 coactivator TIF2 and the AR C-terminal region. CRIF1 leads to AR N/C interaction disruption, and the activity of the AR N-terminal-DNA binding domain fragment decreased. CRIF1 outcompetes AR coactivators and represses AR transactivation. In addition, histone deacetylase 4 can be recruited by CRIF1 which also performs a negative role in transactivation of AR (55). Taken together, the CRIF1 potential acts as a natural inhibitor of AR and suppresses its DNA binding activity in prostate cancer. It is important to reveal the underlying effect of CRIF1 in AR-overexpressed cancers and try to fix the shortcomings of classic ARSIs.

Orphan nuclear receptor Nur77 is a transcription factor which is implicated in various biological processes like apoptosis and tumorigenesis (57–60). Recently, CRIF1 has been identified as a novel coregulator which interacts with Nur77 and participates in transactivation of Nur77. CRIF1 binds to the Nur77 AB domain and suppresses the transactivation of Nur77 which is mediated by TSH (61). Ultimately, CRIF1 suppresses the expression of Nur77 downstream genes and controls cell proliferation. In addition, CRIF1 function is inhibited by interacting with lymphocyte-specific protein tyrosine kinase (Lck) and leads to promotion of leukemic T-cell survival. Lck, which belongs to Src family kinases (SFKs), is universally expressed in T cells and easily detected in blood malignancies and many other solid tumors (62–64). In hepatocellular carcinoma (HCC), CRIF1 is beneficial to patient survival. These results show that CRIF1 suppresses epithelial–mesenchymal transition (EMT) via the TGFβ signaling pathway and inhibits the expression of matrix metalloproteinase-3 (MMP3) which plays an important role in tissue remodeling and metastasis (65). Although the direct role of CRIF1 in the proliferation of tumor cells has not been confirmed, it indeed participates in the proliferation of tumor cells through the interaction with STAT3, AR, NUR77, and other important cell proliferation regulation factors. Therefore, targeting CRIF1 can affect the activity of its binding factors, which is expected to go further in tumor treatment.



The prospect of CRIF1 in cancer treatment

CRIF1 plays a critical role in cell cycle and cell proliferation in cancer and non-cancer cells. It regulates the cell cycle via directly binding to Gadd45 and CDK2. It also enhances P53 expression. In cell proliferation, CRIF1 always acts as a negative regulator in cancer cells. Although CDK inhibitors exhibit extraordinary capacity in anticancer, the toxicity, resistance, and off-target effect are ineluctable limitations encountered in clinical application. Recently, inhibitors targeting the CRIF1–CDK2 interface have exhibited a new strategy of indirectly suppressing CDK2 activity. Exploiting effective interface inhibitors are promising to try to overcome the shortcomings of other inhibitors encountered in clinical practice (8, 37). It provides an unprecedented strategy that targets CRIF1 rather than its binding proteins to overcome these shortcomings in radiotherapy and chemotherapy.




CRIF1 in mitochondria-related diseases


The discovery of CRIF1 in the mitoribosome

CRIF1 was originally identified only as a nuclear protein, due to binding to Gadd45 family proteins which locate in the nuclei. There is a nuclear localization sequence (NLS) in the C-terminal. To confirm the subcellular location of CRIF1, researchers constructed GFP tags exactly at its N-terminal (3). CRIF1 was then regarded as a nuclear protein for a long time. However, further studies found that CRIF1 could interact with LSUs and ICT1 near the polypeptide exit site of the mitoribosome (66–68). Due to the limitations of the LC-MS/MS method, CRIF1 was not detected as a mitoribosomal protein in the initial screening of mitoribosomal subunits (69, 70). Through protein sequence analysis, a mitochondrial targeting sequence (MTS) was predicted in the N-terminal region of CRIF1. Kim et al. identified that when GFP was tagged at the CRIF1 N-terminal region, it was only detected in the nuclei. In contrast, C-terminally tagged CRIF1 was mainly localized in mitochondria (15). This is because NLS is in the C-terminal region and MTS is in the N-terminal region. It suggests that CRIF1 might not only regulate the cell cycle in nuclei but also potentially regulate mitochondrial function.

CRIF1 was cleaved after entering mitochondria and positioned close to the peptide exit tunnel of the mitoribosome and together with MRPL23, MRPL24, and MRPL44. Although mitoribosome biogenesis is not influenced by CRIF1, it indeed interacts with the LSU of the motoribosome and potentially acts as an integral component of the mitoribosome. Some molecular chaperones, especially Tid1, interact with CRIF1 and contributes to the translational and cooperative posttranslational integration of nascent OXPHOS subunits (14, 15). CRIF1 deficiency easily causes deficit of OXPHOS capacity and increases risk of diseases related mitochondrial dysfunction. Taken together, CRIF1 is an indispensable MRP in the mitoribosome. Its deficiency significantly causes aberrant insertion of nascent OXPHOS subunits and leads to defective intersubunit assembly and decreases translation activities of mitoribosomes associated with the inner mitochondrial membrane. Thus, CRIF1 deficiency has been implicated in aberrant energy metabolism and many diseases related to mitochondrial OXPHOS dysfunction such as vascular disorders, diabetes, and neurodegenerative diseases (Figure 2).




Figure 2 | In different types of cells, CRIF1 deficiency induces mitochondrial dysfunction and eventually causes different diseases. In vascular endothelial cells, mitochondrial dysfunction induced by CRIF1 deficiency potentially causes atherosclerosis. In brain cells, mitochondrial dysfunction induced by CRIF1 deficiency potentially causes Alzheimer’s diseases. In adipocytes, mitochondrial dysfunction induced by CRIF1 deficiency potentially causes diabetes mellitus type 2. In keratinocytes, mitochondrial dysfunction induced by CRIF1 deficiency potentially causes asthma.





CRIF1 in vascular endothelial disorders

Beyond energy supporting, the function of mitochondria in endothelial cells is signaling cellular responses to environmental cues (71). In endothelial cells, dysfunction of mitochondria is an important cause of cell senescence, angiogenesis, and adaptive responses to hypoxia, inflammation, and oxidative stress (72). CRIF1 is an indispensable component of MRP in the large subunit. Deficiency of CRIF1 easily causes mitochondrial dysfunction. It might ultimately lead to cardiovascular disorders (73).

CRIF1 deficiency would cause the downregulation of deacetylase SIRT3 and SIRT1 in endothelial cells. This is associated with endothelial inflammation and senescence. Senescence and inflammation of the vascular endothelium have been identified to easily induce vascular dysfunction (e.g., atherosclerosis and hypertension). SIRT3 is located in the mitochondrial matrix and regulates ROS production through promoting the expression of key mitochondrial metabolic and detoxification proteins (74–76). Due to lack of a stabilizing effect of CRIF1, the degradation of NRF2 and PGC1α was accelerated through proteasome-dependent ubiquitination and SIRT3 levels decreased (77). This changed the mitochondrial antioxidant mechanism and ultimately led to endothelial senescence. Similarly, downregulated SIRT1 by CRIF1 deficiency easily causes endothelial inflammation. SIRT1 was identified to exhibit an antagonistic cross talk with the NF-κB pathway and inhibit p65 translocation (78). CRIF1 deficiency downregulated SIRT1 levels and promoted transcription factor NF-κB translocation to the nucleus and decreased its inhibitor IκBα. The NF-κB pathway was then activated and continued to enhance proinflammatory cytokine expression and augment cellular inflammation (79). In a model of mice with endothelial CRIF1 deficiency, severe cardiac dysfunction and premature death could be rescued by injecting exogenously the SIRT1 activator (80). SIRT1 and SIRT3 are two important protection factors which could be downregulated by CRIF1 deficiency and potentially cause cardiovascular diseases. Thus, loss of CRIF1 expression in the mitochondria easily leads to endothelial cell dysfunction and exhibits cardiovascular diseases.

In addition, CRIF1 might also regulate endothelial function by influencing the folate cycle. Lee et al. revealed that CRIF1 deficiency promotes eNOS uncoupling by inhibiting the SIRT1-eNOS pathway and the de novo BH4 synthesis pathway, resulting in reduced NO production (81). The dihydrofolate reductase expression is reduced by CRIF1 deficiency and results in increased production of homocysteine (82). The reduced NO production and increased homocysteine production both contribute to endothelial impairment.

The redox p66shc is another targeted protein to be regulated by CRIF1 in endothelial cells. The redox p66shc, a member of the ShcA adaptor protein family, has been shown to regulate the oxidative function in endothelial cells, which contributes to endothelial dysfunction (83). Decreased CRIF1 stimulates p66shc expression, and upregulated p66shc further activates the generation of reactive oxygen species (ROS). As a result, mitophagy and endothelial activation are induced by p66shc-mediated ROS in endothelial cells (84, 85). However, the effect of mitophagy in vascular disorders is controversial and needs to be further studied. Collectively, many advances approved that CRIF1 always acts as a protective factor in vascular disorders. It is a promising target to reveal the underlying mechanism of vascular disorders with mitochondrial dysfunction.



CRIF1 in metabolic diseases

Metabolic alteration potentially plays an important role in many pathological progresses. CRIF1, as a component of the mitoribosome, could be involved in regulating mitochondrial metabolism via various ways.

Adipose tissues support various aspects of metabolism; thus, adipogenesis is important for systematic metabolism. CRIF1 is identified to play an important role in adipogenic differentiation. In the bone marrow, adipocyte tissues derive from BMSCs. After irradiation, upregulated CRIF1 contributes to break the balance of adipogenic and osteogenic differentiation and BMSCs lean toward adipogenic differentiation (86). Mechanically, upregulated CRIF1 contributes to adipogenesis probably via the PKA-cAMP signaling pathway. The change in CRIF1 expression has no effect on PKAα cat level; however, these two proteins directly interact with each other and the downstream factors could be regulated (87). CRIF1 is involved in the regulation of adipocyte differentiation and development. Within CRIF1-deficient macrophages, impaired OXPHOS capacity leads to adipose inflammation and systematic insulin resistance (88). Moreover, CRIF1 deficiency partly affects the expression of several nuclear transcription factors such as PPARγ in adipose-derived stem cells (ADSCs). At the same time, the generation of endogenous PPARγ ligands might be influenced by CRIF1 (89). In other words, CRIF1 partly regulates adipogenic genes. In addition, different levels of CRIF1 deficiency show different results in adipocytes. Homozygotic loss of CRIF1 severely impairs the development of whit adipose tissue (WAT). Ultrastructural abnormalities of mitochondria such as swollen and distorted cristae are obvious in the adipocytes of WAT. Systematic inflammation which responds to CRIF1 deficiency is caused by macrophage infiltration. In contrast, heterozygous CRIF1 deficiency in adipocytes exhibits no difference from normal adipocytes except for OXPHOS capacity (90).

Many studies reported that the primary defects of mitochondrial electron transport chain activity protect from obesity and insulin resistance (91). CRIF1 deficiency easily induces defects of mitochondrial electron transport chain activity. Therefore, mice with CRIF1-deficient hepatocytes were used to reveal the mechanisms and factors underlying the changes in systemic energy (92). It is generally recognized that induced UPRmt exerts beneficial effects on resistance of obesity and systematic metabolism (93, 94). Growth differential factor 15 (GDF15) and fibroblast growth factor 21 (FGF21) are two main mitokines which are responsive to UPRmt. Under mitochondrial stress in CRIF1-deficient cells, the level of GDF15 is increased via the p38–CHOP pathway which could regulate UPRmt. Consistent with the change in GDF15, the expression of angiopoietin-like 6 (ANGPTL6) is increased by the reduction in mitochondrial OXPHOS capacity. Moreover, ANGPTL6 increases the expression of PPARα via activating the ERK-MAPK pathway. PPARα plays a pivotal role in stimulating the secretion of FGF21 (95, 96). Both GDF15 and FGF21 confer metabolic benefits. Taken together, CRIF1 deficiency partly stimulates UPRmt and enhances insulin sensitivity. It means that CRIF1 potential regulates insulin sensitivity and is involved in the progression of diabetes.

CRIF1 expression is also associated with diabetes. Kim et al. revealed that mitochondrial diabetes and progressive loss of beta cells were caused by disruption of CRIF1 in mouse islets (97). In hearing loss mice, which come from a mouse model of diabetes, an obvious reduction of CRIF1 could be easily detected in impaired mitochondria from the cochlea (98). Furthermore, some researchers hold the view that low-level and high-level mitochondrial dysfunction caused by CRIF1 deficiency might induce opposing metabolic effects. Severe mitochondrial dysfunction which is induced by CRIF1 homodeficiency in hypothalamic proopiomelanocortin (POMC) neurons unexpectedly leads to maturity-onset obesity, reduced energy expenditure, and glucose intolerance resembling features of human diabetes mellitus type 2 (DM2) in both male and female mice. However, mild mitochondrial dysfunction which acts as CRIF1 heterodeficiency promotes a high-turnover metabolism with enhanced thermogenesis and resistance to diet-induced obesity. Further research found that the level of Pomc transcription is upregulated by mitochondrial DNA-encoded peptide (MOTS-c) in coordination with STAT3. β-Endorphin, which potentially plays an indispensable role in mediating the communication between POMC neurons and distant adipose tissues, is markedly induced by CRIF1 heterodeficiency (99). This explains the controversial role of CRIF1 played before. In contrast to CRIF1 homodeficiency which leads to type 2 diabetes-like symptoms, mild CRIF1 deficit enhances metabolism and contributes to insulin sensitivity. Taken together, CRIF1 is partly involved in regulating adipocyte differentiation and energy metabolism changes. Besides, CRIF1 deficiency has implicated in metabolic disorder and contributes to diabetes.



CRIF1 in other diseases

Many neurodegenerative diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) ubiquitously exhibit mitochondrial dysfunction (100, 101). Hence, the relationship between the expression of CRIF1, an indispensable component of mitochondria, and neurodegenerative diseases has aroused the interest of many researchers. As an irreversible neurodegenerative disorder with impaired cognition, AD is the most common form of dementia characterized by aberrant accumulation of amyloid beta (Aβ) peptide, tau neurofibrillary degeneration, microglial and astrocyte responses, and blood–brain barrier disruption (102). In sporadic AD, familial AD, and toxin-induced models, mitochondrial dysfunction can be easily confirmed (103). In line with this, CRIF1 expression is decreased in AD patients and AD mouse models. The accumulation of non-functional mitochondria contributes to Aβ peptide and tau pathologies, resulting in acceleration of the process of AD (104). Increasing CRIF1 expression significantly contributes to rescue Aβ-induced disruption of mitochondrial morphology. Mechanically, accumulation of Aβ mediated the increase in ROS production. Enhanced ROS and ROS-dependent sumoylation of transcription factor specificity protein 1 (SP1) mediates the reduction of CRIF1 in the pathological region of the brain (105). This suggests that CRIF1 potentially becomes a new therapeutic target to improve symptoms via cleaning Aβ. Similarly, the role of CRIF1 in the pathological process of other neurodegenerative diseases is also a valuable researching direction.

Due to CRIF1 deficiency, the differentiation of keratinocyte and hair follicle stem cells (HFSCs) is both impaired. Abnormal keratinocyte differentiation is perhaps related to compromising skin barrier and antimicrobial function, eventually resulting in epithelial dysregulation in asthma, eosinophilic esophagitis, and allergic rhinosinusitis (106). Mechanically, CRIF1 deficiency could also reduce epidermal proliferation and increase apoptosis, resulting in disrupted skin homeostasis. In addition, the hair growth cycle is significantly retarded via the Wnt/β-catenin signaling pathway which is downregulated by deletion of CRIF1 (107, 108).

A recent study shows that, disrupting the electron transport chain (ETC) by deleting CRIF1, mice exhibit upregulated resistance to sepsis. It can be a reason to explain why mitoribosome–target antibiotics have beneficial effects on disease tolerance which are irrelevant to their antibacterial activity (109). It suggests that CRIF1 is an important part of ETC and CRIF1 deficiency-caused ETC mild perturbation is beneficial to induce resistance of diseases such as sepsis. Moreover, CRIF1 could be a downstream target of lymphocyte expansion molecule (LEM) and benefit to activate cytotoxic CD8+ T cells (CTL) (110).

Although CRIF1 does not control mitoribosome biogenesis, it is indeed an indispensable component of large subunits of the mitoribosome. CRIF1 deficiency easily causes defects of OXPHOS capacity and leads to mitochondrial dysfunction. Many studies establish a mitochondrial dysfunction model by knocking down CRIF1 for investigating related diseases. CRIF1 deficiency occurs in many diseases, but there are no drugs or therapy targeting CRIF1 to try to cure these diseases. With the underlying mechanism of CRIF1 further developing, it is expected that exploiting drugs is based on fixing CRIF1 deficit to apply in treatment of diseases with mitochondrial dysfunction. Besides, Warburg proposed that persistent and irreversible injury of mitochondria is a key reason that turns normal cells into cancer cells (111). Moreover, cancer cells get energy depending on glycolysis, which has been identified as a biomarker of cancer progression (112, 113). Mitochondrial dysfunction has been identified to regulate normal cell or cancer cell growth via initiating several signaling pathways (114–116). Rapidly growing cancer cells can become glycolytic and be unable to upregulate OXPHOS indicating partial mitochondrial dysfunction (117–119). However, the role of CRIF1 playing between mitochondrial dysfunction and cancer cell proliferation is still unclear and needs further study.




Conclusion and perspective

Since CRIF1 distributes both in cell nuclei and in mitochondria, it might regulate cancer cell progression through genomic and non-genomic ways. Moreover, CRIF1 plays a pivotal role in regulating OXPHOS capacity. Moreover, it can generally be regarded as a molecular target to establish a mitochondrial dysfunction model for studying mitochondria-related diseases. Whether CRIF1 affects mitochondrial energy supplication and simultaneously affects cell proliferation should be a further discussion. With the increasing obstacles encountered in cancer therapy, the studies of CRIF1 and its mechanism in regulating cell cycle and cell proliferation might be a promising direction of cancer therapy in the future. Moreover, exploiting therapies and drugs based on targeting CRIF1 exhibits considerable potential in cancer treatment. This review would provide a fascinating snapshot of many of these roles in cancer cell progression, targeted cancer therapy, and treatment of diseases related to mitochondrial dysfunction, providing a more comprehensive holistic view of CRIF1.
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Nanomedicines are considered one of the promising strategies for anticancer therapy; however, the low targeting efficiency of nanomedicines in vivo is a great obstacle to their clinical applications. Camouflaging nanomedicines with either platelet membrane (PM) or platelet would significantly prolong the retention time of nanomedicines in the bloodstream, enhance the targeting ability of nanomedicines to tumor cells, and reduce the off-target effect of nanomedicines in major organs during the anticancer treatment. In the current review, the advantages of using PM or platelet as smart carriers for delivering nanomedicines to inhibit tumor growth, metastasis, and recurrence were summarized. The opportunities and challenges of this camouflaging strategy for anticancer treatment were also discussed.
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Introduction

A drug delivery system based on nanoparticles (NPs) is considered a promising strategy for cancer treatment, which could bring an anticancer drug to a specific targeted tumor site, increase the drug concentration in cancer cells, and avert toxicity in normal cells in vivo (1). Although nanoparticles could protect the anticancer drug from degradation and clearance in the body, most of the nanoparticles would be removed by the reticuloendothelial system (RES) in the liver and spleen when they are transported through the body after intravenous injection (2). Chan et al. found that only about 0.7% of the intravenous trastuzumab-coated nanoparticles could reach the tumor site in mice (3). The low targeting efficiency caused by nanoparticle–biological interactions is a fatal challenge for the application of nanomedicines in the clinic. For understanding the journey of nanoparticles from the intravenous injection site to the tumor site, the CAPIR (circulation, accumulation, penetration, internalization, and release) cascade rule is illustrated in early research (4), which includes circulation in the blood compartments, accumulation in the tumor, penetration deep into the tumor tissue, internalization by tumor cells, and intracellular drug release (Figure 1). Therefore, much higher targeting efficiency for nanomedicines toward cancer cells would be achieved if these nanoparticles efficiently complete the CAPIR cascade (4–6). The nanoparticles that fulfill the rule would be the most excellent drug carriers in the drug delivery system. However, the design of CAPIR-capable nanocarriers is still a tough challenge in the drug delivery field because the required functions for nanocarriers would be different or even opposite in different CAPIR steps (4). For example, the surface of nanomedicines should be neutral, the size should be large, and the stability should be excellent in the circulation step, while the surface of nanomedicines should be positive for effective cell-membrane binding, the size should be small enough for deep tumor penetration, and the nanomedicines could easily be disassembled to release the drug in tumor cell in the other steps (6, 7). Thus, how to design nanomedicines to effectively accomplish the CAPIR cascade is a very hot issue in drug delivery research (6, 8).




Figure 1 | The five-step CAPIR cascade for nanomedicines to deliver free drugs into tumor cells. C step: nanomedicines should be stable and stealthy for long blood circulation, which means nanomedicines should be large (about 100 nm), and the surface should be pegylated and neutral and hide binding groups. A step: nanomedicines should specifically accumulate in tumor site through enhanced permeability and retention (EPR) effect and interaction between the surface ligand on nanomedicines and receptors on tumors. P step: nanomedicines should be small (less than 30 nm) and show a positive charge on the surface for effective tumor penetration. I step: nanomedicines should show positive charge and specific ligands/functional groups on surface to stick to tumor cells for fast cellular internalization. R step: nanomedicines should release the active drug in a “smart” manner modulated by tumor microenvironment (TME) characteristics (5, 6). Figure reproduced with permission (4). Copyright, 2014 WILEY‐VCH (License Number: 5325080186333).



Recently, living cells have been considered attractive drug delivery vehicles for cancer therapy due to their high biocompatibility, natural targeting capability, high drug-loading capacity, and good ability to cross biological barriers (9, 10). As shown in the reported papers, nanomedicines used natural cells as carriers could persist in the body for a longer time, specifically target cancer regions and efficiently penetrate solid tumor tissues, thereby perfectly achieving the CAP (circulation, accumulation, and penetration) process in the CAPIR cascade (9–12). Among the living cells, platelet and its membrane showed excellent performance as smart drug carriers for anticancer treatment, especially in the prevention of tumor metastasis and recurrence due to their natural properties (13, 14). Before the PM-coated drug delivery strategy, platelet structure-mimicking drug delivery strategy has also been studied. Materials could mimic the shape and other physical properties of platelets to improve cell recognition in cancer therapy in this strategy (15). However, the synthetic materials could not fully mimic the biofunction of the platelets. Fortunately, PM or platelet camouflaging strategy could solve the bottleneck as scientists expected (16). Herein, literature regarding the platelets in drug delivery systems for inhibition of tumor growth, metastasis, and recurrence was summarized in this review for guiding the nanomedicine delivery system design for excellent clinical translation in vivo (Table 1). The application of other living cells in drug delivery systems could be seen in other published literature (10, 11, 30).


Table 1 | PM and platelet for nanomedicine delivery.





Functions of platelet

Platelets, derived from megakaryocytes (MKs), are well known for the functions of preventing bleeding, wound healing, and vessel repairing. When the vasculature is damaged or ruptured, platelets could be activated and undergo dramatic shape changes for adhesion to the site of injury, forming a “platelet plug” and blood clotting for hemostasis (31, 32). Regardless of the normal functions, platelets are also known to be involved in tumor angiogenesis (7, 33–35), maintaining tumor vessel integrity (36) and metastasis (37) (Figure 2). High platelet counts, related to interleukin-6 secreted by cancer cells stimulating hepatic thrombopoietin (TPO) production (38), are correlated to shorter survival for lung, colon, breast, pancreatic, kidney, and gynecologic cancer patients (39). Although thrombocytopenia could be observed in some cancer patients as well, in the majority of cases, systemic chemotherapy is responsible for thrombocytopenia in cancer patients (40). Furthermore, the function of platelet in tumor growth is still controversial; platelets could inhibit primary colorectal tumor growth but definitely promote metastasis (41). It is well known that metastasis, which accounts for most cancer deaths, is a very complicated and highly inefficient process that detaches tumor cells to different sites through blood vessels and lymphatic vessels (42, 43). During the metastatic progression, platelets would play a very significant role to facilitate the transmigration of tumor cells across endothelium (37) and protect the tumor cells from physical damage and immunosurveillance (43–46). GPIIb/IIIa (also known as integrin αIIbβ3) expressed by platelet could bind to αγβ3 integrin expressed by tumor cells (47) and make αγβ3 active, which could stimulate the NF-κB pathway for epithelial–mesenchymal transition (EMT; an invasive phenotype in tumor cells) activation and induce matrix metalloproteinase (MMP) upregulation for tumor cell invasion (13, 46, 48). After intravasation, tumor cells that entered the bloodstream, known as circulating tumor cells (CTCs), have to overcome several obstacles for survival. Most CTCs would be destroyed or eliminated by shear force and the immune system; only very few CTCs could successfully survive and potentially form metastatic tumors (49–51). Platelets could interact with CTCs through some adhesion molecules such as α6β1, P-selectin, and GPIIb/IIIa; then the adhesive platelets would be activated by several factors including tissue factor (TF), thrombin, or adenosine diphosphate (ADP) secreted from tumor cell (52, 53). Subsequently, the activated platelets could form a thrombus around the CTCs to protect them from shear stress and immunosurveillance in the bloodstream (54). Far more than as shields for tumor cells, platelets could also transfer major histocompatibility complex class I and growth factor β (TGF-β) to tumor cells to prevent natural killer cell recognition and inhibit natural killer cell antitumor reactivity, respectively (45, 55, 56). More detailed information for platelet promotion of tumor metastasis could be found in the reported references (37, 43, 45, 51, 54, 57). Therefore, the interaction between platelets and tumor cells is a very important factor for promoting tumor metastasis, and obviously, it is a good targeting point for metastasis inhibition (58). Furthermore, it is a comparatively simple step from protecting CTCs to protecting circulating nanomedicines in the bloodstream. If the circulating nanomedicines could be protected by platelets, like the way that CTCs were protected by platelets, they could achieve a longer persistence period in the bloodstream (27, 59, 60). In addition, platelets could accumulate around the surgical area due to their inherent function after removing the tumor by surgery (24). Hence, the nanomedicines loaded with platelets could successfully accumulate at the surgical site to prevent tumor recurrence (29). Inspired by these properties, PM and platelets have already been used as excellent drug carriers in delivery systems (59, 60).




Figure 2 | Platelets stimulate tumor angiogenesis, enhance vascular permeability, and promote the formation of metastatic tumors. Platelets stimulate tumor angiogenesis through the release of angiogenesis regulator factors, such as vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF), after activation in the tumor site; platelets trigger epithelial–mesenchymal transition (EMT) activation to enhance vascular permeability of tumor cell; circulating tumor cells (CTCs) binding with platelets are protected from shear stress and immune elimination.





Platelet membrane coating nanomedicines

Recently, the PM-coating strategy is considered one of the promising techniques for drug delivery in anticancer therapies (14, 61). During the fabrication of PM-cloaked nanoparticles, platelet membrane proteins including immunomodulatory proteins (CD47, CD55, and CD59), integrin components (αIIb, α2, α5, α6, β1, and β3), and other transmembrane proteins (GPIbα, GPIV, GPV, GPVI, GPIX, and CLEC-2) could be translocated or even enriched onto the nanoparticle surface (62). The immunomodulatory proteins could protect nanoparticles from immune surveillance and body clearance by inhibiting macrophage recognition and reducing opsonization in the bloodstream (59); the integrin components could be involved in the adhesion and aggregation during hemostasis; the transmembrane proteins could form the GPIb-V-IX complex to be involved in the initial adhesion of platelets on the subendothelium of damaged blood vessels (63). All these membrane proteins work together to make the PM-cloaked nanomedicines, obtained from nanomedicines encapsulated with PM through different methods such as sonication and extrusion (14), successfully reduce cell uptake and complement activation, target tumor sites, and accumulate around tumor tissues (8) (Figure 3). Therefore, the PM-cloaked nanoparticles could be accumulated in tumor tissue by a combination of the enhanced permeability and retention (EPR) effect (64) and high binding affinity between proteins on the PM and receptors on the cancer cells (17). After specifically targeting the tumor site, the lower pH in the tumor microenvironment compared with normal tissues would rupture the PM and release the encapsulated nanomedicines (65).




Figure 3 | Preparation of platelet membrane (PM)-coated nanomedicines used for inhibiting tumor growth and metastasis. The isolated platelets from whole blood were fragmented by freeze–thaw cycles assisted by sonication and purified by centrifugation to give the desired PM (18). Then the PM fused with nanomedicines to form PM-cloaked nanomedicines for inhibiting tumor growth and metastasis.



In 2015, Gu’s group (17) reported the first case that used PM-coated core–shell nanovehicle (PM-NV) bearing two anticancer drugs [tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) for initiation of extrinsic apoptosis signaling (66) and doxorubicin (Dox) for intrinsic apoptosis signaling (67, 68)] for cancer treatment. The PM was obtained from purified platelets (69) maintained in a lysis buffer for 30 min; the Dox encapsulated with NV was prepared by using a single emulsion method with an acid-sensitive crosslinker (70). The synthesized PM and Dox–NV mixture were stirred and maintained overnight, and then the TRAIL was attached to PM through well-known chemical reactions to give the desired PM-coated nanomedicine. After an intravenous injection to mice, the PM-coated nanomedicine showed longer retention time at the tumor site, specific targeting ability on the tumor cells through P-selectin on the PM binding with CD44 receptors on the tumor cell, efficient antitumor efficiency, and CTC elimination. With a similar strategy, TRAIL-decorated platelet membrane-coated silica (Si) particles were reported for the reduction of lung metastasis in a mouse breast cancer metastasis model. Si particles were synthesized with a positive charge on the surface. Purified PM with negative surface charge was incubated with Si particles to form the biocompatible nanoparticles PMDV-Si through electrostatic interaction. Finally, TRAIL was conjugated on the surface of PM based on streptavidin–biotin crosslinking to give the nanomedicines, which could be applied for targeting CTCs in circulation to prevent metastasis in mice (18).

It is known that porous nanoparticles could more efficiently load and release drugs for cancer treatment (71). In 2019, porous poly(lactic-co-glycolic acid) (PLGA) polymer nanoparticles coated with PM were reported for anticancer drug bufalin (Bu) delivery (19). The PLGA polymer conjugated to chitosan oligosaccharide (CS) firstly and then mixed with porogen vitamin E polyethylene glycol succinate (TPGS) and Bu to prepare porous bufalin-loaded nanoparticles (CS-pPLGA/Bu NPs) with positive surface charges; finally, CS-pPLGA/Bu NPs were coated with PM to fabricate the PM-CS-pPLGA/Bu NPs for H22 tumor inhibition. The porous NPs could specifically target tumor cells through the binding of P-selectin to the CD44 and effectively release the Bu in the tumor region due to the acid condition. With a similar strategy, PM-coated docetaxel (DTX)-loaded PLGA system had been reported in the same year (20). After intravenous injection into mice, the fabricated nanomedicine showed a long retention time, low toxicity, and good tumor inhibition effect for lung cancer. Moreover, PLGA could simultaneously load chemotherapeutic drugs and photothermal agents for combined chemotherapy and photothermal tumor therapy (PTT) (21). IR780 (72) (photothermal agent) and Dox (chemotherapeutic drug) were loaded into PLGA in one step to construct the IR780@PLGA/Dox and coated with PM (obtained from murine whole blood) to fabricate PM-IR780@PLGA/Dox system. After intravenous injection, the as-synthesized material showed longer circulation time in the bloodstream, low toxicity, good targeting ability, and excellent combined PTT under laser irradiation and chemotherapy for inhibiting the growth of the 4T1 tumors in mice.

PM could also help photosensitizers transport to the tumor vicinity for photodynamic therapy (PDT). Chlorin e6 (Ce6) was loaded into liposome to form Ce6-loaded liposome (Lps/Ce6) (73). PM was mixed with the Lps/Ce6 to fabricate PM/Lps/Ce6 system. After intravenous injection into 4T1 tumor-bearing mice, the PM/Lps/Ce6 showed long retention time in the bloodstream, low toxicity, and specific targeting ability to tumor tissue. After near-infrared (NIR) irradiation, the Ce6 was released in the tumor site, and enough reactive oxygen species (ROS) was generated for efficient PDT treatment for breast cancer (22).

PM could be modified with some biomaterials to improve its targeting property. RGD (Arg-Gly-Asp) peptides could randomly link to the PM proteins to form RGD peptide-modified nanoscale platelet vesicles (RGD-NPVs) that could specifically bind to αvβ3 integrin to improve targeting effect to cancer cells and tumor vasculature (23). For loading anticancer drugs, melanin nanoparticles [MNPs; PTT agent (74)] for binding with Dox through π–π interaction were encapsulated by RGD-NPVs and followed by incubation with Dox to fabricate the RGD-NPVs@MNPs/Dox system. After intravenous injection into mice, the RGD-NPVs@MNPs/Dox could specifically target the tumor vasculature and the resistant tumor cells for chemo-photothermal elimination of resistant tumor cells and tumor vasculature under NIR laser irradiation.



Platelet loading nanomedicines

Platelets could also be used as an excellent drug delivery carrier for targeting and releasing drugs in cancer treatment (Figure 4). The medicines could be loaded into the platelet through electroporation (26), incubation (29), or conjugation (75) method. After intravenous injection, the platelet-loaded nanomedicines would specifically be accumulated in the tumor site due to the interactions between platelet and tumor such as tumor cell-induced platelet aggregation (TCIPA), and then intracellular contents would be released after platelet activation (37, 76). Meanwhile, the loaded nanomedicines were released immediately in the tumor site as well. In addition, the vascular damage caused by laser light irradiation in PTT and PDT would also promote the accumulation of the nanomedicines in the tumor site (29).




Figure 4 | Platelet-loaded nanomedicine for inhibiting tumor growth and metastasis through chemotherapy, immunotherapy, or photothermal tumor therapy (PTT). Purified platelets were obtained from the whole blood by centrifugation. Then the nanomedicines were loaded into the platelet through electroporation methods to form a platelet-loaded nanomedicine system. After intravenous injection, the platelet-loaded nanomedicines would interact with tumor cells through adhesion and activation, and the loaded medicines are released for inhibiting tumor growth and metastasis through chemotherapy, immunotherapy, or PTT.



In 2017, a cancer immunotherapy model using antibodies against programmed-death ligand 1 (aPDL1)-conjugated platelets was reported for the prevention of cancer recurrence and metastasis after surgery (24). The aPDL1 was conjugated to the purified murine platelets through a bifunctional maleimide linker (77) to fabricate the aPDL1-conjugated platelets (P-aPDL1). After intravenous injection of P-aPDL1 into the mice, which had taken the surgery to remove B16 melanomas and triple-negative mammary carcinomas, the P-aPDL1 exhibited longer circulation time in the bloodstream; and aPDL1 would be effectively released at the surgical site through platelet activation and followed by blocking PDL1 on tumor and antigen-presenting cells (APCs) to achieve excellent efficacy for cancer recurrence and metastasis post-surgery. In addition, the same group loaded the P-aPDL1 and chimeric antigen receptor T cells (CAR-T cells) into hyaluronic acid (HA) hydrogel to obtain CAR-T-P-aPDL1@gel system. As the authors expected, the CAR-T cells target the human chondroitin sulfate proteoglycan 4 (CSPG4) and aPDL1 antibodies binding to the tumor cells and blocking PDL1, and the combined CAR-T-P-aPDL1@gel system efficiently prevented the tumor recurrence after surgery in mice (78).

Usually, the platelet-based drug delivery system needs to get purified platelets first and then load them with nanomedicines to fabricate the delivery system. That is not very convenient for clinical applications. King’s group reported that engineered nanoscale liposomes could bind to human platelets in situ under physiological shear conditions ex vivo (25). The engineered liposomes were obtained from conjugation TRAIL and von Willebrand Factor A1 domain (vWFA1). The vWFA1 could specifically bind to platelet receptor complex GPIb-V-IX (79). Therefore, the engineered nanoscale liposomes would spontaneously bind to platelets and effectively transport TRAIL to target and kill CTCs in flowing blood. The engineered liposomes demonstrated a good potential nanomedicine for preventing cancer recurrence and cancer metastasis in the clinic.

Platelets could not only facilitate the anticancer drugs transport to tumor cells but also efficiently transport photosensitive nanoparticles to tumor tissues for PTT. Gold nanorods (AuNRs) were loaded on murine platelets to prepare the platelet-AuNRs (PLT-AuNRs) with long retention time, specifically cancer targeting and effective photothermal properties. The temperature of the tumor surface could be increased with each laser irradiation after 24 h post-injection of PLT-AuNRs; better PTT effects could be achieved in mouse models with head and neck squamous cell carcinoma (HNSCC). Moreover, the authors found that PLT-AuNRs displayed a better performance than platelet membrane-coated AuNRs in immune evasion and PTT (26). Generally, drug-loaded nanoparticles could exhibit higher loading efficiency and capacity than free chemotherapeutic agents when incubated with platelets (28). Recently, Chen and co-workers reported that Dox was attached to a nanodiamond (ND) surface to construct ND–Dox through the reaction between hydrazone and polyglycerol on ND and then incubated with platelets to fabricate ND–DOX-loaded platelet system (28). After intravenous injection, the ND–Dox-loaded platelets could show longer retention time in the bloodstream, better targeting ability to tumor tissues, lower organ toxicity, and higher chemotherapeutic efficacy than free Dox.

Moreover, platelets could also load different components for the combination of anticancer therapies. In 2021, Ma et al. developed a good anticancer strategy that exhibited combined photothermal immunotherapy for cancer treatment (27). In this study, photothermal nanoparticles (N) were synthesized from naphthalene diimide–bithiophene derivative (NDI-BT) polymer and loaded on platelets (PLTs) with immunostimulator R837 hydrochloride (R) to form the N+R@PLTs system. After intravenous injection into mice, the designed system would show a long retention time in the bloodstream and a high targeting ability to tumor tissues. The tumor could be ablated by PTT under NIR irradiation; then the immunostimulator could inhibit the residual, metastatic, and recurrent tumor tissues. The photothermal nanoparticles and immunostimulator worked together to inhibit tumor growth, metastasis, and tumor recurrence efficiently. More recently, a photothermal therapy agent was loaded together with a chemotherapeutic drug into platelets to achieve combined chemo-photothermal anticancer treatment for inhibition of tumor growth and tumor recurrence (29). In this study, doxorubicin-conjugated carboxymethyl chitosan (CS-g-Dox) polymer (80) was mixed with dopamine to synthesize PDA@Dox nanoparticles through π–π conjugation. IR-820 (81) was loaded into platelets to construct IR-PLT and then incubated with PDA@Dox to fabricate the IRDNP-PLT system. After intravenous injection, the IRDNP-PLT demonstrated long circulation time and good targeting ability and effectively combined photothermal−chemotherapy in 4T1 tumor-bearing mouse models. In addition, the as-synthesized delivery system could significantly inhibit post-surgery tumor recurrence in mouse models.



Concluding remarks and prospects

Platelet or its membrane camouflaging strategy is a promising approach for targeted nanomedicine delivery in anticancer treatment. Platelets and PM could protect nanomedicines from shear stress and send a “don’t eat me” signal to the immune system for escaping immunosurveillance (82) during the circulation process in the bloodstream. The proteins in the platelet membrane could specifically target tumor cells that effectively enhance the accumulation of nanomedicines in tumor tissues and greatly reduce the off-target side effect of nanomedicines. All these results illustrated that the PM or platelet camouflaged nanomedicines had effectively achieved the CAP process and displayed higher targeting efficiency for anticancer therapy than unprotected nanomedicines. Moreover, combined anticancer therapies could be performed by loading two different agents, for example, loading chemotherapeutic drugs and photothermal agents for combined chemo-photothermal treatment (21). Therefore, the PM or platelet-camouflaged nanomedicines could effectively inhibit tumor growth and prevent tumor metastasis and recurrence in vivo.

However, the PM or platelet camouflaging strategy is still far away from the clinical application. For example, 1) the source of the platelet is the first issue that should be considered. Platelets from the donors are not enough to meet patient demand, which greatly limits large-scale applications. 2) The integrity of PM should be considered for PM-coating nanomedicines. The PM structure and protein sequence may be changed, and some fragments would be lost when treated with a lysis buffer during the preparation process, which would result from unexpected side effects in circulation. 3) Platelet activation would cause dramatic shape changes and lead to the release of intracellular content (83). Undesired activation of platelet-related nanomedicines should be avoided in storage and circulation (84). 4) Moreover, the camouflaging nanomedicines that showed long retention time in the bloodstream, high targeting ability to tumor tissue, and deep tumor penetration are still sequestered in the spleen and liver, and only a small portion of nanomedicines would reach the tumor sites (29).

The PM or platelet camouflaging nanomedicines demonstrated long circulation time in the bloodstream, efficient tumor accumulation, and deep tumor penetration for the inhibition of tumor growth, metastasis and recurrence, However, more efforts and multi-field collaborations are required for clinical applications of these camouflaging nanomedicines. It is time to develop easily prepared, visible, and smart carriers to efficiently deliver medicine to tumor tissues. For example, artificial platelets released from human-induced pluripotent stem cell-derived MKs could be a sufficient resource for clinical applications in the near future (85), and we could also expect that, with the help of gene editing and chemical editing, the membrane protein expression level on the artificial platelets would be precisely regulated to let the artificial platelets become smarter for targeting tumor tissues and decorated with fluorescent materials at the same time to make the artificial PM and platelets visible while being monitored during the ex vivo generation procedure. As a result, the man-made artificial PM and platelets with bright fluorescence and specific ligands targeting the overexpressed receptors on tumor cells will widely be used as smart carriers for drug delivery. Meanwhile, nanomedicines as well as some tumor microenvironment (TME) modulators will be coated with either artificial PM or artificial platelets to form visible and smart nanosystems for anticancer treatment. After intravenous injection, the nanosystems, which could be visible through fluorescence imaging, would show a long blood circulation to give time for tumor accumulation, because the PM or platelets could protect the nanomedicines from the shear stress and immunosurveillance efficiently. Moreover, the nanosystems would be accumulated in the tumor site due to the EPR and mainly based on the TCIPA and the specific ligand–receptor interaction. As the nanomedicines and TME modulators are released in the tumor site, the TME modulators would normalize the TME to enhance nanomedicine penetration (86), and the nanomedicines would penetrate the tumor easily and become positively charged as acidity increases, efficiently triggering fast cellular uptake. As a result, the combination of state-of-the-art nanotechnology, biotechnology, and material science would achieve efficient chemotherapy, immunotherapy, PTT, PDT, or combined therapies by using PM or platelet camouflaging strategy for anticancer treatment.
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Radiotherapy is widely used as an indispensable treatment option for cervical cancer patients. However, radioresistance always occurs and has become a big obstacle to treatment efficacy. The reason for radioresistance is mainly attributed to the high repair ability of tumor cells that overcome the DNA damage caused by radiotherapy, and the increased self-healing ability of cancer stem cells (CSCs). Accumulating findings have demonstrated that the tumor microenvironment (TME) is closely related to cervical cancer radioresistance in many aspects, especially in the metabolic processes. In this review, we discuss radiotherapy in cervical cancer radioresistance, and focus on recent research progress of the TME metabolism that affects radioresistance in cervical cancer. Understanding the mechanism of metabolism in cervical cancer radioresistance may help identify useful therapeutic targets for developing novel therapy, overcome radioresistance and improve the efficacy of radiotherapy in clinics and quality of life of patients.
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1 Introduction

Cervical cancer is the fourth most common malignant tumor and an important cause of death in women (1). There is a high incidence of cervical cancer in low-income and middle-income countries due to the low popularity of human papillomavirus (HPV) vaccination and cervical cancer screening (1–4). In all cervical cancer, squamous cell carcinoma accounts for 70%, followed by adenocarcinoma accounting for 20% (5). The standard therapies for cervical cancer include surgery, radiotherapy (RT), chemotherapy, and immunotherapy (6). For early-stage cervical cancer, radical surgery is the best option (7). For patients with locally advanced cervical cancer (LACC), concurrent chemoradiotherapy with radical surgery is the standard treatment (8). If patients have recurrent or metastatic cervical cancer, the standard treatment is chemoradiotherapy combined with immunotherapy after surgery, however the prognosis is still very poor (9, 10).

RT is the main treatment choice for LACC (11, 12). It directly causes tumor cell DNA double-strand breaks (DSBs), and the reactive oxygen species (ROS) induced by RT also indirectly causes DNA damage. At the cellular level, radiation-induced DNA damage and DSBs are fatal to cells. However, if the ability of DNA damage repair exceeds DNA damage speed, tumor cells will escape the effect of RT and lead to radioresistance (13–15). Although RT improves the therapeutic effect of cervical cancer patients greatly, the occurrence of radioresistance is still the main challenge for treatment failure (16, 17). Therefore, it is necessary to study the mechanism of radioresistance to overcome this problem and improve the efficacy of RT.

Studies have shown that tumor microenvironment (TME) plays an important role in radioresistance of cervical cancer (12). For instance, hypoxic TME enhanced radioresistance of cervical cancer cells by upregulating hypoxia-inducible factor 1α (HIF-1α) expression (12, 18). HIF-1α knockdown was found to enhance the radiosensitivity of Hela cervical cancer cells (19). In addition, metabolic reprogramming in TME was also reported to affect the efficiency of RT and contribute to cervical cancer radioresistance (20). For example, studies have shown that inhibition of glycolysis and lactic acid production improved the response of cervical cancer cells to single dose RT in ME180 cervical cancer cells (20). Thus, glucose metabolism determines the effect of RT, and metabolic reprogramming provides the key information for clinical cancer treatment. Other studies also suggest that metabolism reprogramming increased radioresistance of cancers (21–23). It was reported that STAT1 upregulated the key glycolytic enzymes lactate dehydrogenase A (LDHA) and pyruvate kinase type M2 (PKM2), promoted the productivity of glycolysis, and then enhanced the resistance to RT in SCC61 human squamous cell carcinoma (23). Serine/threonine kinase AKT mediated enhancement of aerobic glycolysis was reported to promote radioresistance of Hela cervical cancer cells (24). Thus, metabolic reprogramming is a very important factor in cervical cancer radioresistance and is worth of paying more attention.

This review discusses the complicated radioresistant mechanism of cervical cancer and focuses on the recent progress of TME metabolisms on radioresistance. The new research perspectives in this field are able to provide novel ideas and insights to overcome cervical cancer radioresistance with the development of novel targeted therapy.



2 Radiotherapy in cervical cancer treatment and the occurrence of radioresistance

Chemoradiotherapy is the main non-surgical treatment for patients with LACC (25), suggesting that RT is an important aspect in cervical cancer therapy especially in its late stages (25, 26). The main role of RT is demonstrated to destroy cancer cells and shrink tumor sizes, which is applied for postoperative adjuvant therapy. Fractional RT is usually used to treat cancer patients, generally 1.8 ~ 2.0 Gy per day and 5 days per week, for a cycle (26). Different types of cancer RT programs are not the same, and their responses to RT are also different (27).

Various mechanisms related to how RT kills tumor cells have been widely studied. For instance, ionizing radiation can penetrate tissues, destroy chemical bonds, and remove electrons from atoms to treat cancer (28). It also causes chromosomal mutations in cells, leading to cell death (29). Another mechanism that may be the most important one is the DSB of cancer cells after RT (30). In addition, ROS produced by RT indirectly induces cancer cell death (26). Superoxide anion (O2 -), hydrogen peroxide (H2O2) and hydroxyl radical (OH-) are the most common ROS (31, 32), which are effective molecules in RT. These ROS show high reactivity to a variety of cellular macromolecules including DNA, lipids and proteins, and induce biological changes, resulting in tumor cell death (28). Apoptosis, autophagy and necrotic cell death are the common forms of cancer cell death induced by ROS (33). Several clinical treatments, such as photodynamic therapy (PDT), whose mechanism mainly induces ROS to destroy and kill cervical cancer cells (34, 35).

Inhibition of DNA repair has been proved to be a method to improve radiosensitivity of cervical cancer (25). After RT, human DNA repair includes two important pathways homologous recombination (HR) and non-homologous end joining (NHEJ) (30, 36). The HR repair pathway is a precise form of repair that uses undamaged DNA sequences as a template to function in the S and G2 phases of cell cycle (37). Whereas the NHEJ pathway is an error-prone mechanism. It connects broken double-stranded DNA at all stages of the cell cycle, which may cause chromosomal connection errors, such as misalignment or ectopic position (29). DNA repair pathways regulated by HIF-1α, and HR and NHEJ pathways were reported to be inhibited due to hypoxia in breast cancer cells (38). In addition, under hypoxia, the expression of the NHEJ pathway related genes was also found inhibited, resulting in enhanced sensitivity of prostate cancer cells to RT (39). Furthermore, damaged NHEJ was demonstrated to lead to genomic instability, increase the proportion of acquired mutations or translocations, and induce tumorigenesis in leukemia (40, 41). Therefore, several studies have indicated that the key downstream factors in the HR and NHEJ repair pathways may become potential targets for enhancing the sensitivity of RT (42–46). For instance, RAD51 is a highly conserved protein that catalyzes DNA repair through HR repair pathway and modulates the sensitivity of cells to RT (47, 48). Inhibiting RAD51 was found to enhance the radiosensitivity of cervical cancer cells (47, 49, 50). Wang et al. showed that Sulforaphane (SFN) enhanced the radiosensitivity of cervical cancer cells by blocking RAD51 recruitment to the site of injury (49). Other studies also found that Ku70 and Ku80 proteins were involved in the repair of DSBs through NHEJ of DNA strands (51, 52). Cervical cancer cells with the low expression of Ku70 had higher radiosensitivity, and the survival rate of cervical cancer patients with low expression of Ku70 were also higher (53). It was reported that compared with Ku80 positive cervical cancer patients, Ku80 negative patients had a stronger response to RT. Inhibition of Ku80 was found to improve radiosensitivity, which has been confirmed in cervical cancer patients (15, 54). MRE11 is the core of MRN (MRE11-RAD50-NBS1) complex and plays an important role in DNA damage sensing and repairing (15, 55). After DNA damage caused by ionizing radiation, MRE11 recognized and excised DNA DSB ends for further repair (55). RhoC was found to regulate MRE11-mediated DNA repair through Rock2 and regulate radioresistance of cervical cancer (56). NHEJ protein DNA-PKcs was found to be up-regulated in the residual tissues of cervical carcinoma after RT and inhibiting the activity of DNA-PKcs improved the radiosensitivity of cervical cancer (57–60). PARP1 had a high ability to sense DNA damage, and it participated in the repair of single strand broken DNA. PARP1 inhibitor upregulated the sensitivity of cervical cancer to radiation (61, 62). The potential mechanism of radioresistance after RT in cervical cancer is shown in Figure 1.




Figure 1 | The mechanism of cervical cancer radioresistance after radiotherapy. After RT, DNA double strand breaks in cervical cancer cells, and some cancer cells show apoptosis and necrosis, reaching the effect of RT. Other fraction of cancer cells has DNA damage repair (including HR and NHEJ). The wrong repair path leads to the accumulation of acquired mutations, and tumor aggressivity and recurrence, while the correct repair leads to cell survival and radioresistance. CSC, cancer stem cell; HR, homologous recombination; NHEJ, non-homologous end joining; RT, radiotherapy.



Several oncogenes or tumor suppressor genes were reported to be involved in the regulation of RT. For example, retinoblastoma protein-interacting zinc finger gene (RIZ), located on chromosome 1q36, is a tumor suppressor whose expression is downregulated in a variety of tumors (63, 64). It was found that cervical cancer cells overexpressing RIZ increased the apoptosis rate and DNA damage after RT compared to the control group (65). This study showed that RIZ improved the radiosensitivity of cervical cancer cells and was a potential therapeutic target of RT combined with gene therapy for cervical cancer patients. P53 is an important regulator of cell cycle and DNA repair. After the imbalance of p53 in cervical cancer cells, its regulatory function was confirmed, and the irradiated cells underwent uncontrolled DNA repair, leading to radioresistance (66). P73 has homology with the well-known tumor suppressor gene p53 and is considered as a new tumor suppressor gene. The high expression of p73 was significantly correlated with the radiosensitivity of cervical cancer and played an important role in promoting radiosensitivity of cervical cancer (67). XAV939 is an inhibitor of the Wnt/β-catenin signaling pathway. When combined with RT, XAV939 inhibited proliferation and increased apoptosis of human medulloblastoma cells (68). In cervical cancer, XAV939 promoted apoptosis induced by RT, holding a therapeutic potential in increasing clinical efficacy (69). Inhibiting the repair of DNA damage caused by RT sensitized the radiation response of cervical cancer (70). PXN gene was up regulated in cervical cancer cells, and its overexpression reduced the apoptosis rate after RT, leading to radioresistance (71). The DNA repair molecules and gene regulation cervical cancer are summarized in Table 1.


Table 1 | List of DNA repair molecules and gene regulation in cervical cancer after radiotherapy.



Inhibitors of DNA repair pathway are crucial to improve the therapeutic efficiency of patients. Some small molecule inhibitors have been used in clinical trials or applied in clinical practice (72). DNA-PK is a key driver of NHEJ pathway, and Pepostertib is an inhibitor of DNA-PK, which destroys DNA repair by inhibiting the activity of DNA-PK to improve the therapeutic effect (73). In one preclinical study, AZD7648 (an effective and specific DNA-PK inhibitor) combined with RT induced tumor regression in mice and improved the therapeutic effect (74). X-ray repair cross complement protein 5 (XRCC5) is an ATP dependent DNA helicase, which provides a start for the DNA repair mechanism of the NHEJ pathway when DNA double strand breaks. Targeting XRCC5 with Myrosin G was found to play a positive therapeutic role (75). CB-5083, as a specific small molecule inhibitor of p97, prevented the decomposition of MRN complex at the DNA damage site during ionizing radiation and damaged DNA repair, thus enhancing the killing function of tumor cells after RT (76). NHEJ inhibitors can be used in combination with standard cancer therapies to reduce therapeutic dose and improve clinical therapeutic effect. Orapanib, a PARP inhibitor, destroyed the localization of base excision repair effector XRCC1 and NHEJ proteins Ku80 and XRCC4, enhanced the sensitivity of cervical cancer cells to cisplatin, demonstrating the potential of PARP inhibitors in the treatment of cervical cancer (77). Santu et al. found that the PARP inhibitor Rucaprib is the most effective radiosensitizer for cervical cancer, which improved the effect of RT for cervical cancer patients (78). The small molecule inhibitors associated with DNA repair are summarized in Table 2. Targeting RT related genes is in a good position to promote DNA damage and apoptosis induced by radiation, which provides a new strategy for cervical cancer RT.


Table 2 | List of small molecule inhibitors about DNA repair.





3 Tumor microenvironment contributes to of cervical cancer radioresistance

The presence of immune cells and hypoxia in TME is closely related to cervical cancer radioresistance. For example, the high level of tumor-associated neutrophils was reported to lead to radioresistance in cervical cancer cells and associated with a poor prognosis in patients (18). In addition, many studies have focused on the role of the hypoxic TME in promoting cervical cancer radioresistance (12). The cancer cells in TME usually contain high amount of antioxidants. High levels of glutathione (GSH) were found to boost radioresistance of cervical cancer cells by clearing ROS (82). Therefore, developing radiosensitizers based on reducing antioxidants may be a potential strategy for cervical cancer therapy.

Hypoxia is one of the characteristics of cervical cancer and reduces the effect of RT (83–85). The imbalance between tumor cell growth and neovascularization, as well as the abnormal morphology and function of tumor neovascularization leads to hypoxic microenvironment (86). Hypoxia was demonstrated to enhance the resistance to RT, resulting in a poor prognosis of cervical cancer patients (83, 84, 87).

RT plays an active role in the treatment of cervical cancer; however, this treatment also paradoxically leads to radioresistance through the changes of transcription factors in TME. Epithelial-mesenchymal transition (EMT) is closely related to the effect of RT. Twist is a key transcription factor of EMT, and its expression is positively correlated with hypoxia. Downregulation of Twist reversed the radioresistance induced by hypoxia and enhanced the sensitivity of cervical cancer cells to RT (85). In addition, upregulation of Twist promoted the localization of nuclear epidermal growth factor receptor (EGFR) and the expression of nuclear DNA-PKcs, and enhanced the repair of DNA damage caused by RT (85). Another study showed that Lcn2 interacted with HIF-1α to promote the formation of radioresistant phenotype in nasopharyngeal carcinoma. It was found when Lnc2 was downregulated, the ability of cell colony formation and DNA damage repair were significantly reduced, which indicates that inhibiting Lnc2 improved the effect of RT for nasopharyngeal carcinoma (88). Although RT works for cancer, it paradoxically promotes metastasis and enhances the invasion of cancer through EMT induced by RT (89). Ionizing radiation was reported to activate multiple EMT-induced transcription factors, including HIF-1, ZEB1 and STAT3 (26, 90–92), which activate the corresponding signaling pathways to enhance the EMT ability of tumor cells. In cervical cancer, it has been proved that the EMT induced by RT enhanced the viability and invasiveness of cancer cells (89). In addition, EMT-induced transcription factors endow cells with cancer stem cell (CSC) properties and promote the production of CSCs. CSC is recognized as a radioresistant cell, which plays a role mainly by reducing radiation-induced DNA damage and enhancing DNA repair ability (93).

Immune cells in TME also contribute to the progression of cervical cancer, which makes the immunotherapy an important treatment choice. HPV E6 and E7 proteins were found to promote the expression of programmed cell death protein 1 (PD-1) and programmed death-ligand 1 (PD-L1) in cervical cancer (94). It is widely known that PD-1 and PD-L1 upregulation suppresses the activation of T cells, resulting in immune escape of tumor cells (95). In June 2018, the US Food and Drug Administration (FDA) approved an anti-PD1 antibody pembrolizumab for the treatment of several types of cancer including recurrent or metastatic cervical cancer (96). Another important molecule in suppressing T cell activation is the cytotoxic T-lymphocyte–associated antigen-4 (CTLA-4), and it’s up-regulation leads to immune tolerance of cancer cells (97). PD-L1 blockade and CTLA-4 inhibitor ipilumumab were reported to attenuate tumor induced inhibitory signal transduction, stimulate T cell activation, and play an anti-tumor role (94).

Therefore, targeting TME components is promising for developing novel cervical cancer therapy to reduce radioresistance.



4 Metabolic factors affect cervical cancer radioresistance

The metabolic disorder of cancer cells is closely related to tumorigenesis and therapeutic effects (98). Metabolic reprogramming is regulated by abnormal activation of proto-oncogenes and loss of tumor suppressor genes (99). In addition, TME influences various aspects of the tumor metabolism, including glucose metabolism, amino acid metabolism and lipid metabolism, which may contribute to the modulation of cervical cancer radioresistance (100–102).


4.1 Glucose metabolism and cervical cancer radioresistance

Cervical cancer mainly obtains energy through aerobic glycolysis to maintain the growth and proliferation of cells. Blocking glycolysis inhibits the growth of cancer cells and induces apoptosis, which provides a new approach for the clinical treatment of cervical cancer (103). The process of aerobic glycolysis in cervical cancer cells is mediated by key enzymes such as glucose transporter 1 (GLUT1), LDHA, hexokinase 2 (HK2) and aldolase A (ALDOA), which enhance glucose uptake and lactate production, and promote the progression of cervical cancer (104–108). The Wnt/β-catenin pathway is upregulated in cancer and promotes the activation of Warburg Effect, including the enhancement of enzyme activity in the glycolytic pathway and the acceleration of glutamate decomposition, which in turn promotes the production of lactate. The high lactate microenvironment stimulates the expression of vascular endothelial growth factor (VEGF), promotes tumor angiogenesis and induces cell migration (109). PI3K/mTOR is a key signaling pathway for cell proliferation, and researchers have made great efforts to inhibit this pathway. Li et al. inhibited the glycolysis process of cervical cancer cells through the mTOR inhibitor AZD8055 to fight against the unlimited proliferation of tumor cells (81). Several groups also used NVP-BEZ235 and new 1,3,5-triazine derivatives to double block PI3K/mTOR signaling pathway to inhibit the proliferation of cervical cancer cells, so as to enhance the therapeutic response (79, 80).

Cancer cells choose aerobic glycolysis with less capacity rather than aerobic oxidation with more capacity, which seems to be an uneconomical way. However, cancer cells upregulate GLUT and produce ATP with high efficiency, in order to meet their high energy needs (107). In addition, the metabolic mode of aerobic glycolysis also meets the proliferation needs of cancer cells. Glycolysis produces many metabolic intermediates and precursors, which enter various biosynthetic pathways, such as the pentose phosphate pathway (PPP), to generate amino acids and nucleic acids, and then synthesize biological macromolecules and organelles required for cell proliferation (110, 111). This metabolic mode produces pyruvate, lactic acid, NADPH and hydrogen ions. NADPH converts oxidized glutathione (GSSG) to glutathione (GSH) (Figure 2). These products and glutathione up-regulate the endogenous antioxidant capacity of cells, thereby directly or indirectly working for antagonistic RT (112).




Figure 2 | The role of metabolism on cervical cancer radioresistance. Glucose is transported into cells through GLUT1 for glycolysis and produces a large amount of lactic acid, enhancing cervical cancer radioresistance. Glucose in cells also produces GSH through PPP pathway. The antioxidant GSH weakens DSB after RT, resulting in radioresistance of cervical cancer cells. High expression of COX-2 in lipid metabolism and Glutamine in amino acid metabolism also contribute to cervical cancer radioresistance. GLUT1, glucose transporter 1; PPP, pentose phosphate pathway; ROS, reactive oxygen species; HIF-1, hypoxia-inducible factor 1; GSSG, oxidized glutathione; GSH, glutathione; RT, radiotherapy.




4.1.1 GLUT1

GLUT is a family of carrier proteins embedded in the cell membrane to transport glucose, which is widely distributed in various tissues in the body. The distribution of GLUT in vivo and its affinity with glucose molecules are significantly different. Among the 14 glucose transporters, GLUT1 is the most common and widely distributed one (21, 113). It is a human unidirectional protein encoded by SLC2A1 gene that is important for glucose uptake (114). It is up regulated in many types of cancer and metabolic diseases, and involved in the disease progression (115, 116). Inhibition of GLUT1 was found to downregulate glycolysis and inhibited the growth of cervical cancer cells in vitro and in vivo (117). Compared with normal cervical epithelium, the expression of GLUT1 is increased in cervical cancer and is associated with lymphatic metastasis (118).

There are different views on the role of GLUT1 in cervical cancer prognosis. Several lines of evidence suggest that high expression of GLUT1 indicates a poor prognosis of cervical cancer (105, 106, 119–121). However, another study suggested that the expression of GLUT1 was not correlated with the prognosis of cervical cancer (122, 123). This contradict requires more clinical studies to explore the role of GLUT1 in the prognosis of cervical cancer.

It was reported that high expression of GLUT1 in cervical cancer more likely leads to radioresistance (124). In a prospective study, it was found that GLUT1 could be used as a biomarker of cervical cancer radioresistance for individualized treatment (125). Pierre Benoit Ancey et al. found that the loss of GLUT1 in tumor-related neutrophils enhanced the effect of RT in patients with lung cancer. The potential mechanism may be that the lack of GLUT1 weakens the direct killing effect of neutrophils on cancer cells (126). In addition, increased GLUT1 expression was significantly associated with radioresistance in rectal cancer, oral cancer and esophageal cancer (127–130). Therefore, inhibiting the expression of GLUT1 may be used as a new potential therapeutic target to improve RT sensitivity of cancer patients (125).



4.1.2 LDHA

LDHA is a kind of NAD dependent kinase, which is a homologous or heterotetramer molecule mainly located in cytoplasm. LDHA plays a key role in glycolysis to convert pyruvate to lactate and convert NADH to NAD (131). LDHA is up regulated in many cancers, resulting in increased catalytic product lactate and poor prognosis (121, 132–134). High lactic acid forms an acidic TME, promotes tumor to acquire an aggressive phenotype, and increases the risk of tumor metastasis and recurrence (135). It was reported inhibition of LDHA reduced the proliferation and invasion of cervical cancer cells (136, 137).

High lactate level promotes radioresistance of malignant tumor cells. A study on chemoradiotherapy resistance in advanced cervical cancer showed that the expression of LDHA was up-regulated in chemoradiotherapy resistant group by microarray analysis compared to chemoradiotherapy sensitive group (138). Another study also found that a relatively high expression level of LDHA in cervical cancer cells was resistant to RT, which helped cancer cells carry out aerobic glycolysis and promoted radioresistance (139). Therefore, LDHA inhibitors may be a promising strategy to improve the effect of RT and provide a certain foundation for the new drug development (140, 141).



4.1.3 PKM2

PK is another key enzyme in glycolysis, which catalyzes the conversion of phosphoenolpyruvate and adenosine diphosphate to pyruvate that is the last irreversible conversion process of glycolysis (142–144). The M2 subtype PKM2 is highly expressed in many cancers, playing an important role in maintaining the metabolism of cancer cells (143). The high expression level of PKM2 was used as a marker to predict the cervical cancer prognosis (145). One study showed that PKM2 knockdown inhibited EMT via the Wnt/β-catenin pathway, thereby suppressing cervical cancer cell proliferation and invasion (146). Another study reported that knockdown of PKM2 in SiHa and HeLa cervical cancer cells promoted DNA DSBs leading to RT sensitivity (147). In addition, PKM2 knockdown leads to G2/M cell cycle arrest, and the expression of CSC marker NANOG decreases, which significantly enhances the RT effect of cervical cancer cells (147). Zhao et al. found that the high expression of PKM2 was related to the poor prognosis of locally advanced cervical squamous cell carcinoma and contributed to the generation of radioresistance using multivariate COX regression analysis (148). Therefore, targeting PKM2 is a new strategy to improve the RT effect for cervical cancer.



4.1.4 HK2

Glucose can be converted into glucose 6-phosphate under the catalysis of HK2, which is the first step of glycolysis (149). Downregulation of HK2 inhibited glycolysis, reduced glucose consumption and lactate production of cells, and also inhibited cell proliferation and induced apoptosis (137, 150). Whether HK2 regulates the biological behavior and treatment of cancer cells through the glycolytic pathway needs to be further explored. Knockdown of HK2 in cervical cancer cells inhibited proliferation and migration and promoted cell apoptosis (151). Targeting HK2 was found to reduce the glycolysis of cervical cancer cells and enhance the sensitivity of cervical cancer to RT (152). It was showed that increased expression of long non-coding RNA urothelial cancer associated-1 (lncRNA UCA1) by RT enhanced glycolysis by targeting HK2, thereby promoting cervical cancer radioresistance (153). In the established radioresistant cervical cell lines SiHa and HeLa, it was also found that lncRNA UCA1 promoted radioresistance of the cells through enhancement of HK2 and glycolysis (153). Similarly, in the study of locally advanced cervical squamous cell carcinoma, it was found that the high level of HK2 was one of the risk prognostic factors for cervical cancer patients, and associated with the low radiosensitivity (154). Inhibiting HK2 to reduce the dependence of cervical cancer cells on glycolysis is a potential strategy to promote cervical cancer RT.

The glycolysis related proteins in cervical cancer radioresistance are summarized in Table 3.


Table 3 | List of glycolysis related proteins in cervical cancer radioresistance.






4.2 Lipid metabolism and cervical cancer radioresistance

Increased lipid uptake and storage in cancer cells contribute to tumor growth and proliferation. More and more evidence shows that lipid metabolism reprogramming plays a very important role in the development of cancer (155–157). The fatty acid is an important component of cell membrane structure, which maintains the fluidity of cell membrane. In case of metabolic emergency, fatty acid decomposition is also the main source of energy (158, 159). Targeting fatty acid metabolism was reported to improve the radiosensitivity of many cancers (160, 161).

In the treatment of cervical cancer patients, reasonable supplementation of high polyunsaturated fatty acids was demonstrated to improve the effect of RT (162). The lipid metabolites in high-resolution magic angle proton magnetic resonance spectroscopy spectrum was used to evaluate the apoptosis of cervical cancer (163). Ferulic acid was effectively combined with RT to increase lipid peroxide of cervical cancer cells and improved radiosensitivity (164). Cyclooxygenase (COX) converted arachidonic acid into prostaglandins, and COX-2 inhibitor phosphorylated p53 in irradiated cervical cancer cells, reducing the cervical cancer radioresistance (102). Currently, the study on lipid metabolism in cervical cancer radioresistance is very limited, but related studies in other types of cancer may give some insights for future investigation. For example, arachidonate 15-lipoxygenase deficiency was found to reduce DNA DSBs induced by RT and induce radioresistance in rectal cancer cells (165). Another study found that targeting fatty acid synthase enhanced the sensitivity of nasopharyngeal carcinoma to RT (161). In addition, targeting carnitine palmitoyl transferase 1 (CPT1A) mediated fatty acid oxidation also improved the effect of RT for nasopharyngeal carcinoma (166).



4.3 Amino acid metabolism and cervical cancer radioresistance

Cancer cells need to obtain enough amino acids for biosynthesis to adapt to the characteristics of rapid proliferation. Amino acid metabolism is closely related to the occurrence and development of cancer, and targeting amino acid metabolism provides a potential therapeutic strategy for cancer treatment (167).

The best-studied amino acid in this metabolic pathway is glutamine, which plays an important role by providing nitrogen and carbon in biosynthesis (168, 169). Studies have shown that glutamine metabolism was closely related to cancer radiosensitivity (170, 171). It has been found that in human cervical cancer samples, the content of phosphate-activated mitochondrial glutaminase2 (GLS2) in the radioresistant group was higher than that in the radiosensitive group. When GLS2 was knocked down, the level of antioxidant glutathione decreased and ROS increased after RT, which promoted the radiosensitivity of cervical cancer cells (172). In another study, the use of glutaminase inhibitors enhanced the radiosensitivity of cervical cancer (101). In addition, glutamine was decomposed by glutaminase, which enhanced the radiosensitivity of prostate cancer (173). Paradoxically, in HeLa cell culture, the addition of supraphysiologic glutamine concentration did not enhance the radioresistance of cervical cancer cells (174). Indepth study is needed about the effect of glutamine on cervical cancer RT. Aminopeptidase N (APN), as a transmembrane exopeptidase, is expressed at a level consistent with the increased malignant behavior of tumors (175). In vitro and in vivo studies showed that APN inhibitor ubenimex enhanced apoptosis and cell damage induced by RT, and improved the radiosensitivity of cervical cancer (176).

Currently, other amino acids regulating metabolism that affects cervical cancer radioresistance have not been reported yet, which requires further study.




5 Conclusions and perspectives

Radioresistance has become a major problem in the management of cervical cancer patients. This review summarizes the mechanism of radioresistance in cervical cancer from different aspects. Most scholars believe that the enhancement of DNA repair ability after RT leads to the reduction of cervical cancer cell death. In addition, EMT and CSCs induced by RT promote radioresistance, leading to cancer recurrence and metastasis.

Here, we focus on TME to investigate how to overcome the radioresistance and promote the efficiency of RT. Hypoxic TME not only directly reduces radiosensitivity due to the reduction of ROS, but also indirectly reduces radiosensitivity by promoting glycolysis. Glucose metabolism is a very important factor in occurrence of radioresistance in cervical cancer. The intermediate products produced by glycolysis are suitable to be used as the precursor of biosynthesis to promote the growth and proliferation of cervical cancer cells. Lactic acid produced by glycolysis promotes radioresistance of cervical cancer cells, and lactic acid inhibitors are expected to become new products to improve the effect of RT. Although the study of lipid metabolism and amino acid metabolism is very limited, we review the important findings related to cervical cancer. Glutamine has a relatively obvious effect on RT and low-level glutamine can increase the content of intracellular ROS to improve sensitivity of cervical cancer cells to RT. In addition, inhibiting the NHEJ pathway to block DNA repair makes tumor cells sensitive to RT, which is also a promising therapeutic strategy (40). In recent years, immunotherapy has become a novel promising treatment, and is used in combination with traditional chemotherapy or RT for advanced and recurrent cervical cancer patients. Anti-PD-1/PD-L1 and anti-CTLA-4 therapies are commonly used in cervical cancer immunotherapy to improve the prognosis of cervical cancer patients. Whether the metabolic programming can give insights for the development of immunotherapy to improve the current cervical cancer treatment is still unknown and worth of putting more efforts for further investigation.

There is no doubt that targeting the key enzymes and intermediates of metabolism is a promising strategy to improve the radiosensitivity of cervical cancer patients. With the in-depth study on the mechanisms related to metabolism with modern omics technologies, it is possible to develop personalized treatment plans to improve the current treatments and prognosis of cervical cancer patients with different metabolic status.
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Ribonuclease P protein subunit p30 (RPP30) is a highly conserved housekeeping gene that exists in many species and tissues throughout the three life kingdoms (archaea, bacteria, and eukaryotes). RPP30 is closely related to a few types of tumors in human diseases but has a very stable transcription level in most cases. Based on this feature, increasing number of studies have used RPP30 as an internal reference gene. Here, the structure and basic functions of RPP30 are summarized and the likely relationship between RPP30 and various diseases in plants and human is outlined. Finally, the current application of RPP30 as an internal reference gene and its advantages over traditional internal reference genes are reviewed. RPP30 characteristics suggest that it has a good prospect of being selected as an internal reference; more work is needed to develop this research avenue.
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Introduction

The ribonuclease P protein subunit P30 (RPP30) gene is included in the National Center for Biotechnology Information (NCBI ID#10556) database. RPP30 has been shown to be highly conserved in gene pool data, and many studies have shown that there are 16 homologous genes of RPP30 contained in many species from the three life kingdoms (archaea, bacteria, and eukaryotes) (1, 2). As a housekeeping gene, the protein encoded by RPP30 is one of shared protein subunits of ribonuclease P (RNase P) and ribonuclease MRP (RMRP), which are widely expressed in various tissues and participate in many life processes of microscopic and macroscopic organisms. It should be noted that as a protein subunit, detection of RPP30 in different tissues is not uniform and stable, possibly because of the complex modification process after translation (3–6).

In this review, the diseases associated with RPP30 and the factors that may influence its expression are introduced for reference in further studies and in quality control. Abnormal gene expression or mutation studies have made some progress with regard to botanical diseases (5–7). At present, studies on human diseases mainly involve tumors, but only a few of them have demonstrated RPP30 overexpression (8). In addition, RPP30 is associated with glioblastoma (GBM) pathogenesis and low bone mineral density (LBMD) (9)

Reports that RPP30 expression level is affected by other factors are very limited, such as aging (10). Given the relatively high and stable ribose nucleic acid (RNA) expression of RPP30 in human tissues, increasing studies have recently used RPP30 as an internal reference gene in reverse transcription-polymerase chain reaction (RT-PCR) protocols. Thus, the use of RPP30 as an internal reference gene for many applications, including detection of pathogens, calculation of the number of tumor cells, diagnosis of tumors, and some childhood diseases are discussed. In particular, the application of this gene in nucleic acid detection of SARS-CoV-2 demonstrates its great value as an internal reference (11).

Finally, the advantages of RPP30 over conventional reference genes, such as β-actin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are discussed. Ideal reference genes should be stably expressed in different tissues and different life cycles. With increased research and more applications, the expression of β-actin and GAPDH has been observed to be related to physiological/pathological states, experimental conditions, and tissue type (12–14). In contrast, changes in RPP30 expression seem less likely to be reported in the many conditions described above. These data suggest RPP30 may be used as an internal reference gene in further studies. Of course, the reliability of RPP30 as an internal reference is required to be verified by more comprehensive experiments.



Gene and protein structure

The highly conserved RPP30 genome sequence is located on human chromosome 10 (10Q23.31) at 90,871,974–90,908,556 and is 36,582 nucleotides in length, with 14 exons (https://www.ncbi.nlm.nih.gov/gene/). There are 16 homologous genes in primates, canine, bovine, Rodentia, Amphibia, Drosophila, Arthropoda, and Saccharomycetes. These data are obtained from NCBI (ID#10556). The highly conserved sequence and other characteristics of RPP30 are illustrated in a gene evolutionary tree in Figure 1A.




Figure 1 | Homology of ribonuclease P protein (RPP) in various species. (A) Homologous evolutionary tree, (B) Human RPP30 protein subunit, and homologous protein subunits of other organisms.



Human nuclear RNase P consists of 1 RNA subunit H1 and 10 conserved proteins, and the complex has a slender conformation similar to the overall shape of yeast RNase P shown by cryo-negative staining electron microscopy (2). The human RNase P protein consists of a single protein, Pop1, and three subcomplexes, which include the RPP20-RPP25 heterodimer, Pop5-RPP14-(RPP30)2-RPP40 heteropentamer, and RPP21-RPP29-RPP38 heterotrimer (2). The proteins are tightly attached to each other, forming a structure similar to a right-handed clip with three modules: finger, palm, and wrist. The POP5-RPP14-(RPP30)2-RPP40 heteropentamer becomes the palm module of the protein clamp. Two copies of the RPP30 molecule bind to the central POP5-RPP14 from opposite sides, forming a typical trisose phosphate isomerase (TIM) barrel fold. The molecule of RPP30 that interacts with RPP40 is called RPP30B, and the other molecule is called RPP30A. The secondary and tertiary structures of RPP30 have not been analyzed at this stage (2).

The RPP30 protein subunit is homologous to the RNase P protein subunit of archaea and other eukaryotes, as shown in Figure 1B. By comparing the amino acid sequence of homologous genes of RPP30, the domain and conserved site of the RPP30 protein may be identified, which will illustrate how conserved this protein is.



Main functions of RPP30


Life processes

RPP30 mainly functions in catalysis, nuclear localization, assembly, and/or regulation of holoenzyme activity (3). The GeneCards (https://www.genecards.org/) and Gene Ontology (GO; http://geneontology.org/) databases were searched for the RPP30 gene to identify its basic functions. The gene’s molecular functions include binding proteins, catalyzing reactions, and so on (15). In archaea, two RPP30 copies bind with ribonuclease P/MRP protein subunit Pop5 dimers to form the Pop5•RPP30 heterodimer. The Pop5•RPP30 heterodimer is anchored on the catalytic domain of RNase P RNA(RPR), which is necessary for pre-tRNA cleavage (16). Cellular components encoded by the gene include RNase P complex, RNase MRP complex, and the multimeric ribonuclease P complex. Biological processes mediated by the gene include rRNA and tRNA processing (15). RPP30 gene encodes a type of ribonuclease that achieves RNaseP RNA binding activity, contributes to ribonuclease P activity, and participates in the removal of tRNA5′- precursor, as well as the formation of polynuclease P complex, and ribonuclease MRP complex, which is necessary for the gene transcription of RNA polymerase III (17). RPP30 also facilitates immunity in rice and reproduction in Arabidopsis and Drosophila (5–7). Therefore, as the most conserved gene in various types of organisms, RPP30 is also involved in the most basic life processes, which drive almost all life functions and activities.



A common subunit joining RNase P and RMRP

RNase P and RMRP are both small nucleolar ribonucleoprotein complexes (snoRNPs) that are classified into three major classes (box H/ACA snoRNPs, box C/D snoRNPs, RNase P and RnaseMRP) (18). RMRP has only been found in eukaryotes, located mostly in the nucleolus, and has many functions, including cleaving the pre-rRNA at site A3 in vivo and in vitro to mature the 5′ end of the 5.8S rRNA, cleaving an RNA transcript to generate RNA primers for mitochondrial DNA duplication, cleaving the B-type cyclin, Clb2, mRNA, recognizing and cutting pre-tRNA, and is required to turn over cell cycle mRNA (19–21). RNase P, located both in the nucleoplasm and nucleolus, is necessary for Mg2+ dependent 5′ maturation of tRNAs in archaeal, bacterial, and eukaryotic kingdoms (22). RNase P may also act in the stress response and be a transcription factor that regulates polymerase I and III (23). RNAs containing N6 methyladenosine (m6A), 4.5S pre-rRNA, operon mRNAs, box C/D small nucleolar RNAs that reassemble tRNAs are also substrates of RNase P (15, 24–30). RNase P and RMRP have similar functional and structural characteristics (18, 31). These two enzymes share at least ten protein subunits, including RPP14, RPP20, RPP21, RPP25, RPP29, RPP30, RPP38, RPP40, Pop1, and Pop5 (4, 15). RPP30, with a highly conserved amino acid sequence, has an important role in joining the RNase P and RMRP complexes (32). RPP30, as one of the common subunits between the RNase P and RMRP complexes, contributes to an increased number of RNA substrates and atypical functions of eukaryotes (4, 33). RNase P H1 and RMRP RNAs may crosstalk with miRNAs that are related to stability and translation of mRNAs (34). Stolc and Altman reveal that reduction RPP1 (homologous to human RPP30) in S. cerevisiae causes disruptions in both RNase P and RMRP by inhibiting correct cleavage of the internal transcribed spacer I of rRNA surrounding the A3 site (35).



A cofactor acting with the RNA subunit and other protein subunits of RNase P or RMRP

Although RNase P RNA (RPR) is suggested to have activity in vitro, its activity in vivo requires protein cofactors (36). In 2006, Welting et al. used glycerol gradient sedimentation and coimmunoprecipitation to determine that RPP30 is related to the RNA subunit of RNase P and RMRP (18). UV–crosslinking studies also show that RPP30 interacts directly with H1 RNA, an RNA subunit of RNase P (37, 38). Isothermal titration calorimetry has been used to explore interactions among the protein subunits of RNase P and RMRP (22, 39, 40). In archaea, bacteria, and yeast, RPP30/RPP30 paired with Pop5/Pop5, may be functionally reconstituted with the phylogenetically-conserved core catalytic domain (C domain) of the RNA subunit to promote the assembly of RNase P providing substrate RNA binding sites and activating the RNA subunit (probably by RNA annealing and strand displacement (41) and stabilize ionic interactions with the RNA subunit or the substrate pre-tRNA at a relatively lower salt concentration (1, 22, 42–44). In the hyperthermophilic archaeon Pyrococcushorikoshii, PhoRPP30 is homologous to human RPP30 and acts as a molecular chaperone of PhoPop5, which recognizes the stem-loop containing the P3 helix in PhopRNA (45). RPP30-Pop5 is a tight heterotetrameric complex that increases the affinity of the holoenzyme for Mg2+ and protects the RNase P M1 RNA’s C domain from RNase T1 cleavage, especially near conserved nucleotides of RNase P in archaea whose RNase P protein is homologous to eukaryotic counterparts (36, 46–48). The RPP30-Pop5 complex also increases the RPR cleavage rate of pre-tRNA and may be activated by the RPP21-RPP29 complex reflecting indirect effects (36). In Dictyosteliumdiscoideum, RPP30 adopts a TIM-barrel fold that stabilizes the structure and enhances the affinity of pre-tRNA of RNase P to promote the formation of a native fold (46, 49, 50). In humans, RPP30 interacts with RPP14, RPP40, RPP20, RPP21, Pop1, RPP29, 4pp38, and RPP30 itself (15, 37, 51). Moreover, Stolc and Altman have shown that the RPP30 and RPP38 cDNA code for proteins related to catalytic complexes of RNase P from HeLa cells (35). Additionally, RPP30 may interact with other RNAs; as an important subunit of RNase P, RPP30 may be involved in the cleavage of hepatitis C virus RNA (52).



Regulation of biological procedures in other species

In Arabidopsis, the RPP30 domain is present from 98–248 amino acids in gametophyte defective 1 (GAF1), which is important in female gametophyte development and male competence and has a universal contribution to plant development (5). In Drosophila, RPP30 is necessary for female oogenesis because of its relationship with tRNA processing, DNA replication, and piRNA transcription (7). RPP30 also positively regulates rice immunity by interacting with histone deacetylase 701 (HDT701, RPP30 may be a substrate of HDT701), which functions in suppressing innate immunity in rice and may upregulate expression of defense genes (6).

Although many functions of RPP30 have recently been identified, the specific role of RPP30 in basic life processes requires further research.




Relationship between RPP30 and disease

RNase P and RMRP play an important role in RNA or non-RNA processing that are universal programs closely related to many life activities. As an important subunit, the mutation and abnormal expression of RPP30 leads to many diseases.


RPP30 mutations and reproductive diseases

In Arabidopsis, GAF1 mutations result in decreased RPP30 levels that induce defects in mitosis during female gametophyte development, arrest embryo sacs at stages FG1–FG7 and also cause defects in male competence (5). In Drosophila, an isolated mutation that inserts the P-element P(lacW)k01901 into RPP30 leads to complete sterility in females (7, 49). The pathogenic mechanisms that have been uncovered include a mutation in RPP30 that arrests oogenesis by decreasing tRNA processing, which leads to transcription-replication conflicts (7). This includes decreases in transposon expression, accumulation of the polymerase III subunit Brf, and the collapse of Proliferating Cell Nuclear Antigen (PCNA), which increases DNA replication stress and gene defense by small RNAs and activates several DNA duplication checkpoint proteins, including p53, claspin, and checkpoint kinase 2 that decrease piRNA transcription and piRNAclusterpopulations (7). piRNAs are native defenders of germline cell genomes whose mature structure called a “nuage” surrounds the nurse cells that provide nutrients to oocytes (53). Additionally, downregulation of piRNA levels leads to derepression of transposable elements and activates DNA checkpoints to promote positive feedback of defective oogenesis (7, 53–56).



A factor that protects plants against pathogens

Li et al. have identified OsRPP30, a cellular protein that may regulate the biological function of rice HDT701 (6). HDT701 negatively regulates defense mechanisms in rice by increasing histone H4 deacetylation and increasing the sensitivity to Magnaporthe grisea and Xanthomonas oryzaepv.oryzae (57). When rice is infected with Pyriculariaoryzae (syn. Magnaportheoryzae), RPP30 expression increases, which activates the transcription of defense genes (6). The overexpression of OsRPP30 in genetically modified rice increases expression of defense genome and the production of reactive oxygen species, resulting in resistance to Magnaporthe grisea and Xanthomonas oryzae. OsRPP30 is located at the top of the immune pathway triggered by HDT701-mediated pathogen-associated molecular patterns, which may overcome the negative effects of HTD701 and provide a new direction for the cultivation of pathogen-resistant food in the future (6).



Anti-RPP30 antibody and autoimmune diseases in humans

Anti-Th/To is one of the rarer antinuclear antibodies identified in patients with systemic sclerosis (SSc) and is composed of hPOP1, RPP25, RPP30, and RPP40 (58, 59). Researchers refer to “anti-Th” and “anti-To” in the cases of RNase MRP and RNase P, respectively (60, 61). Recombinant RPP30 and RPP38 cross-react with anti-Th/To antibodies of patients afflicted with SSc (3, 32). In addition, people with positive anti-RPP30 antibodies have a lower risk of tendon friction rubs and cancer, but more likely to have severe lung diseases and pulmonary hypertension (59, 62). However, the positivity of anti-RPP30 antibodies only represents the antigenicity of RPP30 protein, and does not suggest the existence of abnormal expression or a RPP30 gene defect, which requires further research.



RPP30 and human tumors

The nucleophosmin (NPM1) gene, located at human chromosome 5Q35, contains 12 exons and encodes a multifunctional shuttling protein that shuttles between the nucleolus and cytoplasm. NPM1 mutations happen in approximately one-third of acute myeloid leukemias (AMLs) (63). Martelli et al. have shown that the NPM1/RPP30 complex serves as one of three NPM1 rearrangements that have been found and analyzed in 13,979 AML samples (64). In patients with AML that have a NPM1 rearrangement, RPP30 is rearranged with NPM1 at exon 11, whereas the rearrangement of NPM1 with RPP30 is at the end of exon 9 (64). These data indicate RPP30 may help detect AML and monitor NPM1-mutated AML. A new study found that RPP30 may be a transcriptional regulator in glioblastoma (GBM) and the decreased RPP30 expression in elderly people could be a risk factor for GBM (10). This study showed that RPP30 was related to RNA and post-transcriptional modification in non-tumor tissues, and RNA modification in GBM. RPP30 regulates protein expression in GBM by affecting post-transcriptional modification of proteins and functional accumulation of these proteins indicates that these proteins are mainly involved in the activation of cancer signaling pathways (10). In addition, downregulation of RPP30 expression in human astrocyte (HA) cells promotes the proliferation of HA cells, while overexpression inhibits the activation of tumor-related pathways and the proliferation of HA cells, further confirming the close relationship between RPP30 and the occurrence and development of GBM (10). Correlation analysis of RPP30 expression levels with gene expression in cancer-related pathways, such as cancer, Wnt, and mitogen-activated protein kinase pathways in the Chinese Glioma Genome Atlas and The Cancer Genome Atlas databases show significant correlation (10). The Gene Expression Profiling Interactive Analysis (GEPIA2) database has been used to obtain broad knowledge of the relationship between RPP30 (Ensembl ID: ENSG00000148688.13) and tumors (Figure 2) (8). RPP30 expression was significantly different in tumor tissues (higher) and non-tumor tissues in diffuse large B-cell lymphoma, pancreatic adenocarcinoma (PAAD) and thymoma (THYM) (Figure 3). These data also show that there is no significant difference in RPP30 expression levels in different stages of those tumors while high expression of RPP30 is correlated with lower overall survival in PAAD using data from the GEPIA2 public database (http://gepia2.cancer-pku.cn/#index). RPP30 gene expression is high under epidermal development, cell differentiation, and keratinocyte differentiation processes, which play important roles in the differentiation of gastric epithelial cells. Recently, Kan et al. used TGCA RNA-seq to explore the role of RPP30 expression in gastric cancer. They found that RPP30 protein expression was positively correlated with the number of T helper 2 cells, active dendritic cells, and T helper 1 cells, and negatively correlated with the number of T helper 17 cells. They also found that RPP30 RNA expression in gastric cancer (GC) tissue is higher than that in normal tissue and higher RPP30 RNA expression is related to worse overall survival (OS) at the T1, T2, and N0 stages of the tumor. The mechanism may be that RPP30 RNA expression is upregulation via the G alpha S signaling pathway, neuronal system, and olfactory transduction, in addition to increasing cAMP levels, which are tightly correlated with GC histopathology. RPP30 could regulate tRNA modification, transcriptional replication, DNA repair, replication fork stagnation, and protein expression, which are correlated with cancer cell proliferation (65, 66).




Figure 2 | Gene expression profile of ribonuclease P protein subunit p30 (RPP30) in all tumor samples and paired normal tissues. Red words: significant difference; Black words: No significant difference. Abbreviations: ACC: Adrenocortical carcinoma, Bladder Urothelial Carcinoma, Breast invasive carcinoma, Cervical squamous cell carcinoma and endocervical adenocarcinoma, Cholangio carcinoma, Colon adenocarcinoma, Diffuse Large B-cell Lymphoma, Esophageal carcinoma, Glioblastoma multiforme, Head and Neck squamous cell carcinoma, Kidney Chromophobe, Kidney renal clear cell carcinoma, Kidney renal papillary cell carcinoma, Acute Myeloid Leukemia, Brain Lower Grade Glioma, Liver hepatocellular carcinoma, Lung adenocarcinoma, Lung squamous cell carcinoma, Mesothelioma, Ovarian serous cystadenocarcinoma, Pancreatic adenocarcinoma, Pheochromocytoma and Paraganglioma, Prostate adenocarcinoma, Rectum adenocarcinoma, Sarcoma, Skin Cutaneous Melanoma, Stomach adenocarcinoma, Stomach and Esophageal carcinoma, Testicular Germ Cell Tumors, Thyroid carcinoma, Thymoma, Uterine Corpus Endometrial Carcinoma, Uterine Carcinosarcoma, Uveal Melanoma, in turn.






Figure 3 | Differences in ribonuclease P protein subunit p30 (RPP30) expression between DLBC, PAAD, THYM, and normal tissues. *Significant difference between tumor and normal tissues; DLBC, Diffuse large B-cell lymphoma; PAAD, Pancreatic adenocarcinoma; THYM, Thymoma. Red represents tumor group, gray represents normal group.





Other diseases

Lee et al. Have found that rpp30 may be related to genetic factors of LBMD through genome-wide association studies involving two signaling pathways of eight related diseases (9). No further association between rpp30 and LBMD has been reported. RPP30 is indirectly related to some diseases, including lung diseases and pulmonary hypertension, secondary to autoimmune diseases (62).

Currently, the research on genes and diseases is extremely in-depth and making rapid progress. Although rpp30 is involved in basic life activities, only a few human diseases have been confirmed to be related to rpp30, and even fewer have been confirmed to have abnormal expression. These results further reflect the stable expression of rpp30 and how well conserved it is.




RPP30 distribution and factors influencing RPP30 expression

Although RPP30 is associated with appellate disease, the expression of RPP30 in normal tissues and most tumor cells is stable. Approximately 3647 species have RPP30 subunits and 424 organisms have orthologs of human RPP30. RPP30 RNA is widely expressed in 27 human tissues, including testis, heart, kidney, lung, thymus, and lymph nodes, and more, among which testes and lymph nodes show the most expression and pancreas shows the least expression using data from the NCBI, InterPro (https://www.ebi.ac.uk/interpro/), and GeneCards public databases. In Figure 4A, although there are differences in RPP30 RNA expression levels calculated by different databases, RPP30 RNA expression levels of different organizations calculated by the same database are basically the same, which is consistent with the results obtained by Bgee involving gene expression data in animals. However, the expression of human RPP30 protein is not as stable as RPP30 RNA. There are differences in the expression of RPP30 protein among different tissues or cells and the RPP30 protein has weak expression in some tissues or cells, such as lymph node, brain, spinal cord, ovary, bone, colon, and liver secretion (Figure 4B). There have also been no reports using RPP30 protein as an internal reference for western blotting. To summarize, the expression level of RPP30 RNA in human tissue is relatively high and stable and is suitable to be used as an internal reference gene (11, 67, 68). Mouse RPP30 RNA is widely expressed in the central nervous system, bladder, brain, liver, and testis, etc., with higher expression in the central nervous system and lower expression in the adrenal gland and stomach.




Figure 4 | Expression level of human ribonuclease P protein subunit p30 (RPP30) RNA and protein in different tissues and cells (line colors indicate tissue types and length indicates levels of expression). (A) Expression of RPP30 RNA using RNA sequencing (left: expression results above gray horizontal lines are from the Genotype-Tissue Expression (GTEx) database and those below are from the Illumina Body Map) and microarray (right: from the BioGPS database); (B) Protein expression in normal tissues and cell lines from Proteomics DB, the MaxQuantDataBase (MaxQB), and Multi-Omics Profiling Expression Database (MOPED).



At present, there are relatively few reports on factors affecting RPP30 expression levels. Li, Zhai (10) have found that RPP30 expression is affected by age-related factors. Using analysis of age-related genes, RPP30 expression was negatively correlated with increased age, indicating that the change in RPP30 expression may be related to cell senescence. Li, Xiong (6) have found that RPP30 expression is upregulated after rice has been infected with fungal and bacterial pathogens. Mattijssen, Welting (69) have speculated that the expression of housekeeping genes may be altered in the growth plates of patients with cartilage-hair hypoplasia.



Application of RPP30 as an internal reference gene

RPP30 has been used as an internal reference gene in the detection of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Coronavirus disease 2019 (COVID-19) broke out in Wuhan, China in December 2019 and then spread widely around the world, with strong infectivity (70). Despite its reputation as the gold standard for the detection of SARS-CoV-2, RT-PCR often produces false negative results in detection and diagnosis (71). This may be related to sample quality or changes of primer/probe binding site sequences, but the latter is less likely (72, 73). RPP30 is a single copy sequence gene stably expressed in the human genome, which has a good amplification efficiency, shows 100% sensitivity and specificity, and is not affected by swabs and methodology (74). Compared to other internal parameters, only RPP30 exists in all types of SARS-COV-2 infection samples (67). Figure 5A is the flow of RT-PCR. Both RPP30 RNA and viral RNA were present in epithelial cells (Figure 5B), and RPP30 RNA levels were closely related to SARS-CoV-2 RNA levels in respiratory tract samples (Figure 5C). Thus, RPP30 RNA may be used to control sample quality and the RPP30 Ct cutoff value may effectively identify false negative results (11, 72), which may increase sensitivity and reduce the spread of SARS-CoV-2. In addition to evaluating the quality of the sample, RPP30 may also determine whether mRNA has been extracted successfully and whether there is inhibition in the PCR (75).




Figure 5 | Ribonuclease P protein subunit p30 (RPP30) is used as an internal reference gene in the detection of SARS-CoV-2. (A) Sample collection and reverse transcription-polymerase chain reaction (RT-PCR), (B) Viral RNA coexists with RPP30 in epithelial cells, (C) Detection results of RPP30 and SARS-COV-2 are significantly positively correlated (11).



RPP30 is used as an internal reference gene to determine the best effective drug concentration for tumor treatment (76). The efficacy of traditional antineoplastic drugs is evaluated by calculating the lethality of drugs to all cells in vitro, so it is impossible to measure the lethality of antineoplastic drugs to normal cells, which is often accompanied by unpredictable side effects. Because RPP30 is stably expressed in the vast majority of tumor cells and non-tumor cells, while the neurofibromatosis type 1 (NF1) gene loses heterozygosity in tumor cells, the number of tumor cells may be evaluated by the quantitative RT-PCR ratio of NF1 to RPP30, which may be used to evaluate the efficacy and side effects of tumor drugs, and may also be used in personalized adjuvant chemotherapy. Due to the different behavior of cells in vivo and in vitro, this method has some limitations (76–78). As an internal reference gene, RPP30 may also accurately and effectively evaluate the concentration of antiretroviral drugs in cells (79).

RPP30 is used as an internal reference gene to analyze the feasibility of HIV DNA detection in cerebrospinal fluid (CSF) (80). RPP30, as a housekeeper gene, is highly conserved and widely expressed in human tissues and may be used as an internal reference gene to detect the number of leukocytes in CSF. Using droplet digital PCR (dd-PCR) detection, the level of HIV DNA in CSF cells is not correlated with RPP30 levels, indicating that the detectability of HIV DNA does not depend entirely on the number of cells available in each sample. Then, the correlation between the level of HIV DNA in the CSF and the level of HIV RNA in peripheral blood cells, as well as the relationship between the virus inhibition and non-inhibition subgroups, may be analyzed to explore the detectability of HIV DNA level in CSF.

RPP30 is used as an internal reference gene in diagnostic experiments (68). At least 5.5% of all pathogenic genetic changes in humans are large genome deletions or duplicates (81). With the discovery of disease-related genes, dd-PCR has been used to quantify the copy number of genes to diagnose diseases (82). Because of its conserved sequence and stable expression in almost all cells, RPP30 is widely used as an internal reference gene (83). For example, RPP30 has been used as an internal reference in real-time fluorescent PCR or dd-PCR to quantify the survival of motor neuron 1 gene, T-cell receptor excision circles, and Kappa-deleting recombination excision circles; to screen neonatal spinal muscular atrophy, severe combined immunodeficiency disease, and detect immune remodeling of the thymus and bone marrow (84–86); and to quantify the sex-determining region Y gene to detect male/female chimerism, which may track chimerism after hematopoietic stem cell transplantation (87). RPP30 has also been used as an internal reference in single-cell dd-PCR to evaluate the genomic DNA of rare circulating fetal cells in peripheral blood samples of pregnant women with male fetuses and validate the concept of non-invasive prenatal diagnosis (88). There are also many reports on the use of RPP30 as an internal reference in different molecular biology techniques for the diagnosis of human diseases, as shown in Table 1.


Table 1 | Application of RPP30 as an internal reference.



Dyavar et al. (79) used human and rhesus macaque (RM) gDNA templates to quantitate RPP30 copies, and found a low coefficient of variation and strong correlation between human and RM gDNA templates and the number of RPP30 copies in intra-laboratory (R2 = 0.996, p < 0.001; R2 = 0.975, p < 0.001), inter-laboratory (R2 = 0.997, p < 0.001; R2 = 0.989, p < 0.001), and inter-operational (R2 = 0.994, p < 0.001; R2 = 0.986, p < 0.001) studies, which confirms the high accuracy and precision of the RPP30 dd-PCR assay. In addition, Profaizer and Slev (86) observed that RPP30 dd-PCR could detect 2 copies/µL of genes, which is more accurate than the previous 24 copies/µL for qPCR.



Differences from other internal reference genes

Housekeeping genes are mainly involved in the maintenance of basic cell functions and are thought to be expressed in all cells (98), They are widely used as internal controls to standardize the expression of genes in western blotting, northern blotting, and RT-PCR. The ideal housekeeping gene should be expressed at the same level in all tissues (99). At present, frequently used housekeeping genes are β-actin and GAPDH, in which β-actin has a molecular weight of approximately 42–43 kDa and is composed of 375 amino acids. It is widely distributed in the cytoplasm and is involved in cell movement, structure, and integrity (100), whereas GAPDH is an enzyme with a molecular weight of approximately 37 kDa and is involved in glycolysis, DNA repair, tRNA output, membrane fusion, and transport (101). However, there are increasing reports that the RNA expression level of these genes is affected by the physiological/pathological state, experimental conditions, and tissue types (12–14). Thus, the factors affecting mRNA expression levels of RPP30, GAPDH, and β-actin were compared.

Table 2 shows that the length of the RPP30 amplification product is smaller than that of β-actin and GAPDH, which reduces errors and improves efficiency during the process of RPP30 amplification. Table 3 lists the pseudogenes found in β-actin and GAPDH, but, to date, no pseudogenes have been found in RPP30. The existence of pseudogenes reduces the amplification efficiency of genes and reduces the accuracy of their use as internal reference genes for standardization (122, 123). Therefore, using RPP30 as the internal reference gene may be more accurate.


Table 2 | Internal reference gene primer sequences.




Table 3 | Comparing RPP30 with other internal parameters.



Numerous reports suggest that gene expression levels of β-actin and GAPDH are affected by many factors under different pathological conditions, such as tumor cells and non-tumor cells (103–105, 124), steatosis and alcoholic hepatitis (106), and Alzheimer’s disease (107). Under different experimental conditions, expression levels of the traditional internal reference genes, β-actin and GAPDH, vary greatly, such as in serum-stimulated fibroblasts (108), miR-644a (109), dietary conditions (125), and other conditions (110–114, 119–121). In addition, β-actin has extensive variation in mouse lymphocytes and is not appropriate for use as an internal reference gene for the quantitative PCR analysis of mouse lymphocytes (126), since such changes may lead to data divergence and inaccuracy. At present, there are few reports on factors affecting RPP30 expression levels, which may be related to the existence of RPP30 in all three fields of life (archaea, bacteria, and eukaryotes), and because it is widely expressed in different tissues whose gene sequences are conserved and homologous, such as in humans, chimpanzees, rhesus monkeys, mice, fruit flies, Saccharomyces cerevisiae, and archaea (127). In addition, currently, research on RPP30 is scant.

The mRNA of β-actin and GAPDH are not highly expressed in all cell types or tissues of chicken embryos, and the expression levels are different in different tissues (115), which is similar to the 15-fold difference between the highest and lowest expression levels of GAPDH in different human tissues observed by Barber et al. (128). GAPDH expression levels also vary in different varieties of the same plant (129). Furthermore, β-actin and GAPDH expression levels fluctuate significantly at different stages of lymphocyte activation (116), which may be related to their participation in other cellular biology functions. RPP30 mRNA expression in different tissues is more stable than those of β-actin and GAPDH. In addition, RPP30 is widely expressed in 27 human tissues, is relatively conserved in structure and function, is not correlated with DNA content in the sample, and is not affected by the content of genes to be tested, resulting in high application value in a series of samples with scarce and uneven DNA content (91). Currently, to reduce the inaccurate data caused by differences in the expression of internal reference genes among different tissue types, RPP30 has become the main internal reference gene for quantitative detection of genes (130).

Moreover, the expression level of the three genes is affected by age (10, 117); their expression level decrease with age, but it is not known whether the specific mechanism is the same. There are also differences in the expression level of β-actin at different developmental stages (131). The factors affecting the expression level of RPP30 RNA in different pathological states, experimental conditions, and tissue types is lower than that of the commonly used internal reference genes, β-actin and GAPDH. RPP30 has good amplification efficiency and may be better used in RT-PCR experiments. Currently, there is no housekeeping gene that has stable expression, is abundant, and consistent under any condition (132). Therefore, specific reference genes should be verified and selected according to experimental conditions and sample type (102, 118).



Conclusion

RPP30 is a highly conserved gene that has homologous genes in 16 species. Although RPP30 is a housekeeping gene and its encoding protein is a key subunit that maintains basic life activities, it is rarely reported to be associated with human diseases, and is overexpressed only in a few patients with cancer. In addition, compared to traditional reference genes, RPP30 has advantages of short sequence length, is widely and uniformly expressed in various tissues, and its expression level is rarely disturbed by external factors. Overall, RPP30 has great prospects and value as an internal reference gene. To date, RPP30 has been used as an internal reference for nucleic acid tests of Sars-CoV-2, evaluation of therapeutic drugs and drug side effects, analysis of the feasibility of HIV detection, and many other diagnostic experiments. However, due to the unstable detection results of the RPP30 protein, there are no studies that have used RPP30 as a reference in western blotting.

In such conditions, RPP30 may not be the first choice as a reference gene for these tests. Regardless of which kind of reference that is chosen, it may be affected by a few inevitable conditions. Thus, the correct reference to be used for these tests should be further explored.
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In recent years, spatial transcriptomics (ST) technologies have developed rapidly and have been widely used in constructing spatial tissue atlases and characterizing spatiotemporal heterogeneity of cancers. Currently, ST has been used to profile spatial heterogeneity in multiple cancer types. Besides, ST is a benefit for identifying and comprehensively understanding special spatial areas such as tumor interface and tertiary lymphoid structures (TLSs), which exhibit unique tumor microenvironments (TMEs). Therefore, ST has also shown great potential to improve pathological diagnosis and identify novel prognostic factors in cancer. This review presents recent advances and prospects of applications on cancer research based on ST technologies as well as the challenges.
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Introduction

Cancer is the leading cause of death worldwide (1). A series of studies have shown that high cellular heterogeneity is one of the main causes that make cancer difficult to cure (2). Therefore, it is of vital importance to characterize the heterogeneity of tumor. Single-cell sequencing technologies, especially single-cell RNA sequencing (scRNA-seq), provides useful tools for uncovering cellular heterogeneity (3–6). However, they always lose spatial histology information while cell dissociation, hence difficult to characterize spatial cellular interactions and organization of tumors.

The spatial structure of tumors is closely related to tumorigenesis, progression, and treatment response. Histologically similar tumors from different regions are molecularly distinct and have different tumorigenicities, showing the association of tumor initiation and the spatial location (7). In addition, spatially adjacent cells have stronger interactions, which could functionally remodel the TME and promote tumor progression (8, 9) and evolution (10). The tumor cells at different positions may exhibit heterogeneous metastatic potential (5), while the site of lymphocyte infiltration usually indicates specific treatment response (11). Scientists have used immunohistochemistry (IHC) and immunofluorescence (IF) staining etc. technologies to locate the cells and proteins in flash-frozen or formalin fixed paraffin-embedded (FFPE) tissue sections. However, these approaches are low-throughput and can only label limited number of pre-selected proteins in a specific section, thus incapable of discovering the distribution of novel proteins or cell types. By contrast, ST technologies have much higher throughput and can capture the whole transcriptome, showing its power in constructing spatial cell atlas in embryo, brain, heart, etc. (12). In the meanwhile, an increasing number of studies used ST to profile spatial heterogeneity of cancers (13, 14). Currently, ST has been used to distinguish tumor and non-tumor tissues, special spatial areas such as tumor interface and tertiary lymphoid structures (TLSs) (15–17), and identify spatial-specific prognostic factors in cancer (18, 19).

In this article, we first made a brief introduction of ST techniques, and reviewed recent studies on cancer research using ST. Then, we proposed our insights into the challenges and prospects of applying ST into cancer research.



Categories of ST

ST technology could be divided into two main categories according to detection methods, including imaging-based methods and sequencing-based methods (20). Imaging-based ST methods consist of in situ hybridization (ISH) and in situ sequencing (ISS) (Table 1). In ISH, RNA molecules from individual parts (or cells) within the tissue were achieved by hybridizing a labeled probe complementary to the target of interest. This technique was first used for visualizing gene expression in 1982 (21). Single-molecule RNA fluorescence in situ hybridization (smFISH) has a stronger and more robust signal compared with initial ISH (22). Afterwards, seqFISH (23), seqFISH+ (24), multiplexed error-robust FISH (MERFISH) (25), MERFISH+ (26) et al. further improved smFISH in the aspect of target throughput. Nevertheless, ISH-based methods are not transcriptome-wide, which always need prior knowledge to design probes and obstruct comprehensive expression analysis in a single experiment (27–29). In ISS, RNA molecules from a cell are sequenced directly in its tissue context. The first ISS technique was published in 2013, using padlock probes to target known genes (30). Later, BaristaSeq (31) and STARmap (32) improved sensitivity and/or number of detected genes. In short, most ISS-based ST techniques have subcellular resolution. However, they usually have a limited number of targeted genes or low detection efficiency (33), thus restricting their applications in the specific scenarios (Table 1).

The sequencing-based ST techniques include laser capture microdissection (LCM)-based methods and in situ barcoding (ISB)-based methods (Table 1). LCM-based methods, such as geographical position sequencing (Geo-seq) (34), TIVA (35) and NICHE-seq (36), utilize a laser beam to cut out specific tissue regions identified under a microscope (37, 38). Compared with initial LCM method, Geo-seq improved sensitivity but with lower resolution. TIVA can be performed on live cells but with low throughput, while NICHE-seq has higher throughput but not applicable to human samples. Generally, LCM-based ST techniques are labor-intensive and low-throughput, thus inapplicable of processing samples in batches. ISB-based ST techniques capture RNA molecules in situ, then perform cDNA sequencing ex situ. In terms of barcoding, it can be subdivided into two groups. The first group uses solid phase-based capture (SPBC) methods (13), and the tissue is transferred to a substrate bearing a pre-arranged set of DNA barcodes, which includes 10x Genomics Visium (39), Slide-seq (40), Slide-seq2 (41), HDST (42), Stereo-seq (43) etc. The second group, including NanoString digital spatial profiling (DSP) (44) and ZipSeq (45), uses selective barcoding methods, which means DNA barcodes are either collected from or delivered to selected tissue locations. ISB-based ST techniques have been used to study mouse olfactory bulb, gingival tissue, adult human heart tissue as well as multiple cancers (12). Most ISB-based techniques are transcriptome-wide with relative higher throughput, and some of them have subcellular resolution including Seq-Scope (46), HDST (42), APEX-seq (47), PIXEL-seq (48) and Stereo-seq (43) etc.


Table 1 | Current ST technologies.



Apart from the above-mentioned two ST categories, there also exists bioinformatic methods for reconstructing spatial positions of cells using scRNA-seq data. For example, novoSpaRc allows for de novo spatial reconstruction of single-cell gene expression with no inherent dependence on any prior information (49). Though many tools are available for the reconstruction of spatial positions of cells currently, their effectiveness remains to be validated in the future (50).



ST provides new insights in cancer research


Spatial heterogeneity of the tumor cell

Tumor tissues roughly consist of various cell types, including tumor cells, stromal cells, and immune cells (51) (Figure 1A). The differential cell composition induces the diversity and heterogeneity of TME. The heterogeneity confers different abilities of proliferation, immune resistance, immune escape, and survival etc. on tumor cells, which is reflected in many aspects, such as cell composition, gene expression pattern and cell spatial positions. Thus, tumor cells can be divided into several subpopulations in terms of genotype, phenotype, or spatial position.




Figure 1 | Spatial heterogeneity of the tumor. (A) ST techniques have been used to characterize the spatial architecture of tumors. For example, the tumor core (dark grey) and periphery (light grey) have different tumor cell subpopulations (light bule to dark blue). The TLS was found in or near the tumor, which aggregates diverse lymphoid cells. (B) CDH12+ tumor epithelial cells colocalized with exhausted CD8+ T cells in bladder cancer. (C) The tumor core and periphery had different signature genes in PC. (D) HER2+ and ESR1+ breast tumor subclones had mutually exclusive localizations in BC. (E) Tumor-specific FAP+ fibroblasts and SPP1+ macrophages colocalized in the CRC tissue. (F) TLSs have specific cell composition and signature genes. (G) The tumor interface has unique TME. Immune cells such as macrophages and NK/T cells were recruited to the interface and the region nearer to the interface enriched more immune cells in ICC. FDC, follicular dendritic cell; FRC, follicular reticular cell. PC, prostatic cancer. CRC, colorectal cancer. TME, tumor microenvironment. ICC, intrahepatic cholangiocarcinoma. BC, breast cancer. TLS, tertiary lymphoid structure.



Currently, neoplastic spatial heterogeneity has been reported in multiple malignant tumors, such as invasive micropapillary carcinoma (IMPC), gastric cancer (GC), glioblastoma (GBM), primary liver cancer and melanoma (19, 52–55) (Table 2). For instance, ERBB2, the receptor of HER2, differentially expressed in multiple tumor areas on the same ST slide (15). Further analysis showed these differentially expressed genes (DEGs) were associated with immune response, mitogenic programs and tumor invasion pathways, suggesting different areas may have differential abilities on tumor progression, invasion and immune resistance (39). Additionally, certain stress may induce certain new cell populations, which adapt to the specific TME. For instance, a functional subgroup was found in mouse pancreatic cancer model in a hypoxic microenvironment. Furthermore, the hypoxia-induced tumor tissues had less subpopulations and simplified functions (53). Intriguingly, though tumor cell subpopulations are spatially heterogeneous on the same slide, the transcriptional profile of each subpopulation is probably recurrent across tumor slides. Further analysis revealed these transcriptional programs were independent of cell-cycle states, thereinto reactive-hypoxia was associated with chromosomal alterations, indicating potential connection with genome instability (56). Moreover, tumor epithelial cells also exhibited specific colocalization with immune cell subpopulations (57, 58). In bladder cancer, CDH12+ epithelial cells colocalized with exhausted CD8+ T cells (57) (Figure 1B). In breast cancer (BC), tumor epithelial cells were negatively correlated with cancer-associated fibroblasts (CAFs), endothelial cells, B cells etc. (15). In sum, the diverse colocalization of tumor cell and other cell types inflects potential cell-cell interactions and the complex TME in tumors.


Table 2 | ST-based cancer studies.



Tumor cells also showed different gene expression profiles in tumor core and periphery. Compared with tumor core, the tumor peripheral area is nearer to adjacent normal tissues, thus it has different TME (Figure 1A). In a neuroblastoma mouse model, a tumor cell cluster, which was most enriched at the tumor core, expressed more cancer-associated genes than that dispersed all over the tumor area (81). In prostatic cancer (PC), TAGLN (tumor suppressor) and HLA had higher expression in the periphery, whereas NUPR1 and KLK4 etc. were expressed higher in the tumor core (82) (Figure 1C). These findings jointly indicate the tumor core probably is more malignant than the periphery.

A series of ST-based studies showed tumor subpopulations are spatially mutually exclusive on the same slide (Figure 1A). In BC, the tumor area with high signatures of epithelial-mesenchymal transition (EMT), interferon (IFN) and major histocompatibility complex (MHC) was negatively correlated with that with high signature of proliferation (11). Another study revealed HER2+ and ESR1+ breast tumor clones had mutually exclusive localizations (83) (Figure 1D). In primary pancreatic ductal adenocarcinomas (PDAC), TM4SF1+ tumor cells had mutually exclusive spatial locations with S100A4+ tumor cells (52). Another study identified three recurrent sub-TME phenotypes within the same tumor tissue in PDAC, which also showed clear boundaries with each other (84). The mutually exclusive locations of tumor cell subpopulations suggest different clonal origins and potential competition across tumor areas (39).



Spatial heterogeneity of microenvironment

The stromal cell is an important component of TME, which is associated with tumor growth, progression, immunosuppression and metastasis (85–89). ST has uncovered a series of spatial distribution preference of stromal cells in TME. For example, in a lung cancer mouse model, loss of Tgfbr2 resulted in a remodeling of the stroma and induced tumor development (89).

Among stromal cells, fibroblasts showed the most prominent spatial colocalization features in multiple cancer types. In bladder cancer, fibroblasts were observed resided in close proximity to CDH12+ epithelial cells (57). In colorectal cancer (CRC), tumor-specific FAP+ fibroblasts and SPP1+ macrophages colocalized in the tumor area, which were proved contributed to desmoplastic TME (90) (Figure 1E). In PDAC, fibroblasts and terminal ductal cell populations were significant enrichment in tumor areas, suggesting ductal cells in the cancer region may express hypoxia-response genes due to low oxygen content. In diffuse-type GC, CCL2+ fibroblasts and endothelial cells were enriched in the deep invasive layer of GC compared with the superficial layer, suggesting a greater ability of tumor invasion (91). In addition, CAFs also exhibited well-preserved colocalization patterns with endothelial cells and perivascular cells (15), which is consistent with a previous study in cutaneous squamous cell carcinoma SCC (92). Interestingly, in cervical SCC, CAFs were enriched around certain tumor areas. Compared with tumors without surrounded by CAFs, CAF-surrounded tumors were more active in metabolism and cell growth and downregulated cellular adhesion, apoptosis, and immune response, suggesting a supportive TME for tumor progression and metastasis (93). On the other hand, fibroblast subpopulations may have mutually exclusive locations. For example, Wu et al. found spatially negative correlation between myofibroblast-like CAFs and inflammatory-like CAFs in estrogen receptor positive and triple-negative breast cancer (TNBC) samples (11). This finding was also observed in a HER2+ breast tumor dataset, suggesting a conserved relationship across BC subtypes (15).

The immune cell infiltration is frequently observed in tumor tissues, which is closely associated with treatment response (94). However, not all immune cells can infiltrate into tumors (81), especially in metastases (95). ST-based studies have shown the immune cell has a specific preference on the spatial distribution as well. For instance, in a lung cancer mouse model, immune cells were more concentrated in the outer area of tumors, particularly CD4+ and CD11c+ cells. Intriguingly, when Irf1 or Socs1 was knocked out, immune cells were scattered throughout the tumor (89). As we know, macrophages can be roughly divided into M1 macrophage and M2 macrophage in terms of encouraging or decreasing inflammation (96). M1-like macrophage and M2-like macrophage appeared to have mutually exclusive locations in PDAC. Of note, a M2-like macrophage subpopulation was observed colocalized with proliferating cancer cells (83, 90). The M2-like macrophages were most enriched in the ducts, whereas the M1 macrophage were enriched in the stroma and cancer regions (52). Similarly, in BC, two macrophage subpopulations, which were outside of the conventional M1/M2 classification, displayed a modest negative spatial correlation (11). In addition, macrophage subpopulations also colocalized with T cell subpopulations in BC and neuroblastoma (15, 81). Further analysis revealed the colocalization might be associated with immune activation and tumorigenesis. In GBM, the colocalization of immune cells and stromal cell subpopulation was associated with immunosuppressive microenvironment (54, 97). Additionally, the presence of certain tissues may also influence the distribution of T cell subtypes. In liver cancer, intact continuous fibrous capsule indicated significant decrease of exhausted T cells and downregulated immune checkpoint genes, suggesting it may act as a barrier preventing the infiltration of immune cells (16). In addition, SPP1+ tumor-associated macrophages (TAMs) were colocalized with proliferating cancer cells (83), which is consistent with a recent study in CRC (90).



Special spatial structures in TME


Tertiary lymphoid structures

TLSs, sometimes also known as tertiary lymphoid organs or ectopic lymphoid structures, are organized aggregates of lymphoid cells that arise postnatally in nonlymphoid tissues, such as tissues subjected to chronic inflammation and cancers (98). They are characterized by an inner zone of CD20+ follicular B cells surrounded by CD3+ T cells. Recently, more evidence supported the important function of TLS in delaying or promoting cancer progression (98–100).

TLS was mostly found in para-tumor tissues (16). However, it also exists in tumor, leading-edge and para-tumor areas (19, 98) (Figure 1A). Previous studies generally identify TLS by multiple IHC or multiplex IF staining (101–103), which is accurate but labor-consuming and low-throughput. Mature TLSs are characterized by the presence of a germinal center containing T follicular helper (Tfh) cells and follicular dendritic cells in close contact with B cells (104). TLS could be identified by certain gene signatures or cell population aggregates using ST (Figure 1F; Table 2). For example, in BC, Andersson et al. evaluated the degree of B- and T-cell colocalization by spot deconvolution, ergo potentially constituting parts of a TLS which they called TL-like structure. At last, they proposed a TLS signature with 171 genes for TLS prediction (15). In renal cell carcinoma (RCC), Meylan et al. proposed a TLS signature with 29 genes (17). A similar gene signature was also proposed in liver cancer (16). Of note, in BC, researchers found a negative correlation between B cells and plasma cells, and colocalization of B cells and T cells (15), which probably suggested the presence of TLS.



Tumor interface has unique ecosystem

The tumor interface, the invasion front for tumor cells to expand, is a critical region to uncover the tumor invasion and progression (5, 105–107). The intermediate zone between the tumor tissue and the non-tumor tissue has unique microenvironment, thus existing unique characteristics in cell-cell interaction, cell composition and immune states (Table 2).

The tumor interface exhibits a transitional state between the tumor and adjacent non-tumor tissues. In a zebrafish model of melanoma, a distinct cell cluster at the interface was found histologically resembled the microenvironment, but transcriptionally resembled tumor, and may function as a bridge for interaction between tumor and neighboring tissues (107). This unique interface was also observed in human melanoma (107). In primary liver cancer, PROM1+ and CD47+ cancer stem cell (CSC), which was scattered in tumor areas, was found to be gradually increased from leading-edge to tumor to portal vein tumor thrombus, and closely related to TME remodeling and tumor metastasis. The unique metabolic features at the interface, where may occur sudden decrease or increase of certain hallmark pathways, suggest it may serve as a buffer between tumor and normal regions (16).

The tumor interface has specific cell compositions. In cutaneous SCC, a tumor-specific keratinocyte (TSK) subpopulation located at the leading edges functioned as a hub for intercellular communication, which is probably due to short distance between the interface and tumor or normal tissues (92). In BC, LumA tumor cells scarcely existed in the interface of tumor, whereas LumB cells were scattered throughout the tumor tissue, suggesting heterogeneous spatial distribution of tumor cell subpopulations (108). In a mouse pancreatic cancer model, a tumor cell cluster upregulated LDHA (a hypoxia-related gene) in the interface area compared with that in the tumor center and had stronger ability for survival and invasion (53).

The tumor interface has unique immunosuppressive TME as well. In intrahepatic cholangiocarcinoma (ICC), macrophage and NK/T cells were enriched close to the boundaries. Of note, immune cells were recruited to the borderline from the tumor side, and the region nearer to the borderline enriched more immune cells, showing the heterogeneous distribution of immune cells in both the axial and lateral directions (Figure 1G). Additionally, immune checkpoint genes such as BTLA, CTLA4, CD96 and IDO1 were enriched on the tumor side of the interface (19, 113). Similar aggregation of macrophage subpopulations and T cells was also reported in ICC metastases (113). In GBM, a subset of IL-10-releasing HMOX1+ myeloid cells were identified in the direct neighborhood of mesenchymal-like tumor regions, which drove T cell exhaustion and thus facilitated the immunosuppressive TME (97). In TNBC, a CD8+ T cell population was identified at the interface instead of tumor core, but their functions need further elucidation (109).




Treatment response

It is very important to predict the response of cancer patients for specific cancer therapy clinically. However, it is quite difficult due to complex tumor heterogeneity (2, 123). ScRNA-seq has revealed specific cell components could influence treatment response in diverse cancers (127). ST further revealed the specific spatial aggregation and cell-cell interactions of certain cell subpopulations could induce differential treatment responses. For instance, the TLS, which aggregates immune cells in or near the tumor, provides a niche that promotes in situ B cells maturation toward plasma cells in RCC (17). These plasma cells disseminate into the tumor tissue and can produce IgG. The tumors with high percentages of IgG-labeled tumor cells were more infiltrated with CD68+ macrophages, which is one of the main effectors of antibody-dependent cellular cytotoxicity (17). This process may promote immunoreactivity and results in better response to ICI treatment. Additionally, the tumor invasive front was found enriched with specific cell subpopulations, which differ in metabolic states and functions from those elsewhere. SAA+ hepatocyte subpopulations near the invasive front are associated with recruitment of M2-like macrophages in ICC, which may form a niche with impaired immune response and promote further tumor invasion and a worse treatment response (19). Moreover, ST also uncovered the connection between specific cell-cell interaction and treatment response. Most FAP+ fibroblasts and SPP1+ macrophages were colocalized in CRC (90, 121). These FAP+ fibroblasts enhanced the recruitment and the proinflammatory activity of SPP1+ macrophages through WNT5A-FZD2 pairs and the expression of TGF-β superfamily genes (immunosuppressive molecules) etc., respectively. In addition, FAP+ fibroblasts and SPP1+ macrophages upregulated genes of extracellular matrix (ECM)-related pathways, suggesting their role in facilitating the generation of desmoplastic structures, which further limited the immune cell infiltration and induced diminished ICI treatment response (90, 121). Interestingly, the interaction of macrophage subpopulations also affects the treatment response in colorectal cancer liver metastasis (116).




Clinical application of ST


Diagnosis

The IHC technique has long been used by physicians and pathologist to diagnose a tissue as benign or malignant, determine the grade and stage of a tumor, identify the cancer cell types, and find the origin of metastasis (128–130). Compared with IHC- and IF-based methods, ST has comparable resolution and is almost transcriptome wide, indicating an enormous potential in cancer pathology (20, 131). Through spot deconvolution and prior cell marker genes, researchers can estimate the cell composition of spots and further divide the ST sections into several spatially different areas i.e., tumor area, tumor leading-edge area and para-tumor area. Several pilot studies have shown ST-based pathological annotations displayed comparable or even higher accuracy than that from pathologists (38, 82, 110, 112, 123) (Table 2). Moreover, ST can distinguish cancer subtypes as well (108). For example, Svedlund et al. developed an ISS-based tool called OncoMaps for identification of BC subtypes and predicting recurrence risk (124). Yoosuf et al. trained a machine learning model based on the expert annotation of hematoxylin and eosin (H&E)-stained images and ST data to classify BC tissues into non-malignant, ductal carcinoma in situ (DCIS) and invasive ductal carcinoma (IDC) regions with precision up to 96 – 100%. This classification method may provide clinical support for pathologists in the future (125).



Prognosis associated factors

Prognostic factors can indicate the clinical outcomes of various kinds of diseases (132) (Table 2). Currently, three kinds of prognostic factors identified by ST have been reported in multiple cancer types. The first is gene markers. In melanoma, in the tumor compartment, high expression levels of CD8, CD3, TIM3, IDO1 etc. suggested longer progression free survival (PFS), whereas high levels of B2M and PD-L1 in macrophage compartment were associated with longer overall survival (OS) (18). In ICC, hepatocytes close to invasive fronts with high expression level of SAA1 and SAA2 were correlated with worse prognoses (19). Moreover, many gene markers were identified in PDAC, liver cancer, BC, bladder cancer, SCC and GC (53, 92, 112, 114, 121, 126, 133). Cell subpopulations were also potential markers of prognosis. For example, CCL2+ endothelial cells and fibroblasts in the deep invasive layer were associated with poor clinical outcomes (91). Similarly, in bladder cancer, CDH12+ epithelial cell was associated with poor prognosis (57). Additionally, FAP+ and INHBA+ CAFs, and high expression of HSF1 were reported negatively correlated with survival in GC (58, 126). In glioma, blood-derived TAMs indicated poor prognosis (54). A gene signature usually consists of tens to hundreds of genes, which can serve as a prognostic factor as well. For instance, in PC, Taavitsainen et al. proposed a gene signature called PROSGenesis score and further demonstrated high PROSGenesis score was associated with good prognosis (123). In HCC, Wu et al. proposed high TLS-50 signature score was associated with good prognosis (16). Unsurprisingly, higher CAF signature predicted unfavourable PFS and OS in cervical SCC (93) and GC (126).




Challenges of ST

ST has displayed its advantages in characterizing tumor heterogeneity in gene expression patterns and cell compositions, and potential in clinical studies (12, 134). Though powerful, the cost will limit its wide application. More importantly, two aspects of technical issues also need to concern.

On the one hand, the performance and applicability of ST need to be further improved. First, the detection efficiency of ST is relatively low compared with scRNA-seq (29), which can hardly capture RNA molecules with low expression levels, leading to missing of potential genes that play a role in tumor progression, metastasis, or relapse. Since for most high-resolution SPBC techniques, the area with barcode to capture molecules is less than 30%, thus more than 70% of the mRNA molecules will be missing. Second, most ST approaches only obtain single-end transcripts instead of the full-length transcripts. Thus, it is hard to investigate immune cell receptor repertoires and alternative splicing events, which are important for cancer research. Furthermore, full-length transcripts will make it possible for variant calling across the transcriptome and differential expression analysis at the isoform level as well (135). Third, ST is not exactly suitable for FFPE samples. FFPE tissue blocks, which are the gold standard method of preservation of human tissue for diagnosis, are usually stored for a long time. Consequently, RNA molecules in these blocks are often degraded seriously, hence it is a great challenge to utilize these samples. NanoString DSP and 10x Genomics Visium have shown their compatibility for FFPE tissue blocks (17, 18, 136). However, the quality of data probably varies with specific samples and is much lower than using the fresh one.

On the other hand, the bioinformatic tools for ST data analysis do not meet current needs. Generally, extracting valuable information from raw ST data requires several steps of data processing, including imaging processing, reads mapping, gene expression mapping, followed by downstream analysis such as spot deconvolution, clustering, detection of spatially variable genes, cellular interaction inference, and trajectory inference et al. (137) (Supplementary Table 1). Some of these steps, such as deconvolution and clustering, are also frequently used in bulk RNA-seq and/or scRNA-seq data processing, hence many tools initially designed for RNA-seq or scRNA-seq are compatible with ST data. However, their power will unavoidably decrease due to neglect of spatial location and data structure features (50). Thus, it is essential to take features exclusive to ST data into consideration. First, for ST with multicellular resolution, there are plenty of tools for deconvolution of spots, such as SPOTLight (138), SpatialDWLS (139), CARD (140) and Stdeconvolve (141) etc., yet it is difficult to affirm the precise number of cells within a spot but for H&E-stained images. In addition, for ST with subcellular resolution such as HDST (42) and Stereo-seq (43), few tools could identify the individual cell by merging multiple adjacent spots. To distinguish an individual cell from ST is quite important if we want to make full use of this ultra-high-resolution technology. Second, tools for integrating spatial data from multiple batches, platforms, omics, and species are scanty. In this aspect, Spacemake (142), BASS (143) and MAPLE (144) claimed their capacity of multi-platform data integration of ST, but it is essential to further confirm their effectiveness.

Previous studies have shown the prevalent existence of heterogeneity in genomics, transcriptomics, proteomics, and epigenomics (145). However, single-omics technology can only profile the tumor heterogeneity from a specific angle, which ineluctably loses a large amount of information about the other omics. To handle this problem, scientists have developed a series of multi-omics techniques parallel sequencing of single-cell genomes and transcriptomes (146–152). At present, spatial multi-omics technology such as MOSAICA (153), DbiT-Seq (154), SM-Omics (155), NanoString CosMx™ SMI platform (156) and spatial protein and transcriptome sequencing (SPOTS) (157) etc., can quantify the transcriptome and multiple proteins and retain the spatial coordinates. The multi-modal spatial genomics approach provides a promising platform for studying the intrinsic and extrinsic factors contributing to spatial heterogeneity in gene expression and genomic variants (158). Currently, spatial multi-omics has been used in cancer research (41). Another study tried to integrate protein subcellular localization, affinity proteomics, mass spectrometry (MS) data sets and RNA-seq information in a human lymphoma cell line. Their work helps to deepen the knowledge on the architecture of the cells and the complexity of cancer heterogeneity (159). In sum, multi-omics technology has shown its unprecedented value in cancer biology.



Prospects of ST in cancer research and clinical application

ST techniques have ultrahigh resolution and retain the spatial information of genes and cells, which make them capable of solving many outstanding biological questions. As we know, most current ST can only display gene expression profile and organization of cells on the plane, which is two-dimensional, and does not truly recapitulate the spatial, cellular, and chemical environment of highly complex tumors and their stroma (160). The real spatial atlas should be three-dimensional (3D), which can restore the most realistic spatial environment of cells in tumors, and further provides a more precise atlas and solid basis for research on the mechanism of tumorigenesis and progression, cancer heterogeneity, and clinical applications. Currently, there are bioinformatic tools for reconstruction of 3D ST atlas using multiple sequential adjacent slices and the 3D architecture of human heart (161), cardiac organoid (162), and mouse brain (163, 164) etc. have been reconstructed (Supplementary Table 1). However, few studies characterized the 3D structure of tumor tissues (165). We believe the reconstruction and characterization of the 3D architecture of tumors based on ST will revolutionize our knowledge of cancer. In addition, ST may shed light on the role of organelles in cancer. Compared with normal cells, cancer cells display alterations in energy metabolism, which are closely associated with mitochondrial activities (166). Subcellular ST techniques could help to precisely locate the genes that involve in the abnormal energy metabolism and further reveal the mechanism of how they contribute to cancer growth. Previous research also revealed lysosomal related to the dysregulation of tumorigenesis-associated pathways in cancer (166). Interestingly, the intracellular positioning of lysosomes has close connection with the function of cells. For example, the lysosomal subpopulations at the edges of the cancer cell could regulate cell adhesion, exocytosis, and invasion (167). However, it is not clear how the spatial position affects the functions of lysosomes. In this respect, ST techniques such as APEX-seq (47), show great potential for discovering the genes and pathways involved in the functional transition within the organelle. Moreover, ST also shows great potential in premalignant disease research. Currently, the aggressiveness of a premalignant lesion is primarily evaluated by cell morphology (168). However, cell morphology alone is not always sufficient for predicting the evolutionary trajectory of a premalignant lesion. ST remains spatial information as morphology, and it has higher resolution and could predict the differentiation directions of tumor cells based on gene expression profiles and splicing events (169, 170). The additional information provided by ST allows it to identify the precancerous lesions more accurately.

Tumorigenesis, tumor progression and metastasis usually accompany with genomic, transcriptomic, and metabolic changes, which can serve as a basis for diagnosis and identification of subtypes of cancer (171, 172). Recent studies proved ST could obtain these variations (16, 56, 172–175), suggesting ST has great potential in cancer clinical application, especially for digital pathology (DP). In addition, the combination of ST and other information, i.e. pathological imageology and spatial proteasome, may bring new insights into DP (176).



Concluding remarks

Currently, there are two major kinds of ST techniques in term of the experimental principle, thereinto ISB-based ST technique is among the most promising one due to high resolution and throughput, as well as the ability of whole transcriptome profiling. ST has shown its power in characterizing spatial heterogeneity and clinical applications in cancer. Researchers have profiled the TME in PDAC, BC, CRC, GC, PC, lung cancer, liver cancer, skin cancer, gliomas etc. based on ST. In addition, an increasing number of studies have shown the strength of ST in pathological diagnosis. Many novel potential prognostic markers were also discovered recently. These results jointly suggest ST is a promising technology for comprehensively elucidating spatial heterogeneity, discovering specific spatial structures in tumor tissues as well as for applications in clinical such as pathological diagnosis and prognostic prediction.

With the development of ST techniques and matched bioinformatic tools, the challenge in cost, sensitivity, and automation will be overcome in a few years. In addition, spatial multi-omics technology further integrates transcriptome with other omics such as proteomics, providing more comprehensive landscape of cancer, which may revolutionize our knowledge on cancer. In conclusion, ST technology is progressing rapidly, and it is promising for cancer research and clinical application.
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Osteosarcoma (OS) is the most common primary malignant bone tumor that mainly affects the pediatric and adolescent population; limb salvage treatment has become one of the most concerned and expected outcomes of OS patients recently. Phototherapy (PT), as a novel, non-invasive, and efficient antitumor therapeutic approach including photodynamic therapy (PDT), photothermal therapy (PTT), and photobiomodulation therapy (PBMT), has been widely applied in superficial skin tumor research and clinical treatment. OS is the typical deep tumor, and its phototherapy research faces great limitations and challenges. Surprisingly, pulse mode LED light can effectively improve tissue penetration and reduce skin damage caused by high light intensity and has great application potential in deep tumor research. In this review, we discussed the research progress and related molecular mechanisms of phototherapy in the treatment of OS, mainly summarized the status quo of blue light PBMT in the scientific research and clinical applications of tumor treatment, and outlooked the application prospect of pulsed blue LED light in the treatment of OS, so as to further improve clinical survival rate and prognosis of OS treatment and explore corresponding cellular mechanisms.
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Introduction

Osteosarcoma (OS) is the high-grade malignant bone tumor, mainly occurring in children and adolescents but a second and smaller peak in elderly patients (1). It exhibits a preference to arise in the metaphysis of long bones and the sites of rapid bone growth, such as the distal femur (43%), proximal tibia (23%), proximal humerus (10%), skull, mandible, and other sites (2, 3). Despite the high survival rate of OS (70%∼80%) with traditional therapy nowadays, around 20% after metastasis is still dismal (3, 4). In particular, limb salvage, postoperative quality of life, and inhibition of metastasis are the most important issues in the current treatment of OS (3, 5). Therefore, the exploration of new treatment methods is extremely important.

At present, some new antitumor methods, such as targeted therapy and immunotherapy, continue to play an important role in the treatment of a variety of cancers (6, 7). However, due to the defects of drug resistance and specific treatment, there are still many problems in clinical treatment. On the other hand, phototherapy, a novel, non-invasive, and efficient antitumor therapy, including photodynamic therapy (PDT), photothermal therapy (PTT), and photobiomodulation therapy (PBMT), has gradually become a hot spot in the current scientific research and clinical experiments of OS (8). Currently, the laser and LED are two common light sources in phototherapy. LED devices are gradually widely applied in cancer treatment research fields because of their cheapness, large radiation range, and wearability (9). Therefore, LED phototherapy will develop rapidly in deep cancer treatment in the future.

Current research shows that continuous wave light PBMTs have been gradually applicated in dermatology (acne, eczema, and psoriasis) and skin cancer in vitro and in vivo. For example, Oh et al. (2015) found that blue light had antiproliferative and proapoptotic effects on melanoma cells and reduced tumor growth in mouses (10). Chen et al. (2021) summarized the research status of light therapy for melanoma in the past 20 years and also found that blue light can effectively inhibit the proliferation of melanoma cells (11). Besides, the growth of malignant glioma (12), mouse B-cell lymphoma (13), colon cancer (14), and pancreatic cancer (15) can be effectively inhibited by blue light in animal experiments. However, due to the limited tissue penetration of continuous wave light, there are still limitations in the study of deeper tumors. On the other hand, pulse mode LED light can make up for the defect of low tissue penetration of continuous wave light due to high peak irradiance (16, 17). At the same time, adjusting the pulse mode can effectively ensure the stability of temperature, so as to achieve the inhibitory effect of high light intensity on superficial epidermal tumors such as skin tumors (11). Although some studies have shown that phototherapy can effectively inhibit tumor proliferation in vivo and in vitro, numerous studies have not carried out long-term safety testing, so the safer spectral application mode and subsequent safety testing related research need to be further explored.

In brief, we described the development and current treatments for OS before focusing on research progress from traditional therapies to new therapeutic approaches including targeted therapy, immunotherapy, PTT, PDT, and PBMT that played an irreplaceable role in improving survival rate of clinical for this disease. Finally, we mainly focused on the research status of PBMT of blue LED light in the treatment of OS, looked ahead to the results of existing research in this laboratory, and further discussed the research prospect of blue light and the related mechanism of phototherapy in OS.



Occurrence and metastasis of osteosarcoma

OS is a genetically diverse and karyotypically complex cancer characterized by chromosomal instability, copy number alterations, and chromothripsis, mainly originated from bone with high concentrations of mesenchymal progenitor cells and developed in bone (18, 19). A number of studies identify mesenchymal stem cells (MSCs) or committed osteoblast precursors as the OS cell of origin (20). As research on OS deepens, more etiologies are identified such as several chemical agents (beryllium, methylcholanthrene), viruses (FBJ), and hereditary diseases (Li–Fraumeni syndrome, Rothmund–Thomson syndrome, and Bloom syndrome), while leading to prevalent alterations in tumor-suppressor genes, including TP53 (>90%), RB1 (29%), DLG2 (53%), and ATRX (29%) (21, 22). As mentioned earlier, the tumor-suppressor pathway regulated by p53 and Rb is one of the main factors involved in the etiopathogenesis of OS, mainly regulated in DNA damage and cell-cycle progress (23). Chou and Gorlick (2006) provided a paradigm in the potential pathogenesis of OS, mainly including the main development mechanisms of precursor cells and early OS cells (19, 24).

Recent findings also indicate that OS progression is a multistep and complicated process associated with an intricate tumor microenvironment. The mesenchymal stroma played a critical role in OS growth, maintenance, and micrometastasis, and the interactions between OS cells and multiple factors (cytokines, exosomes, metabolites) in mesenchymal stroma reveal the complexity of OS occurrence (19).

OS cells perform a high propensity to spread and metastasize, which seems to be the most important internal factor for poor prognosis in OS patients (2). The inability to detect the occurrence of OS metastasis in a timely and rapid manner is the main reason for the low cure rate of metastatic patients. Therefore, new detection methods and comprehensive and in-depth understanding of the molecular mechanisms of OS metastasis are urgently needed to develop. Studies have shown that primary OS mainly metastasizes to the lungs (81.2%), and other metastatic sites include bone and lymph nodes (25). Many researchers have conducted sweeping research on OS metastasis. Sheng et al. (2021) reviewed the metastasis process of OS according to the existing research results and provided a comprehensive understanding of cross-regulatory networks in metastasis based on the diverse biological behaviors and associated mechanistic pathways of OS metastasis (3). Bruland et al. (2005) used a sensitive immunomagnetic detection assay that successfully identified micrometastases from bone marrow and peripheral blood in OS patients (26). Guan et al. (2015) developed a specific molecular probe named CXCR4-targeted near-infrared (NIR) fluorescent imaging agent to detect pulmonary micrometastases in OS cells and mouse xenograft models, with the hope to apply in micrometastasis of human OS (27). Wang et al. (2018) found that ssDNA aptamer LP-16, as a promising molecular probe, can achieve significant targeting efficiency for OS lung-metastasis diagnosis (28).

At present, the primary diagnosis and detection of OS micrometastasis are necessary and important to improve the survival of patients. Further, developing and identifying new therapeutic strategies to combat metastasis is also the key to the treatment of OS.



Treatment of osteosarcoma


Traditional treatment of osteosarcoma

Nowadays, despite the development of new therapeutic approaches, the prevailing methods are still surgery, chemotherapy, and radiotherapy. The combination of multiagent chemotherapy with surgical resection or radiation therapy drastically improved the survival rate to become the standard therapy for OS. However, the prognosis of the patients has not improved considerably since then, and limited therapeutic progress of OS treatment has been made for several decades.

Nowadays, the most effective dosage regimen of drugs was still the combination of high-dose methotrexate, doxorubicin, and cisplatin, usually referred to as MAP, similarly to the first agents in the mid-1970s (29). Nevertheless, adding other new chemotherapeutic agents such as ifosfamide and etoposide into the regimen does not improve prognosis effectively (30, 31). Furthermore, problems of drug resistance and side effects, such as cardiac toxicity, nephrotoxicity, and other rare toxicities, have existed subsequently (32). Drug resistance to conventional combination therapies including chemotherapy, as an important obstacle in OS treatment, is closely related to the changes in tumor metabolism (10). Thus, the broader availability of therapeutic techniques and correlative molecular profiling with the biological insights should be further explored in OS treatment.



Molecular targeted therapy of osteosarcoma

Molecular targeted therapy refers to the utilization of drugs or other substances that target specific molecules to prevent the growth and spread of tumor cells. It is one of the promising methods to further improve the survival rate of patients with OS. Sayles et al. (2019) further extended the non-overlapping whole-genome sequencing (WGS) dataset of OS, which indicated the characterizations of OS genomes consistent with those previously found such as notable gene copy number alterations and multiple structural rearrangements, while six OS subclassifications will be divided by the key gene signaling pathways activated, namely, cyclin E/CDK2, MYC/CDK9, CDK4/CDK6/FOXM1, PTEN/AKT1/PI3K/mTOR, AURKB, and VEGFA/VEGFR, mainly regulating biological processes of the cell cycle, proliferation, cell-cycle progression during G1–S, signaling, mitosis, and signaling angiogenesis, respectively (6). Subsequently, Liu et al. (2021) summarized the preclinical and developmental research of targeted anti-angiogenesis therapy for OS in detail and described the relevant biological mechanism more comprehensively, which further determined the research prospects of targeted therapy, although it was still uncertain in clinical trials (33). Among them, multiple tyrosine kinase inhibitors, such as sorafenib, regorafenib, cabozantinib, lenvatinib, pazopanib, and everolimus, have shown certain efficacy in small sample studies and need to be further confirmed (34). Also, although some drugs targeting the cell cycle and DNA repair like palbociclib (CDK4/6), alisertib (AURKA), and dinaciclib (CDK2) have not been evaluated in clinical trials of OS, those drugs have been proved to induce apoptosis and inhibit cell proliferation in vitro or in vivo (35).

On the other hand, molecular targeted therapy models of OS included patient-derived xenograft (PDX) and transgenic models, which played an important role in the study of the biological characteristics and clinical trials of human OS (36, 37). However, a number of drawbacks in targeted therapy based on the concept of precision medicine still remain.

Hence, molecular targeted therapy for OS should be predicated on the selection of biomarkers to increase the possibility that a drug is effective in heterogeneous patient populations, rather than defining therapeutic activity through the direct relationship between the target and the drug (30). Therefore, targeted therapy needs further research to evaluate its potential role as a promising novel therapy in the treatment of OS in the future.



Immunotherapy of osteosarcoma

Studies have shown that OS is a tumor susceptible to immunotherapy, which is largely attributed to the OS cells derived from multipotent mesenchymal stem cells and the changes in the tumor microenvironment (TME) (7, 38). Indeed, more than 100 years ago, surgeon William Coley (1891, 1910) found that the use of a mixture of bacterial toxins to treat patients with bone and soft tissue sarcoma successfully subsided the tumor and first envisaged the immune component of OS treatment (39, 40). In recent years, with the rapid development of immunotherapy, it has been widely used in a variety of malignant tumors. Chen et al. (2021) summarized the current status and breakthroughs of immunotherapy for OS (41). Although the current reports on the clinical immunotherapy of OS are limited, immunotherapy is still considered to be a promising option for the treatment of OS and one of the important approaches to further improve the overall survival rate of patients.

At present, lung metastasis and recurrence of OS are still the main factors limiting the improvement of survival rate. Therefore, activation of associated cells of the TME is one of the therapeutic strategies of OS, tumor-associated macrophages (TAMs), and tumor-infiltrating lymphocytes (TILs) like macrophages and T cells play significant roles in the immune response to OS (42). A variety of immunotherapy methods, such as chimeric antigen receptor T-cell (CAR-T) therapy, immune checkpoint blocking therapy, natural killer (NK) cell infusion therapy, macrophage activation therapy (GcMAF), and oncolytic virus therapy, are constantly explored in the basic research and clinical application of malignant bone tumors. Among them, immune checkpoint inhibitors (ICIS), as a new class of therapeutic drugs, have completely changed the treatment of previously incurable malignant tumors, stimulated interest in this therapeutic method, and opened a new door for the immunotherapy of OS (43).

Besides, although immunotherapy has not yet observed surprising effects in OS clinical treatment, the continuous emergence of newly discovered immune checkpoint blockade targets has created a new dawn for the exploration of OS treatment. Therefore, we believe that unprecedented progress and major breakthroughs will be made in the treatment and understanding of OS in the near future.




Phototherapy of osteosarcoma

In recent decades, the survival rate of OS has reached a platform period. Although the combination of surgery and other treatments has improved the cure rate of OS to around 70%, the bone defect and complex skeletal rebuilding of the affected limb caused by surgery still limit the application (5). Therefore, more promising novel therapeutic approaches to minimally invasive treatment are receiving more and more attention in tumor-related research. Phototherapy is the clinical application of using light to treat specific diseases, which is safe, non-invasive, economical, and easy to handle, including PDT and PTT (8). Finson obtained a Nobel Prize in Physiology or Medicine in 1903 for discovering the therapeutic effect of light on diseases such as smallpox and lupus. Subsequently, the healing properties to wounds and cytotoxic characteristics for tumor cells of light were gradually identified and widely used in minimally invasive cancer therapy until now (44, 45). On the other hand, PBM, also known as low-level light therapy (LLLT), is a non-thermal and non-invasive therapy that uses light with a specific spectrum (390–1100 nm) to regulate cell life activities and produce therapeutic effects (46, 47). At present, PBM has been widely used to reduce inflammation, relieve pain, and promote wound healing (48). Meanwhile, PBM is also applicated in tumor treatment such as melanoma due to its non-invasive advantages, also named PBMT (10, 11). Accordingly, research of the novel therapies such as PDT, PTT, and PBMT for tumor treatment is extremely important. Here, we have comprehensively summarized the main research progress (Figure 1) and related molecular mechanisms (Figure 2) of phototherapy in OS.




Figure 1 | Schematic diagram of research progress of phototherapy (PDT, PTT, and PBMT) in the treatment of osteosarcoma.






Figure 2 | The relevant mechanism pathways involved in PDT, PTT, and PBMT induced an antitumor effect. The solid line represents the pathways that have been studied in the treatment of osteosarcoma, and the dotted line represents the pathways that have been studied in the treatment of other tumors but not in osteosarcoma.




Photodynamic therapy of osteosarcoma

PDT, as a non-invasive treatment, has been widely developed and applied in a variety of cancer treatments because of phototoxicity produced by reactive oxygen species (ROS) to kill tumor cells since first approved for clinical applications using the photosensitizer Photofrin for bladder cancer in Canada in 1993 (49). Three basic factors of PDT, namely, photosensitizer (PS), light source, and oxidative stress (  ROS), were exploited to kill tumor cells. The specific mechanism is that the PSs are activated from the ground state to the excited state under the action of light of a specific wavelength, and the activated PSs are able to directly react with the substrate (such as a cell membrane or molecule) to form free radicals and interact with oxygen to produce ROS (type I reaction) or direct energy transfer to oxygen to form singlet oxygen (1O2), causing cell damage by 1O2 directly (type II reaction) (49, 50). In sum, light energy is converted into chemical energy through appropriate PSs in PDT. The selective photodamage and cytotoxicity are important factors in the treatment of different cancers with PDT (51). Also, Dolmans et al. (2003) summarized three main mechanisms of PDT affecting tumor growth, namely, direct cancer cell killing by ROS, vascular damage, and immune response (49).

PS, as one of the important components of PDT, had been summarized in OS treatment by Yu et al. (2017); they found that although PDT had gradually become a hot spot in cancer treatment research, related research in OS was still insufficient, and PSs were limited to more than a dozen types mainly including acridine orange (50, 52). However, the rapid development of nanoparticles (NPs) has provided a major breakthrough for the PS defects of PDT in cancer treatment, including deeper tumors such as OS. The characteristics of modification and enhanced permeability and retention (EPR) effects of NPs reduce the sedimentation and cytotoxicity of PS in the liver, kidney, and other normal organs and tissues and enhance the application prospect of PDT in the treatment of OS recently (53). At the meantime, Yu et al. (2017) summarized seven feasible improvements in OS PDT, including the further exploration of PSs and light sources, and the combination with other treatment technologies such as targeted therapy and immunotherapy (50). Therefore, further study of PSs will contribute to the prominent development and application of PDT in the treatment of OS.

Furthermore, PS could target cancer cells and destroy them with the excitation of appropriate wavelength and light intensity (54). As early as 1993, Hourigan et al. firstly evaluated the cytotoxicity of PDT to OS in vitro. They found that the cell viability of human osteosarcoma cells (HOS) was inversely proportional to the energy dose (Dose = Irradiance × Time) after incubation with Photofrin at 3 μg/ml for 72 h followed by light exposure (630 nm, 600 mW). The cell viability is less than 50% when the energy dose was greater than 7 J/cm2, effectively inhibiting the proliferation of OS cells (55). Later, Kusuzaki et al. (2005) applied photodynamic therapy using acridine orange (1 μg/ml) (AO-PDT) to the clinical treatment of 10 musculoskeletal sarcomas patients, only one patient had local tumor recurrence, and the limb function in other patients returned to normal without other complications. They believed that AO-PDT had an obvious inhibitory effect on the local recurrence and was a promising novel therapy for patients of musculoskeletal sarcoma (56). Subsequently, a number of PSs such as 5-methylene blue (57, 58), aminolevulinic acid (ALA) (59, 60), HiPorfin (61), 5,15-bis(2-bromo-5-hydroxyphenyl) porphyrin (62), aloe-emodin (60), Foscan and Foslip (63), pyropheophorbide-α methyl ester (MPPa) (64), and zinc phthalocyanine-bovine serum albumin (ZnPc/BSA) nanoparticle (65), were widely applied in scientific research and clinical treatment of OS. Substantial research about light wavelength mainly focused on 600–800 nm; the NIR spectral region can effectively affect the deeper tissues (66). Also, with the rapid improvements of lighting technology, LED gradually became common in OS PDT due to its superior abilities to control light parameters. For example, White et al. (2016) found that the OS MG-63 had the highest cell death rate under 1 mM ALA after illumination with 3 J/cm2 LED light (636 nm) (67). Another study conducted by Tu et al. (2016) also found notable toxicity in MG-63 human osteosarcoma cells at 10 µM aloe-emodin and 4.8 J/cm2 LED light irradiation conditions (430 nm) (60). Also, Yu et al. synthesized ZnPc/BSA nanoparticle as a specific PS to evaluate the antitumor effects of ZnPc/BSA-induced PDT on OS under LED illumination (660 nm, 0.5 W/cm2, 1.8 kJ/cm2) (65).

Besides, ROS plays an extremely important role in PDT on cancer treatments. In Sun’s research, they assessed the ROS level using carboxy-H2DCFDA as an ROS indicator. They found a remarkable increase of ROS in OS cells treated with HiPorfin-PDT and that the expression levels of proteins (Bcl-2, Bax, cleaved-caspase-3, cleaved PARP-1) related to apoptosis and cycle arrest were significantly increased (61). Another study showed that AE-PDT effectively reduced the viability of MG-63 cells and induced autophagy and apoptosis by activating the ROS-JNK signaling pathway (60). Besides, a wealth of studies indicated that the PDT on OS treatment also concentrates on ROS-induced cell death; the relevant pathways, such as apoptosis and necrosis by cell-cycle arrest, vessel injury, autophagy, and immune response, had been concluded (50, 68). We had summarized the mainly molecular mechanism of PDT in the treatment of OS in Figure 2. Nevertheless, although the depth of OS is less than that of glioma and pancreatic cancer, as a deeper tumor (shallower than other deep tumors), due to the coverage of muscle and skin, there will be insufficient light and surface tissue damage in PDT (69). Recently, two-photon photodynamic therapy has been gradually studied and applied in malignant tumors, including osteosarcoma, because of its deeper tissue penetration and oxygen independent characteristics (70, 71). Dobos and coworkers (2019) explored the efficiency of two-photon excited PDT (TPE-PDT) in a 3D osteosarcoma model; results showed a considerable decrease in cell viability after TPE-PDT (72). Nonetheless, there are still limitations like the lack of efficient and safe two-photon PSs and difficulties in practical application of double pulsed laser sources. Research on PDT in OS is still in the tumor model experiments, and its clinical application is still very limited. Thus, more comprehensive and in-depth research should be explored in the field of PDT.



Photothermal therapy of osteosarcoma

PTT is also a minimally invasive, controllable, and highly effective antitumor therapeutic modality (73). In early 1995, Chen et al. firstly found that indocyanine green and 808-nm diode laser combined to produce a photothermal effect could kill breast tumor cells (74). Subsequently, the utilization of PTT for cancer therapy was first reported by Hirsch et al. in 2003, which was inspired by magnetothermal therapy (75). In 2014, Liu et al. synthesized a new nanoparticle PTA, Cys CuS NPs, which was first reported to effectively inhibit the growth of osteosarcoma in vivo (76). Then, a large number of studies have been published on the application of PTT on OS in vivo and in vitro since 2014. Here, we present key findings in Figure 1.

Two key elements in PTT, namely, photothermal agent (PTA) and light source, were exploited to kill tumor cells. At present, four main types of PTAs, namely, metal, carbon, semiconductor, and organic molecule-based materials, were widely investigated in PTT (8). However, sometimes heat would inevitably leak out of the target tissue and damage the surrounding normal tissue due to the limitations of PTAs previously. Therefore, with the dramatic progress of PTAs by modification and nanoformulation, some nanomaterials, as the most promising PTAs with continuous in-depth research nowadays, were gradually used as effective photothermal sensors because of their unique properties and special chemical structures, which could effectively generate heat in the target cancer tissue through the optical absorption, instead of the healthy tissues (73). Additionally, a specific light wavelength, mainly including NIR light, will be absorbed by PTAs to efficiently convert to heat by local irradiation of the tumor regions. As tumor cells are more sensitive to heat-induced cytotoxicity, when the local tumor area temperature increases to the range of 41°C–48°C owing to high photothermal conversion performance, heat induced cell biological processes and caused cancer cell death (77). Recently, PTT with other therapies, such as chemotherapy and immunotherapy, was able to more comprehensively and efficiently improve the treatment efficacy of different cancers (50).

At present, the majority of studies on PTT treatment of OS mainly focus on the synergistic treatment of nanomaterials, modifying substances or other chemotherapy-related drugs (8). Among them, gold nanoparticles (AuNPs) are extensively studied in OS PTT because of the higher NIR absorption coefficient and stability compared with other nanomaterials. Liu et al. (2017) first designed a gold nanoshell-coated betulinic acid liposome (AuNS-BA-Lip) delivery system, which strongly absorbed the 808-nm NIR laser (2 W/cm2, 10 min) and showed the pronounced antitumor effects in 143B cells and corresponding tumor-bearing mice (78). Recently, a systemic treatment strategy of a gold nanoparticle combined with PDT/PTT by 808-nm laser showed obvious tumor suppression effects in an osteosarcoma mouse model (79). Also, Sun et al. (2021) comprehensively summarized the progress of PTT and PDT in bone cancer (8). On the other hand, some nanoparticle-integrated 3D-printing scaffolds with PTT played an important role in OS treatment and NO-associated bone regeneration (80). Therefore, PTT, as a novel and practicable therapeutic approach, will also become a promising diagnosis and therapeutic method for OS.

Also, the molecular mechanisms related to the treatment of OS by PTT have also been studied, although they have not been fully elucidated. Studies have shown that the inhibitory effect of PTT on OS is related to apoptosis (81–83) and thermal ablation pathways (84, 85). Flow cytometry is widely used in apoptosis analysis. Lee and colleagues (2021) demonstrated that apoptotic cells were more than necrotic cells on the PLIN (indocyanine green and diethylenetriamine/nitric oxide adduct-loaded polylactic acid) monoliths after laser irradiation (808 nm, 0.7 W/cm2, 5 min) in OS MG63 cells; the expression levels of related proteins, such as cleaved PARP and cleaved caspase-3, were remarkably increased (81). Dang et al. (2021) had similar results in vitro, and further study in mice found that a special scaffold had a remarkable antitumor effect on OS mice after NIR laser irradiation (808 nm, 0.9 W/cm2, 10 min) and no obvious damage in mice’s other organs (82). Some researchers also discovered that a multifunctional biomaterial system combined with PTT plays a significant role in OS therapy and bone regeneration (64, 85). Moreover, Dong et al. (2020) reported a multifunctional bioceramic platform with carbon aerogel (CA), which plays an efficient therapeutic effect in OS through thermal ablation and promotes bone regeneration via the fibronectin-mediated signaling pathway; the expression levels of a substantial number of osteogenic genes such as ALP, BMP2, OCN, and OPN are dramatically upregulated (84). Here, we summarized the molecular mechanisms of PTT inhibition of OS related to most of the findings, as shown in Figure 2.



Photobiomodulation therapy of osteosarcoma

PBMT is one of the exciting hotspots in the current biomedical research field. Actually, as early as more than 50 years ago, surgeon Endre Mester, known as “father of photobioinduction,” first discovered the biological effects of low-dose laser light and recorded the experiment of the Arndt-Schultz biophysical law of laser light (86). Therefore, this treatment method had been called low-level laser therapy (LLLT). Until 2015, the more precise and comprehensive term PBM was identified and added to the Medical Subject Headings (MeSH) database for its 2016 version (46). Also, in addition to the laser as the light source, other new types of optical devices such as LED and broadband light sources are gradually applied in the field of treatment.

At present, most studies indicate that PBMT plays an important role in the aspects of wound healing (87), anti-inflammatory (88), traumatic brain injury (89), and related clinical treatment applications (48). In addition, PBMT is gradually emerging in oncology applications and its prognosis. A substantial number of studies showed that PBMT had a significant inhibitory effect on melanoma cells under suitable light parameters. At the same time, the related molecular mechanisms have also been deeply studied. Ohara et al. (2002) found that 470-nm LED blue light inhibited the proliferation of melanoma cells associated with cell-cycle arrest (90). Oh et al. (2015) observed that blue light can further induce cell apoptosis and inhibit the proliferation of melanoma B16-F10 cells by activating the mitochondria (10). Chen et al. (2022) summarized the effect of different light parameters on the growth of melanoma and its molecular mechanism; they believed that the inhibitory effect of PBMT is related to the influence of OPN photoacceptors and the activation of mitochondria and some signaling pathways (11). A similar result was evaluated by Shakibaiea et al. (2020), using breast cancer cells (MCF-7) with inhibition of cell proliferation and metabolic activation by 435-nm LED irradiation (91). Besides, the authors also found that radiation with a wavelength of 629 nm induces enhanced metabolic activity including the expression of lactate dehydrogenase A and glutaminase (91). Meanwhile, Kara et al. (2018) showed that LLLT irradiation (1,064 nm, 100 mJ) promoted the proliferation of osteosarcoma cells (Saos2) and lung carcinoma cells (A549) (92). In addition, Zhang et al. (2008) reported that low-power laser irradiation (<50 J/cm2) by He–Ne laser (632.8 nm) promoted Hela cell viability by induced ROS-mediated Src activation (93). Also, Tam et al. (2020) raised the question that normal cells and tumor cells have different responses to LLLT (94). In sum, the controversial results on cancer cells are associated with various factors; wavelength is one of the main influencing factors. A substantial number of studies showed that blue light PBMT played a significant role in inhibiting cancer cell proliferation (90, 91, 95). Therefore, OS, as one of the malignant bone tumors, had been found to have a stimulating effect of infrared laser irradiation as early as 2001 (96). Although it had no significant effect on cell proliferation, heat shock response and the increase of intracellular calcium had been found in OS cells (96). Subsequently, Renno et al. (2006) found that visible light (670 nm) also had a stimulating effect on OS cells (97). Recently, Feng et al. (2019) reported the results on the combination of blue LED irradiation and ATO suppressed cell proliferation, increased apoptosis, inhibited cell migration and invasion, and found that it was related to ROS accumulation and DNA damage-mediated p53 activation (95). Besides, He et al. (2021) found that blue LED PBMT effectively causes autophagic cell death in human OS cells, which was induced by promoting ROS and the EGFR/Beclin-1-mediated signaling pathway (98). Recently, Shoorche et al. (2022) also discovered that red laser irradiation (650 nm, 780 nm) inhibited OS cell migration and provided a quantitative description of cytoskeleton changes through a structure of F−actin analysis (99). Therefore, PBMT has great research value and prospects in the treatment of OS. More key research progresses and related molecular mechanisms on PBMT are shown in Figures 1, 2.

In recent years, increasing evidence has shown that different light parameters, including wavelength, irradiance, and energy densities, have different effects among different tumor types including OS, promoting or inhibiting proliferation (100). However, with the rapid development of LED technology, the preferred light source has been gradually developed in the treatment of a variety of PBMT diseases because of their lower cost, high variability of wavelengths, safety of device, and wearability compared with laser devices (13, 101). Hence, blue LED light PBMT will become one of the most promising approaches for the treatment of OS.




Blue light photobiomodulation therapy in cancer treatment


The biological function of blue light in osteosarcoma and other cancers

Several studies have indicated that light irradiation (LED or laser) can trigger various physiological processes by affecting human skin, which is pretty significant for human health (102, 103). In the current studies, we have found that the exploration of ultraviolet and far-infrared light has been deeply analyzed, and visible light has also been found to have various biological functions (46). Blue light (400–500 nm) LED irradiation is known to have many promising effects and can be used in different treatment modalities. Although the role of blue light irradiation in mammalian cellular molecular processes and its application in phototherapy applications is currently poorly understood, this emerging field is receiving increasing attention.

Blue light triggers signal cascades and corresponding cellular reactions through a molecular photoreceptor or an endogenous photosensitizer to affect some biological systems. Current research indicates that photoreceptors of blue light in plants and bacteria have relatively mature research results. For example, cryptochromes have obvious light-dependent functions, but there are still disputes on cryptochromes as a photoreceptor in mammals (104, 105). Despite the controversy in illustrating relevant photoacceptors (chromophores) of blue light in mammal cells, five different photoacceptors, namely, flavins (106–108), porphyrins (109, 110), nitrosated proteins (111, 112), opsins (OPN) (113–115), and cytochrome c oxidase (CCO) (116–118), have been identified in non-pigmented mammalian cells (keratinocytes and fibroblasts), while previous studies mainly focused on pigmented cells, such as retinal ganglion cells (119, 120). Blue light stimulates OPN to cause structural changes and induce the activity of the downstream transient receptor protein (TRP) channel (TRPV1), then calcium influx activates CaMKII, which affects the gene transcription level in the nucleus and further affects cell promotion and differentiation, vasorelaxation, and barrier homeostasis (113–115). Flavin (460 nm) and porphyrin (410–440 nm) absorb blue light to produce ROS and activate NFκB, TGFβ, Nrf2, and MAPK signaling pathway and further inhibit cell proliferation, induce apoptosis and necrosis, and reduce inflammation (106–110). Nitrosated proteins (420–490 nm) induce the non-enzymatic release of bioactive compounds in the blue spectrum and play an important role in anti-inflammatory effect and cell differentiation (111, 112, 114). The PBM effect of CCO mainly affects the mitochondrial activity through the mitochondrial electron transport chain and then affects the biological mechanism of cells (116, 117). On the other hand, CCO contain porphyrin and also have the function of nitrite reductase to produce NO in mitochondria; it is considered as another possible mechanism of CCO blue light response (114, 118). Moreover, Becker et al. (2016) found that aryl hydrocarbon receptor (AHR) may be a possible target for blue light PBM (121). Moreover, 6-formylindolo[3,2-b] carbazole (FICZ), as a photoinduced ligand of the aryl hydrocarbon receptor (AHR), is a tryptophan photoproduct, which has been widely studied (122). These studies on blue light receptors play an important role in exploring biological mechanisms. Therefore, we briefly summarized the current main research on blue light receptors and their related biological mechanisms as shown in Figure 3.




Figure 3 | Mechanism of blue light affecting non-pigmented mammalian cells.



Considerable research showed that phototherapy based on blue light has produced beneficial consequences such as treatment of neonatal jaundice (123–125), regulation of melatonin and circadian rhythm (126–128), anti-inflammation (129–131), immunomodulation (132), wound healing (133–135), tissue regeneration, and anticancer therapies (103, 114, 133, 136). Furthermore, blue light reduced the follicular colonization of Propionibacterium acnes by activating the endogenous bacterial porphyrin and inhibiting acne development, while possibly interfering with lipogenesis in adipocytes and suppressing sebum formation for acne treatment (137). Blue light irradiation (450 nm) induced the release of nitric oxide (NO) from cytochrome oxidase and other mitochondrial heme proteins but can reverse the effects of NO and improve mitochondrial function, while the absorption of light by hemoglobin can cause local temperature increase, promoting wound healing through coagulation effect (138, 139). Kim et al. (2016) demonstrated that the anti-inflammatory effect of blue light (410 nm) on human epithelial keratinocytes (NHEKs) was associated with NO and S-nitrosylation (140). Also, blue light irradiation (420 nm) affected the proliferation, differentiation, and growth of human dermal fibroblasts and even had dose-related toxic effects (141). Becker et al. (2016) discovered that the proliferation of immortalized human keratinocytes (HaCaT) induced by blue light showed a biphasic dose–response curve, similarly to the PBM conclusion proposed by Hamblin et al. (121). Furthermore, Oh et al. repeatedly found that blue light could even reduce cell viability and induce apoptosis of different types of cancer cells (10, 13, 14). Those findings determined the effect of blue light on the proliferation, differentiation, apoptosis, inflammation, vasorelaxation, and barrier homeostasis of cells, while others describe cytotoxicity (142). Despite controversy over the role of blue light, these results and conclusions still play a significant role in the exploration of the physiological role of blue light, also laying a biological foundation for the clinical application of blue light in phototherapy.

However, if the light parameters are not appropriate, blue light will also be harmful to cells, which is described as cytotoxicity. Relevant studies have shown that blue light with high dose/irradiance may cause damage to keratinocytes, fibroblasts, retinal epithelial cells, skin-derived endothelial cells, and other mammalian cells in addition to pigmented cells (143). Consequently, the biological effects of LED blue light irradiation are dose-dependent; it is necessary to define parameters like wavelength, dose (fluence, energy density), irradiance (intensity, power density), light mode (continuous wave, pulsed wave (peak irradiance, duty cycle)), treatment interval, light source type, and cellular species so as to obtain specifically the cellular responses and better clinical treatment effect of cancers in the future (143).



Application of blue light PBMT in different cancers

Blue light, as a visible light with a wavelength range of 400–500 nm, has been clinically applied successfully comprising neonatal jaundice, psoriasis (Pv), atopic dermatitis (AD), eczema, acne, and other inflammatory skin conditions, although the number of available clinical studies evaluating the efficacy of blue light treatment is still limited (103, 136). Furthermore, recent studies have demonstrated that blue light irradiation inhibits the proliferation of multiple types of cancer cells in vitro and in vivo, including colon cancer cells (14, 144, 145), malignant glioma cells (12), melanoma cells (10, 146, 147), B-cell lymphoma cells (13), fibrosarcoma cells (14), pancreatic cancer cells (15), cutaneous squamous cell carcinoma cells (CSCC), epidermoid carcinoma cells (148, 149), leukemia cells (Kasumi-1) (150), bladder cancer cells (151), colorectal cancer cells (152, 153), breast cancer cells (91), and human OS cells (95, 98). Here, we have briefly summarized the relevant research of blue light PBMT in the field of cancer treatment (Table 1).


Table 1 | Summary of the most relevant experimental studies on cancers treatment by blue light irradiation.



The relationship between blue light and bone metabolism has become the focus of attention in the field of orthopedics recently. Blue light stimulation (480 nm) induced an increase in tartrate-resistant acid phosphatase activity of RAW264.7 cells while promoting osteoclast differentiation (154). Yuan et al. (2017) also found that blue light (470 nm) inhibited the proliferation of bone marrow-derived mesenchymal stem cells and osteogenic differentiation but promoted apoptosis (142). Consequently, we inferred that blue LED light irradiation showed significantly suppressed effects in multiple cancer cell lines including cells associated with bone metabolism. Although the mechanisms leading to cell death were not identical in each cell line analyzed, it was reasonable to believe that blue light irradiation was one of the important and effective anticancer therapies in the clinical treatment of future.

At present, a number of studies and clinical treatments have shown that OS therapy still have some limitations such as multidrug resistance, high cost, and the initial stage of the therapeutic methods (10, 32, 33). Lately, blue LED irradiation-based phototherapy has gradually emerged as a new approach to the treatment of cancers. Although the efficacy of blue light LED therapy in the treatment of OS has not been clarified, some studies have shown that blue light also has an inhibitory effect on OS cells. Feng et al. (2019) observed that the combination treatments of blue LED irradiation (470 nm) and antitumor agent-arsenic trioxide exert synergistical antitumor effects in OS cells, and the synergistic manner suppressed cell proliferation, migration, invasion, and induced apoptosis of OS cells (95). Simultaneously, they proposed relevant biological mechanisms related to ROS accumulation, DNA damage, and p53 activation (95). Additionally, He et al. (2021) evaluated the antitumor effects of LED blue light therapy individually on human OS cells for the first time, and the results showed that blue LED irradiation significantly inhibited the proliferation, migration, and invasion of human OS cells by triggering ROS, inducing cell apoptosis and autophagy pathways, providing a potential approach and strategy for human OS treatment (98). Also, the investigators found that circadian rhythm may be closely related to endogenous control of tumor progression, including pancreatic adenocarcinoma (155), Glasgow osteosarcoma (155), breast cancer (156), and colorectal tumor (157). We know that light is one of the important factors affecting circadian rhythm. Cry1 and Cry2 (cryptochrome circadian clock) are the important core clock genes that achieve tumor suppression by affecting the cell cycle (158). Therefore, we inferred that Cry1 and Cry2 will play an essential role in the process of OS suppression by blue LED light.

Also, this laboratory found that pulsed blue light could significantly inhibit OS cell line MG63, which was related to SOCS3 (suppressor of cytokine signaling 3) protein (not shown). Therefore, we speculated that a difference in the inhibitory mechanism of pulsed light and continuous wave light on OS cells may exist. Also, the phenotype of blue light inhibiting OS cells is consistent with the results we summarized, showing that blue LED irradiation suppressed proliferation in various cancer cells (Table 1).

Although some cell experiments have basically verified that blue light has an inhibitory effect on OS, relevant clinical treatments have not been reported, so the clinical application of blue light LED irradiation for OS still faces great challenges. Hence, it is necessary to further strengthen the research of blue light therapy in the treatment of OS in vivo and in vitro, and the relevant molecular and cellular mechanisms still need to be further explored.




Conclusion

Here, we comprehensively summarized the therapeutic advances of OS, reviewed the current situation of traditional treatment methods of OS, and prospected the research progress of new non-invasive phototherapy on the prognosis of OS. Among them, blue photobiomodulation therapy (PBMT) has been paid more attention to in cancer treatment because of its simple operation and effective results currently. A substantial number of studies demonstrated that blue light effectively inhibited tumor proliferation. Although blue continuous wave light PBMT in different cancer cell lines and superficial skin tumors had made some research progress, it still faces great limitations in deep tumor treatment. Inhibition of tumor growth by blue LED light may also be related to the effects of SOCS3 and CRY1/2, which needs further verification. In sum, in-depth studies of a series of treatment methods and related tumor killing mechanisms are expected to break the status quo, stating that the survival rate of osteosarcoma has reached the platform in recent decades and further improved the cure rate and prognosis of patients with OS.
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Pyroptosis is a newly discovered form of programmed cell death, which is manifested by DNA fragmentation, cell swelling, cell membrane rupture and leakage of cell contents. Previous studies have demonstrated that pyroptosis is tightly associated with the initiation and development of various cancers, whereas the molecular mechanisms underlying pyroptosis remain obscure. Noncoding RNAs (ncRNAs) are a type of heterogeneous transcripts that are broadly expressed in mammalian cells. Owing to their potency of regulating gene expression, ncRNAs play essential roles in physiological and pathological processes. NcRNAs are increasingly acknowledged as important regulators of the pyroptosis process. Importantly, the crosstalk between ncRNAs and pyroptosis affects various hallmarks of cancer, including cell growth, survival, metastasis and therapeutic resistance. The study of the involvement of pyroptosis-associated ncRNAs in cancer pathobiology has become a hot area in recent years, while there are limited reviews on this topic. Herein, we provide an overview of the complicated roles of ncRNAs, mainly including microRNAs (miRNAs), long noncoding RNAs (lncRNAs) and circular RNAs (circRNAs), in modulating pyroptosis, with a focus on the underlying mechanisms of the ncRNA-pyroptosis axis in cancer pathogenesis. Finally, we discuss the potential applications and challenges of exploiting pyroptosis-regulating ncRNAs as molecular biomarkers and therapeutic targets in cancer.
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1 Introduction

Cancer remains a principal contributor to morbidity and mortality worldwide (1, 2). As a key hallmark of cancer, the ability to evade cell death not only promotes the genesis of cancer, but also leads to the acquisition of metastatic potential and therapeutic resistance (3). Cancer cells have evolved multiple strategies to circumvent or block cell death pathways (4). Therefore, inducing cancer cell death is undoubtedly an important mechanism responsible for tumor clearance. These are several known forms of cell death, including apoptosis, autophagy, necrosis and pyroptosis (5). Among these cell death types, pyroptosis is a newly discovered mode of programmed cell death and is characterized by pore formation in the cell membrane, cell swelling, cell lysis and the release of intracellular components (6). Pyroptosis is predominantly mediated by various inflammasomes that are capable of recognizing endogenous or exogenous danger signals and inducing the leakage of pro-inflammatory factors including interleukin (IL)-1β and IL-18 (7). It is widely accepted that pyroptosis functions as a critical defense mechanism that protects the host against microbial infections (8). Recent studies have shown that pyroptosis is tightly associated with the pathogenesis of various diseases, such as cancers, cardiovascular and inflammatory diseases (9–11). At present, pyroptosis is a new frontier in cancer research. Concerted efforts have been made to uncover the regulatory mechanisms of pyroptosis and the profound impact of pyroptosis on cancer pathogenesis.

For decades, protein-coding genes were thought to be crucial players in gene regulatory networks. With the development of high-throughput sequencing technology, it turns out that protein-coding genes only account for around 2% of the human genome, and over 90% of the genome is transcribed as noncoding RNAs (ncRNAs) that do not code for proteins (12). Based on their biogenetic modes and functions, ncRNAs are divided into diverse subgroups that encompass microRNAs (miRNAs), small interfering RNAs (siRNAs), long noncoding RNAs (lncRNAs) and circular RNAs (circRNAs) (13). The discovery of tens of thousands of ncRNAs has challenged the notion that non-protein-coding genes are nonfunctional and has revolutionized the field of RNA biology. Mounting evidence has confirmed that ncRNAs constitute a hidden layer of internal signals that control gene expression at multiple levels (14). Accordingly, ncRNAs are involved in various cellular processes under both physiological and pathological conditions (15, 16). A large number of studies have manifested that ncRNAs can act as tumor suppressors or oncogenes in cancer (17–19). It has been proven that ncRNAs affect various aspects of cancer progression by interfering with the pyroptosis pathway. Particularly, ncRNAs directly target key components of the pyroptosis pathway such as gasdermins (GSDMs) and inflammasomes (20, 21). NcRNAs also regulate upstream signaling proteins of the pyroptosis pathway (22, 23). It is worth noting that the mechanisms underlying the role of ncRNAs in pyroptosis regulation may be complex and multifaceted, and thus remain to be delineated. The association of ncRNA-mediated pyroptotic signaling networks with carcinogenesis has become one of the hottest topics in biomedical science, which is worthy of systematic and detailed exploration.

In this review, we summarize the recent findings pertaining to the contributions of various miRNAs, lncRNAs and circRNAs to pyroptosis regulation in the contexts of cancer initiation and development. We also highlight the underlying mechanisms through which these ncRNA subtypes modulate pyroptosis in different cancers. In addition, we discuss potential future research directions in the related field. An in-depth perception of the relationship between ncRNA-mediated pyroptosis and cancer will be beneficial for comprehensively elucidating the molecular mechanisms involved in carcinogenesis and provide important clues for developing novel therapeutic strategies for cancer treatment.



2 Noncoding RNAs

With the advent of next-generation sequencing technology, it has now been realized that a large proportion of the eukaryotic genome is transcribed into ncRNAs (24). NcRNAs are a type of RNA molecules that commonly lack protein-coding potential. Based on their length, ncRNAs can be roughly divided into two categories: small ncRNAs (sncRNAs) with a length shorter than 200 nucleotides (nt) and lncRNAs with a length longer than 200 nt (25). SncRNAs include miRNAs, siRNAs and piwi-interacting RNAs (piRNAs).


2.1 MicroRNAs

Among the common types of sncRNAs, miRNAs are the most extensively studied. miRNAs are small, highly conserved ncRNAs approximately 21-23 nt in length (26). miRNAs act as master modulators of gene expression and play a critical role in various biological, physiological and pathological processes, such as development, cell proliferation, differentiation, immune regulation and cancer progression (27). The biogenesis of miRNAs has been preliminarily characterized. The primary transcripts of miRNA genes (pri-miRNAs) are processed into precursor miRNAs (pre-miRNAs) by the microprocessor complex consisting of Drosha and DiGeorge Syndrome Critical Region 8 (DGCR8) in the nucleus (28). Following nuclear processing, pre-miRNAs are exported to the cytoplasm under the action of the nuclear transporter exportin-5. In the cytoplasm, pre-miRNAs are further cleaved by Dicer, contributing to the generation of miRNA duplexes. The miRNA duplex unwinds and the mature miRNA is successively loaded into an Argonaute protein of the RNA-induced silencing complex (RISC) (29). The mature miRNA functions as a guide by base-pairing with complementary seed sites within the 3’ untranslated region (UTR) of mRNAs, resulting in either mRNA degradation or translation repression. The extent of complementarity between miRNA and target mRNAs determines which silencing manner acts.



2.2 Long noncoding RNAs

LncRNAs are mostly transcribed by RNA polymerase II (Pol II) at several loci of the genome (30). The resulting lncRNAs undergo post-transcriptional processing, such as 5’-end capping, alternative splicing and polyadenylation, similarly to protein-coding mRNAs. According to their genomic origins, lncRNAs can be generally categorized into five classes: antisense, bidirectional, intronic, long intergenic and sense (31). Many lncRNAs are inefficiently processed and retained in the nucleus, while other lncRNAs that harbor at least one exon are transported to the cytoplasm by nuclear RNA export factor 1 (NXF1). The expression of lncRNAs can be modulated by both transcriptional and epigenetic factors. Canonical factors including pre-initiation complex, mediator complex, and transcription elongation complex are dispensable for transcription of many lncRNA genes (32). Several transcription factors, including Nanog, sex-determining region Y-box2 (Sox2), tumor protein 53 (TP53) and zinc finger protein 143 (ZNF143), participate in the transactivation of lncRNA gene expression (33). DNA methylation and histone modifications are epigenetic mechanisms contributing to lncRNA deregulation (34). Hyper-methylated lncRNA genes could be re-expressed by DNA methyltransferase (DNMT) inhibitors (e.g., 5-azadC) and histone deacetylase (HDAC) inhibitors (e.g., 4-phenylbutyric acid and trichostatin) (35, 36). Particularly, lncRNA genes have higher DNA methylation levels around transcription start site (TSS) than protein-coding genes regardless of their expression status, demonstrating the discrepancy in epigenetic regulatory mechanisms between lncRNA genes and protein-coding genes (37). Further studies are required to uncover the precise mechanisms underlying the regulation of lncRNA expression.

LncRNAs exhibit tissue- and cell type-specific expression patterns and are expressed at lower levels than protein-coding genes (38). LncRNAs have the ability to interact with DNAs, RNAs and proteins. Thus, lncRNAs operate as prominent regulators of gene expression by affecting the chromatin state, pre-mRNA splicing, mRNA stability, transcription, translation and post-translational regulation (39). In terms of molecular actions, lncRNAs can be grouped into four archetypes: decoy, guide, scaffold and signal (40). Decoy lncRNAs act as molecular sponges for various regulatory factors, such as chromatin modifiers, RNA-binding proteins (RBPs), RNA molecules and transcription factors, resulting in gene activation or silencing (41). Guide lncRNAs are able to control cellular signaling events and gene expression by directing transcriptional and epigenetic regulatory factors to particular genome locations (42). Scaffold lncRNAs serve as a central platform for the assembly of multi-component complexes, such as ribonucleoprotein (RNP) complexes that target certain genomic loci or gene promoters (43). Thus, scaffold lncRNAs play a role in regulation of chromatic dynamics and gene expression. Signal lncRNAs are expressed in a specific spatiotemporal mode and can be used as molecular signals to dominate transcription in response to multiple stimuli (44). The expression and existence of signal lncRNAs are an indicator of transcriptional activity and represent an active signaling event. Because of their versatile functions, lncRNAs have been widely involved in a variety of biological processes, including cell proliferation, differentiation and death (45). Intriguingly, lncRNAs can encode functional short peptides, which are engaged in muscle-related functions and cancer pathogenesis (46).



2.3 Circular RNAs

CircRNAs are a novel class of lncRNA species with covalently closed loop structures (47). CircRNAs were originally regarded as accidental byproducts resulting from transcriptional errors or splicing intermediates (48). With the advances in high-throughput sequencing and bioinformatics approaches, it is now realized that circRNAs are abundantly expressed, highly stable and widely evolutionary conserved across various species (49, 50). CircRNAs exhibit cell type-, tissue- and developmental stage-specific expression patterns, suggesting their important roles in multiple biological processes. Due to the lack of 5’ cap structures and 3’ polyadenosine (poly (A)) tails, circRNAs are resistant to mRNA-degrading enzymes and more stable than linear RNAs (51). Therefore, circRNAs are more suitable to be used as diagnostic biomarkers and therapeutic targets compared with other types of RNAs.

The formation of circRNAs is primarily dependent on a special form of alternative splicing termed back-splicing, in which the 3’ end of an exon connects to the 5’ end of its own or an upstream exon through a 3’, 5’-phosphodiester bond (52). Canonical splicing sites and spliceosome machinery are required for circRNA production (53). According to their composition, circRNAs can be divided into three categories: exonic circRNAs (ecircRNAs), exon-intron circRNAs (EIciRNAs) and circular intronic RNAs (ciRNAs). Among them, ecircRNAs, comprising one or more exons, occupy the vast majority of circRNAs and are localized in the cytoplasm (51). EIciRNAs and ciRNAs predominantly reside in the nucleus. Several circRNA biogenetic models, including lariat-driven circularization, intron pairing-driven circularization and RBP-dependent circularization, have been proposed (54). Lariat-driven circularization is referred to as the exon-skipping mechanism. The exon-skipping event during pre-mRNA splicing leads to the production of a lariat structure containing exons and introns (55). The removal of introns is accomplished by internal cleavage of the lariat precursor, through which circRNAs are formed. Likewise, ciRNAs are created from intronic lariat precursors, and their biosynthesis principally relies on a consensus RNA motif containing a 7 nt GU-rich element close to the 5’ splice site and an 11 nt C-rich element near the branchpoint site to escape the process of intron debranching and exonucleolytic degradation (56). Intron pairing-driven circularization is also known as direct back-splicing pathway. The base pairing of inverse-repeating or complementary sequences within introns on both sides of the exon results in the generation of a circular structure (57). RBPs play an important role in circRNA biogenesis (58). During RBP-dependent circularization, RBPs act as a bridge linking the upstream and downstream introns close together by binding to specific intronic motifs, which facilitates the formation of circRNAs. In these models, ecircRNAs or EIciRNAs are synthesized according to whether or not internal introns are completely removed.

The function mechanisms of circRNAs have been gradually appreciated in recent years. The most outstanding function of circRNAs is their role as miRNA sponges to modulate target gene expression. CDR1as is a representative example, which contains conserved miR-7 complementary sequences across many species (59). CDR1as was implicated in mammalian brain development and the pathobiology of cancer by sequestering miR-7 (60–62). Moreover, one circRNA can interact with various miRNAs, such as circHIPK3, which served as a molecular sponge for a list of miRNAs, including miR-29a, miR-29b, miR-124, miR-152, miR-193a, miR-338, miR-379, miR-584 and miR-654 (63). CircRNAs can act as protein decoys to affect cellular functions. For instance, circ-TNPO3 competitively interacted with insulin-like growth factor 2 mRNA-binding protein 3 (IGF2BF3) to attenuate its effect on the activation of the Myc/Snail axis (64). Thus, circ-TNPO3 played an inhibitory role in the proliferation and metastasis of gastric cancer (GC). CircRNAs can alter the expression of their parental genes. A specific example of this regulation is the EIciRNA. EIciRNAs associated with U1 small nuclear ribonucleoprotein (snRNP) via specific RNA-RNA interaction (65). The EIciRNA-U1 snRNP complex successively coupled with RNA Pol II at the promoter of parental genes to enhance their transcription. EIciRNAs served as dynamic protein scaffolds enabling the assembly of the transcribing RNA Pol II-U1 snRNP complex. Interestingly, some circRNAs harbor an internal ribosome entry site (IRES) or N6-methyladenosine modification, and thus they have the ability to encode functional peptides (66, 67). CircFNDC3B coded for a novel protein circFNDC3B-218aa, which exerted an inhibitory effect on the progression of colon cancer (68). Further exploration of circRNA-derived proteins is expected to broaden our understanding of biological functions of circRNAs.




3 Pyroptosis in cancer

Pyroptosis, also referred to as cellular inflammatory necrosis, is a newly discovered mode of programmed cell death mediated by GSDM family proteins. Membrane perforation, cell swelling, cell membrane rupture and the release of cell contents are critical characteristics of pyroptosis (69). An expanding number of studies have revealed that pyroptosis is tightly associated with the occurrence and development of cancer.


3.1 Core mechanisms of pyroptosis

So far, several different pathways were identified to activate the action of pyroptosis (Figure 1). Generally, pyroptosis is induced in an inflammasome-dependent or independent manner (70). The inflammasome-dependent mechanisms include caspase-1-mediated canonical and caspase-4/5/11-mediated non-canonical pathways, while the inflammasome-independent mechanisms include caspase-3-, caspase-8- and granzyme-mediated pathways.




Figure 1 | The main molecular mechanisms of pyroptosis. In the canonical inflammasome pathway, cellular signals (e.g. DAMPs and PAMPs) can activate the canonical inflammasome and capase-1. Active caspase-1 cleaves GSDMD to unleash its N-terminal domain (GSDMD-N), which perforates the cell membrane by forming oligomeric pores. These events lead to the loss of membrane integrity and cell lysis. In addition, caspase-1 cleaves pro-IL-1β and pro-IL-18 into their mature forms, which are released into the extarcellular milieu through the GSDMD-N pore. In the non-canoncial inflammasome pathway, cytosolic LPS from invading Gram-negative bacteria directly activates inflammatory caspase-4/5/11, thus evoking GSDMD-mediated pyroptosis. The GSDMD-N pore causes the efflux of potassium (K+), eventually inducing the assembly of NLRP3 inflammasome and caspase-1-dependent IL-1β and IL-18 secretion. In addition, acitve caspase-11 induces the opening of the pannexin-1 channel, and thus tiggers the extracellular release of ATP, which activates NLRP3 inflammasome via the P2X7 receptor. In caspase-8-mediated pathway, the pathogenic Yersinia infection results in inhibition of the TAK1 activity, motivating the RIPK1/caspase-8 pathway. Active caspase-8 cleaves GSDMD to produce GSDMD-N, resulting in pyroptotic cell death. Under hypoxia conditions, p-STAT3 physically binds to PD-L1 and favors its nuclear translocation, where PD-L1 enhances GSDMC gene expression. TNF-α-activated caspase-8 specifically shears GSDMC, liberating its N-terminal domain (GSDMC-N) that punches holes in the cell membrane and triggers pyroptosis. In capase-3-mediated pathway, chemotherapeutic agent-activated caspase-3 converts GSDME into GSDME-N, which perforates the cell membrane to initiate pyroptosis. In the granzyme-mediated pathway, CAR T cells prompt caspase-3/GSDME-dependent pyroptosis in target cells by secreting granzyme B. Futhermore, granzyme B directly cuts GSDME to drive pyroptosis. In addition, cytotoxic lymphocyte-derived granzyme A can activate the pyroptosis signaling pathway via specific cleavage of GSDMB. DAMPs, damage-associated molecular patterns; PAMPs, pathogen-associated molecular patterns; IL-1β, interleukin-1β; IL-18, interleukin-18; GSDMD, gasdermin D; GSDMD-N, the N-terminal domain of gasdermin D; LPS, lipopolysaccharide; ATP, adenosine triphosphate; P2X7, purinergic receptor P2X ligand-gated ion channel 7; TNF, tumor necrosis factor; TNFR, tumor necrosis factor receptor; RIPK1, receptor-interacting protein kinase 1; FADD, Fas-associated protein with death domain; TAK1, transforming growth factor-β (TGF-β)-activated kinase 1; PD-L1, programmed death-ligand 1; STAT3, signal transducer and activator of transcription 3; GSDMC, gasdermin C; GSDMC-N, the N-terminal domain of gasdermin C; GSDME, gasdermin E; GSDME-N, the N-terminal domain of gasdermin E; CAR, chimeric antigen receptor; GSDMB, gasdermin B; GSDMB-N, the N-terminal domain of gasdermin B.



The canonical inflammasome is a cytoplasmic polyprotein complex composed of a sensor protein, an adaptor protein termed apoptosis-associated speck-like protein containing a caspase activation and recruitment domain (ASC) and an effector protein pro-caspase-1 (71, 72). Sensor proteins nucleotide-binding oligomerization domain (NOD)-like receptor (NLR) family pyrin domain-containing 1 (NLRP1), NLRP3, NLR family caspase activation and recruitment domain (CARD)-containing 4 (NLRC4), absent in melanoma 2 (AIM2) and pyrin can form canonical inflammasomes. The GSDM family consists of GSDMA, GSDMB, GSDMC, GSDMD, GSDMDE (DFNA5) and DFNB59 (Pejvakin, PJVK) in humans (73). It is worth mentioning that mice possess three GSDMA subtypes (GSDMA1-3) and four GSDMC subtypes (GSDMC1-4) but do not have GSDMB. Except for DFNB59, all members of the GSDM family are composed of N-terminal and C-terminal domains, and the N-terminal domain acts as the pyroptosis executor. In caspase-1-mediated canonical inflammasome pathway, the assembly of inflammasomes is triggered upon the recognition of diverse stimuli, such as damage-associated molecular patterns (DAMPs), pathogen-associated molecular patterns (PAMPs) and microbial infections, by distinct sensor proteins. Afterwards, sensor proteins homo-oligomerize and recruit pro-caspase-1 through homotypic interactions or through the adaptor protein ASC. Combination of pro-caspase-1 with the inflammasome causes the initiation of its autocatalytic activity, culminating in the production of catalytically active caspase-1 through self-cleavage (74). Active caspase-1 cleaves GSDMD at its middle linker to form an N-terminal pore-forming domain (GSDMD-N) and a C-terminal repressor domain. GSDMD-N then oligomerizes and perforates the cell membrane, leading to water influx, cell swelling and osmotic lysis. Caspase-1 processes the precursors of pro-inflammatory cytokines IL-1β and IL-18 into their mature forms. Bioactive IL-1β and IL-18 are liberated through the GSDMD-N pore. Pyroptosis can cause the leakage of DAMPs including high-mobility group box 1 (HMGB1) and lactate dehydrogenase (LDH), further augmenting inflammation and recruiting immune cells to the tissue (75).

In the non-canonical inflammasome pathway, intracellular lipopolysaccharide (LPS) directly binds the N-terminal CARD of human caspase-4/5, or mouse homologue casaspe-11 (76, 77). Activated caspase-4/5/11 subsequently cleave the executor protein GSDMD to unleash its N-terminal domain (GSDMD-N), which transfers to the cell membrane and induces lytic cell death by forming oligomeric pores. Caspase-4/5/11 do not directly induce maturation of IL-1β and IL-18. The GSDMD-N pores result in potassium (K+) efflux that activates the NLRP3/caspase-1 pathway, contributing to the hydrolysis and release of IL-1β and IL-18 (78, 79). Following cytosolic LPS stimulation, active caspase-11 specifically cleaved the pannexin-1 channel followed up by release of cellular adenosine triphosphate (ATP) (80). The increased extracellular ATP activated the purinergic receptor P2X ligand-gated ion channel 7 (P2X7), which allowed K+ efflux and thus led to the assembly of NLRP3 inflammasome.

Once activation by chemotherapy drugs, caspase-3 mediates the cleavage of GSDME in GSDME-expressing cancer cells to liberate its N-terminal domain (GSDME-N), hence inducing cancer cell pyroptosis (81, 82). In mouse macrophages, pathogenic Yersinia suppressed the activity of transforming growth factor-β (TGF-β)-activated kinase 1 (TAK1) via the effector protein YopJ, evoking the receptor-interacting protein kinase 1 (RIPK1)/caspase-8 pathway (83). Activated caspase-8 cleaved GSDMD into GSDMD-N, which punched holes in the cell membrane to induce pyroptosis. Programmed death-ligand 1 (PD-L1) switched tumor necrosis factor-α (TNF-α)-induced apoptosis to pyroptosis in breast cancer (BC) cells (70). Mechanistically, hypoxic stress induced phosphorylated signal transducer and activator of transcription 3 (p-STAT3)-mediated nuclear translocation of PD-L1, enhancing GSDMC gene transcription. TNF-α-activated caspase-8 specifically sheared GSDMC to generate GSDMC-N, which drilled holes in the cell membrane to drive pyroptotic cell death. Furthermore, antibiotic chemotherapeutic drugs could prompt caspase-8/GSDMC-induced pyroptosis in BC cells.

Emerging evidence has refined the notion that pyroptosis could only be mobilized by caspases. The granzyme-mediated pyroptosis pathway has been reported in several studies. Chimeric antigen receptor (CAR) T cells were found to expeditiously activate caspase-3 in target cells by secreting granzyme B (GzmB) (84). Active caspase-3 cleaved GSDME to unleash its pore-forming N-terminal domain, which led to excessive pyroptosis. Another study showed that GzmB directly cut GSMDE at the same site as caspase-3 and promoted pyroptosis in GSDME-expressing cancer cells, which further aggrandized the cytotoxic actions of antitumor killer cells (85). Zhou et al. (86) revealed that cytotoxic lymphocyte-derived GzmA was able to hydrolyze GSDMB at the Lys299/Lys244 site within the interdomain linker, unmasking the pore-forming activity of GSDMB and finally causing extensive pyroptosis. In addition, such immune effector mechanism potentiated cytotoxic T lymphocyte (CTL)-mediated tumor regression in vivo.

Pyroptosis constitutes a pivotal component of host innate immune system and performs essential functions in microbial clearance and anticancer effects. Although pyroptosis has been increasingly studied in recent years, there are many gaps in our current knowledge. The regulatory mechanisms of pyroptosis are still in need of detailed study. Caspase-1 and caspase-11 shear GSDMD through the identical chemical mechanism, but only caspase-1 can activate IL-1β and IL-18. It is confusing why capase-11 cannot induce the maturation of IL-1β and IL-18. GSDMA-E have been substantiated to function as the executors of pyroptosis. These GSDM family members are implicated in the pyroptosis process under distinct circumstances. It is equivocal whether GSDM family proteins play overlapping roles in inflammation and carcinogenesis. Much work is necessary to illuminate certain aspects of the non-canonical inflammasome mechanism. LPS is considered as an important substrate that motivates the non-canonical inflammasome pathway. It is puzzling whether there are other substrates for the non-canonical inflammasome. There is an urgent need to characterize the structural and mechanistic basis of the interplay between the non-canonical inflammasome and GSDMs. More efforts are required to determine critical factors involved in the regulation of pyroptosis. The endosomal sorting complex required for transport-III (ESCRT-III) system is responsible for the repairment of GSDM pores (87). The role of ESCRT-III-mediated membrane repair pathway in GSDM-executed pyroptosis needs further investigation. It is essential to explore the fate of GSDM pores during the pyroptosis process. The interconnection between pyroptosis and other death pathways (e.g., apoptosis and necroptosis) may represent an interesting research direction. Above all, the functions and mechanisms of pyroptosis warrant more in-depth studies. In addition, further studies to seek activators of the pyroptosis pathway may open up new therapeutic avenues for many types of diseases including immune-related diseases and cancers.



3.2 The regulatory roles of pyroptosis in cancer pathobiology

The relationship between the pyroptosis pathway and cancer pathogenesis is complicated. The role of pyroptosis in cancer can vary depending on cancer cell type, genetic background, the duration and extent of pyroptosis. On one hand, pyroptosis suppresses the initiation and development of cancer. Overexpressed p53 inhibited the growth of non-small cell lung cancer (NSCLC) by inducing NLRP3 inflammasome-dependent pyroptosis (88). The absence of active inflammasomes promoted azoxymethane/dextran sulfate sodium (AOM/DSS)-induced colorectal carcinogenesis in mice, suggesting that inflammasomes acted as a negative modulator of cancer formation (89–91). GSDME-executed pyroptosis enhanced the anticancer efficacy of the chemotherapeutic drug carboplatin in retinoblastoma cells (92). Remarkably, pyroptosis exerts an anticarcinogenic role by activating immune responses. GSDME-mediated pyroptosis enhanced the cytotoxic effects of cisplatin on NSCLC cells by releasing chemokines to attract tumor-infiltrating T cells (93). HMGB1 released from pyroptotic melanoma cells induced the activation of dendritic cells (DCs) and antitumor T cells, which in turn prevented melanoma growth (94). On the other hand, pyroptosis facilitates the onset and progression of cancer in various ways. The main components of the pyroptosis pathway have a role in promoting cancer pathogenesis. For instance, upregulation of the pyroptosis effector GSDMC induced by TGF-β receptor type II (TGFBRII) favored colorectal carcinogenesis in vivo (95). Pyroptosis may contribute to the establishment of a favorable niche for cancer progression. The activation of pyroptosis caused the liberation of various inflammatory mediators (e.g., IL-1 and IL-18), which fueled cancer development through diverse mechanisms including upregulation of proangiogenic factors and adhesion molecules, regulation of inflammatory tumor microenvironment and disruption of antitumor immunity (96). Moreover, pyroptosis can regulate cancer progression by releasing tumor-promoting molecules. Reportedly, GSDME-mediated pyroptosis supported the development of colorectal cancer (CRC) via the discharge of HMGB1, which promoted proliferating cell nuclear antigen (PCNA) expression and cancer cell proliferation (97).

The mechanisms underlying the dual roles of pyroptosis in cancer have yet to be thoroughly elucidated. The key components of the pyroptosis pathway, inflammasomes, GSDMs and pro-inflammatory cytokines, are closely associated with cancer biology (98). Notably, a multitude of components play overlapping roles in diverse pathways mediating pyroptosis. Hence, addressing the overall effect of each pathway on cancer development, rather than the individual effect of single component, may be helpful to completely understand the regulatory role of pyroptosis in cancer. Activating pyroptosis in cancer cells is proposed to represent a novel alternative for conventional cancer treatments. Continual study of the pyroptosis mechanism in different types of cancers, as well as of the upstream and downstream factors of the pyroptosis pathway, would provide new opportunities to improve existing cancer treatments. Pyroptosis causes the release of numerous cellular contents to elicit robust inflammatory responses and extensive infiltration of immune cells in the tumor microenvironment. Conversely, enhanced lymphocyte infiltration prompts cancer cell pyroptosis, constituting a positive feedback to augment anticancer effects (99). The reciprocal interaction between the pyroptosis pathway and antitumor immunity deserves more attention. Pyroptosis-based therapeutics could be used in combination with immunotherapy to achieve systemic control of cancer. However, conventional anticancer therapies have the potential to trigger pyroptotic cell death in immune cells, leading to damage of antitumor immunity. Therefore, it is important to diminish adverse effects of current treatments by preventing immune cell pyroptosis. There is a need for new approaches that specifically induce pyroptosis in cancer cells without impairing antitumor immune cells. GSDME is an epigenetically silenced tumor suppressor gene in most cancer cells (81). It is suggestive that specific induction of pyroptosis in cancer cells by activating GSDME may provide an effective approach to enhance antitumor immunity. Additionally, intensive experimental and clinical studies are required to evaluate the potential application of pyroptosis-based therapeutics.




4 Noncoding RNA-mediated pyroptosis in cancer

Various types of ncRNAs, including miRNAs, lncRNAs and circRNAs, can regulate pyroptotic cell death in cancer, which opens a new window to better understand the pyroptosis mechanism (Figure 2). The pyroptosis pathway is involved in the onset and progression of cancer. The interaction between ncRNAs and pyroptosis has recently become a new focus of research within the field of oncology.




Figure 2 | Overview of ncRNAs involved in the regulation of the pyroptosis pathways in cancer. LINC00958 was found to initiate AIM2 inflammasome-dependent pyroptosis. By contrast, circNEIL3 prevented DNA damage-induced AIM2 inflammasome activaiton, thereby restraining the pyroptosis process. HOTTIP was capable of suppressing NLRP1 inflammasome-mediated pyroptosis. miR-21-5p and GAS5 could activate the canonical inflammasome pathway by regulating ASC. miR-214, miR-181, miR-200b, ADAMTS9-AS2 and MEG3 were reported to facilitate the assembly of NLRP3 inflammasome, whereas miR-556-5p, miR-195, SNHG7, XIST and GSEC exerted the opposite action. miR-125b limited the activity of caspase-1, hence blocking the canonical inflammasome pathway. miR-145 and miR-497 drove the pyroptosis pathway by promoting GSDMD expression or activation. However, RP1-85F18.6 inhibited GSDMD cleavage and thus repressed pyroptoic cell death. CircPUM1 negatively regulated caspase-3 to interrupt the related pyroptosis pathway. NEAT1 and miR-155-5p had opposite effects on GSDME-executed pyroptosis. DAMPs, damage-associated molecular patterns; PAMPs, pathogen-associated molecular patterns; AIM2, absent in melanoma 2; ASC, apoptosis-associated speck-like protein containing a caspase activation and recruitment domain; NLRP1, nucleotide-binding oligomerization domain (NOD)-like receptor (NLR) family pyrin domain-containing 1; NLRP3, nucleotide-binding oligomerization domain (NOD)-like receptor (NLR) family pyrin domain-containing 3; GSDMD, gasdermin D; GSDMD-N, the N-terminal domain of gasdermin D; IL-1β, interleukin-1β; IL-18, interleukin-18; LPS, lipopolysaccharide; GSDME, gasdermin E; GSDME-N, the N-terminal domain of gasdermin E.




4.1 Regulation of pyroptosis by miRNAs in cancer

Many studies have addressed the evidence of miRNA-mediated regulation of pyroptosis. miRNAs can either promote or suppress cancer cell pyroptosis via regulating different genes and signaling pathways (Table 1).


Table 1 | NcRNA-mediated pyroptosis in cancer pathogenesis.




4.1.1 Promotion of cancer cell pyroptosis by miRNAs


4.1.1.1 Influence on the pyroptosis signaling pathways

miR-214 and NLRP3 were lowly expressed in cervical cancer patients and cervical cancer cells compared to their normal counterparts (20). Upregulation of miR-214 triggered caspase-1-mediated pyroptosis and suppressed the proliferation of cervical cancer cells by upregulating NLRP3. The underlying mechanisms by which miR-214 affected the expression of NLRP3 deserve further study. It remains to determine whether miR-214 negatively regulates the specific gene capable of inhibiting NLRP3 expression. Tanshinone IIA exerted inhibitory effects on cervical cancer progression (100). The expression level of miR-145 was elevated in tanshinone IIA-treated cervical cancer cells. The miR-145 inhibitor overtly restrained tanshinone IIA-induced pyroptosis, as evidenced by decreased levels of GSDMD, IL-β and IL-18. These findings provided preliminary evidence of a linkage between miR-145 and pyroptosis in cervical cancer. Silencing of miR-145 caused the downregulation of GSDMD, but the regulatory mechanism was elusive. miR-145 might act as a novel therapeutic target of the treatment of cervical cancer. However, the direct targets of both miR-214 and miR-145 remain undetermined. Accordingly, more studies are necessary to seek an explanation for miRNA-mediated pyroptosis in cervical cancer.

miRNAs exert regulatory roles in cancer cell pyroptosis by orchestrating key components of the pyroptosis pathway. miRNAs may bind to pyroptosis-related genes, and thus affect their expression. Credible evidence is still needed to validate this hypothesis. It is worth noting that miRNAs could indirectly affect the abundance of pyroptosis-related proteins by targeting some other genes. Therefore, further exploration is required to reveal how miRNAs regulate the pyroptosis signaling pathway. A more sophisticated understanding of the roles of miRNAs in pyroptosis regulation may be conducive to clarifying the complex molecular mechanisms that provide stringent regulation over the activation of pyroptosis.



4.1.1.2 Modulation of intracellular signaling cascades

miR-181 showed upregulation in chlorpyrifos (CPF)-treated neuroblastoma cells (22). miR-181 significantly inactivated the sirtuin 1 (SIRT1)/peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α)/nuclear factor erythroid 2-related factor 2 (Nrf2) signaling cascade in CPF-treated neuroblastoma cells. Nrf2 inhibition brought about an increase in the levels of pyroptosis-related proteins including NLRP3, caspase-1, IL-1β and IL-18. Therefore, miR-181 promoted CPF-induced neuroblastoma cell pyroptosis through downregulation of the SIRT1/PGC-1α/Nrf2 signaling pathway. However, the detailed mechanism by which miR-181 regulated the activity of the SIRT1/PGC-1α/Nrf2 signaling warrants thorough exploration. Nrf2 may play multifaceted roles in NLRP3 inflammasome activation. Nrf2 was required for NLRP3 activation via regulation of ASC speck formation (119). On the other hand, Nrf2 activation has anti-inflammatory roles by upregulating antioxidative and reactive oxygen species (ROS)-detoxifying proteins (120). Since ROS is dispensable for NLRP3 inflammasome activation, Nrf2 dampens NLRP3 inflammasome activation through attenuation of intracellular ROS levels and oxidative stress. It is possible that miR-181-mediated Nrf2 inhibition contributes to ROS-induced NLRP3 inflammasome activation, but this assumption remains to be further validated. In addition, the crosstalk between Nrf2 and NLRP3 inflammasome is intricate. The reasons why Nrf2 regulates NLRP3 inflammasome activation are not completely understood. Continual investigations on the interconnection between Nrf2 and NLRP3 inflammasome will deepen our understanding of the regulatory mechanism associated with cancer cell pyroptosis.

Nobiletin, a polymethoxylated flavone present in citrus fruits, enhanced miR-200b expression in BC cells (101). miR-200b overexpression promoted pyroptosis of BC cells by increasing the expression of NLRP3, ASC, GSDMD, caspase-1, IL-1β and IL-18. Further study indicated that miR-200b negatively regulated the expression of the tumor promoter JAZF zinc finger 1 (JAZF1). Upregulation of JAZF1 partially diminished the pro-pyroptotic effect of miR-200b. JAZF1 serves as a repressor of TAK1 that is a pivotal kinase upstream of the nuclear factor-κB (NF-κB) signaling cascade (121). Correspondingly, miR-200b overexpression and JAZF1 silencing caused the activation of the NF-κB signaling pathway (101). The NF-κB inhibitor partially reversed the promoting effect of JAZF1 deficiency on pyroptotic cell death in BC. Blockade of the NF-κB signaling restrained the expression of pyroptosis-related proteins NLRP3, caspase-1 and GSDMD, and limited the production of pro-inflammatory cytokines IL-1β and IL-18 (122). In other words, NF-κB was a critical participant in orchestrating pyroptosis. Accordingly, miR-200b induced pyroptosis of BC cells through regulation of the JAZF1/NF-κB axis.

Proline-, glutamic acid- and leucine-rich protein 1 (PELP1) was an oncogene, and its upregulation was linked with the progression of esophageal squamous cell carcinoma (ESCC) (102). Metformin could trigger ESCC cell pyroptosis. Mechanistic investigation showed that metformin diminished PELP1 expression by upregulating miR-497. The miR-497 inhibitor caused the upregulation of PELP1, and overexpressed PELP1 suppressed metformin-induced GSDMD translocation from cytoplasm to cell membrane and GSDMD cleavage. In vivo experiment also showed that the miR-497/PELP1 axis served as a key mediator in ESCC cell pyroptosis induced by metformin. PELP1 can interact with histone and coactivator-associated arginine methyltransferase 1 (CARM1) by acting as a scaffolding protein (123, 124). The miR-497/PELP1 axis may control pyroptotic cell death in ESCC via the epigenetic mechanism, and future studies are needed to corroborate this speculation.

miR-21-5p exhibited a high expression trend in CRC tissues and cells compared to their normal counterparts (103). Overexpression of miR-21-5p enhanced pyroptosis and reduced viability of CRC cells by increasing the expression of caspase-1, active IL-1β and GSDMD-N and promoting the formation of ASC specks. TGF-β-induced protein (TGFBI) was a downstream target of miR-21-5p. Depletion of TGFBI caused the upregulation of caspase-1, GSDMD-N and IL-1β and the enhancement of ASC oligomerization. TGFBI acted as a tumor promoter in CRC. Notably, the mechanisms of action of TGFBI in pyroptosis is still elusive and thus need further study. This study presented evidence for the assembly and activation of NLRP3 inflammasome; however, the precise inflammasome sensor related to miR-21-5p-mediated cell pyroptosis warrants further verification.

Pyroptosis has been associated with multiple signal transduction cascades, including the Nrf2 and NF-κB pathways. miRNAs function as pivotal participants in cancer cell pyroptosis by controlling these signaling cascades. As far as is known, one miRNA is able to simultaneously regulate the expression of many genes. miRNAs may interfere with different signaling pathways that have synergistic or antagonistic effects on pyroptosis. The interplay between these pathways regulated by the same miRNA is poorly understood and necessitates further exploration. There is accumulating evidence on an important function performed by miRNAs in controlling numerous intracellular signaling pathways. miRNA-associated regulatory networks underlying pyroptosis may be exquisitely fine-tuned by highly orchestrated mechanisms in cancer. It is intriguing why the pro-pyroptotic or anti-pyroptotic signaling cascades that become activated by miRNAs take a central position in the regulation of cancer cell pyroptosis under certain circumstances.




4.1.2 Inhibition of cancer cell pyroptosis by miRNAs


4.1.2.1 Blockade of NLRP3 inflammasome activation

miR-556-5p was dramatically upregulated in cisplatin-resistant NSCLC (CR-NSCLC) tissues and cells compared to cisplatin-sensitive NSCLC (CS-NSCLC) tissues and cells (104). miR-556-5p negatively regulated NLRP3 expression (125). Overexpressed miR-556-5p enhanced cisplatin resistance in CS-NSCLC cells. Conversely, miR-556-5p ablation decreased cell viability and prompted pyroptotic cell death in cisplatin-treated CR-NSCLC cells by increasing NLRP3 expression. Consistently, miR-556-5p knockdown boost IL-1β and IL-18 secretion. These phenomena were alleviated by the pyroptosis inhibitor necrosulfonamide (NSA) or NLRP3 knockdown. In addition, miR-556-5p silencing also promoted apoptosis of cisplatin-treated CR-NSCLC cells, while impairment of pyroptotic cell death could reverse this effect. Thus, miR-556-5p ablation augmented cisplatin-induced CR-NSCLC cell apoptosis by enhancing NLRP3-dependent pyroptosis. These results suggested the existence of the reciprocal crosstalk between cell pyroptosis and apoptosis. Altogether, miR-556-5p inhibition increased susceptibility of NSCLC cells to chemotherapy through induction of pyroptosis, which might provide alternative therapeutic options to counteract chemotherapeutic resistance in NSCLC patients.

Enterovirus A71 (EV-A71) infection was previously verified to induce caspase-1-mediated pyroptosis in human neuroblastoma cells (126). Zhu et al. (105) further revealed the role of miRNAs in EV-A71 infection-triggered pyroptosis. They found that miR-195 was markedly downregulated in EV-A71-infected human neuroblastoma cells. NLR family member X1 (NLRX1), a member of the NLR family that localizes to mitochondria, acted as a negative modulator of antiviral signaling (127). NLRX1 might play an important in regulation of pathogen-induced pyroptosis by controlling NLRP3 inflammasome activation (128). miR-195 was proven to directly target NLRX1 (105). Knockdown of NLRX1 or ectopic expression of miR-195 inhibited EV-A71-caused pyroptosis in human neuroblastoma cells. It could be concluded that miR-195 modulated EV-A71-associated pyroptosis by targeting NLRX1. However, the accurate mechanism of NLRX1 in EV-A71-induced pyroptosis remains to be revealed. Moreover, the effect of NLRX1 on NLRP3 inflammasome activation should be defined in future studies.

miRNAs can directly or indirectly impact the activation of NLRP3 inflammasome. Since other inflammasomes (e.g., AIM2 and NLRP1) also take part in cell pyroptosis, the effect of miRNAs on inflammasome activation merits further intensive investigation. Due to the interaction between the apoptotic and pyroptotic pathways, it is expected that apoptosis-related miRNAs may have a role in curbing pyroptotic cell death. Hence, their involvement in cancer cell pyroptosis should be the focus of research attention. An in-depth investigation on the crosstalk of different cell death pathways will provide a new way to develop potentially effective cancer treatment.



4.1.2.2 Negative regulation of GSDM family proteins

Epidermal growth factor receptor (EGFR) functions as a tumor promoter and is thus considered as a prospective therapeutic target for cancer treatment (129). Reportedly, cetuximab, a chimeric EGFR-targeted monoclonal antibody, inhibited the proliferation of EGFR-overexpressing triple-negative breast cancer (TNBC) cells (106). Accordingly, cetuximab might be a promising therapeutic agent for the treatment of EGFR-overexpressing TNBC. Moreover, it is proposed that the combination treatment of cetuximab and other agents could overcome acquired resistance to cetuximab in TNBC patients. miR-155-5p was found to be upregulated in TNBC cells (106). The miR-155-5p antagomir enhanced the cytotoxic effects of cetuximab on EGFR-overexpressing TNBC cells. Importantly, GSDME was the downstream target of miR-155-5p. As expected, cetuximab combined with the miR-155-5p antagomir fostered pyroptotic cell death in EGFR-overexpressing TNBC cells by enhancing the expression of GSDME-N and caspase-1. In vivo experimental results manifested that knockdown of miR-155-5p strengthened the anticancer activity of cetuximab in an EGFR-overexpressing TNBC xenograft mouse model by prompting cancer cell pyroptosis. Collectively, the combined use of cetuximab and the miR-155-5p inhibitor may be effective in TNBC therapy.

GSDM family proteins are the pore-forming executioners of pyroptosis. Activation of GSDM-mediated cancer cell pyroptosis could lead to tumor growth inhibition and enhanced anticancer immunity (130). GSDM-directed therapies may offer promising approaches for cancer immunotherapy. miRNAs are capable of reducing GSDM expression. Thus, the inhibitors of GSDM-targeted miRNAs may be useful for the treatment of cancer. Currently, there is limited information available concerning the regulation of GSDM expression by miRNAs. The identification and characterization of miRNAs that target GSDM proteins or their upstream/downstream effectors should be a focus of research in the future. Additional studies on miRNA-associated mechanisms regulating GSDM expression in both normal and cancerous cells will pave the way for screening and developing novel anticancer agents.



4.1.2.3 Coordination of tumor suppressors

Tanshinone IIA promoted the pyroptosis of nasopharyngeal carcinoma (NPC) cells (107). Tanshinone IIA reduced the level of miR-125b and upregulated the expression of its target forkhead box P3 (FOXP3) in NPC cells. miR-125b overexpression or FOXP3 knockdown abrogated the pro-pyroptotic effect of tanshinone IIA on NPC cells, as evidenced by decreased levels of cleaved products of pyroptosis-related proteins including caspase-1, GSDMD-N, IL-1β and IL-18, as well as reduced release of ROS and LDH. Therefore, the miR-125b/FOXP3 signaling acted as a pyroptotic inhibitor in NPC. The contributory role of this signaling pathway in NPC development needs to be explored in vivo. FOXP3 is a member of the forkhead transcription factor family and plays a suppressive role in the immune system (131). The role of FOXP3 in carcinogenesis is conflicting. In some types of cancers, FOXP3 serves as a tumor promoter. While in some other types of cancers, it acts oppositely. The reason for the inconsistent results is yet to be clarified. FOXP3 was found to impede DNA damage repair in cancer cells (132), which might contribute to its participation in tanshinone IIA-induced pyroptosis. However, it is essential to characterize the exact mechanism underlying the role of FOXP3 in pyroptosis regulation.

Tumor suppressors have been found to stimulate pyroptotic cell death in cancer (88, 133). The mechanisms responsible for tumor suppressor-induced pyroptosis include activation of inflammasomes and domination of pyroptosis-relevant signaling pathways. Oncogenic miRNAs restrain cancer cell pyroptosis and facilitate cancer progression by downregulating tumor suppressors. The crucial role and underlying mechanism of the oncogenic miRNA/tumor suppressor axes in pyroptosis require comprehensive exploration. Increasing knowledge about miRNA-mediated regulation of pyroptosis will provide helpful information for further research of the mechanism and application of oncogenic miRNA-targeted therapies.





4.2 Regulation of pyroptosis by lncRNAs in cancer


4.2.1 Fine-tuning of miRNA function

A growing body of evidence has indicated that lncRNAs act as competing endogenous RNAs (ceRNAs) to suppress miRNA function, thereby governing the expression of miRNA target genes. LncRNAs can modulate key components (e.g., inflammasomes and GSDM proteins) of the pyroptosis pathway by sponging miRNAs (Table 1). Moreover, the lncRNA/miRNA/mRNA ceRNA network is involved in regulating specific signal transduction cascades that are associated with pyroptosis. Therefore, lncRNAs are recognized as important players in cancer cell pyroptosis.

LINC00958 presented higher expression in oral squamous cell carcinoma (OSCC) cells than normal oral epithelial cells (108). LINC00958 overexpression remarkably enhanced OSCC cell proliferation by downregulating SIRT1 to decrease p53 expression. Ectopic expression of SIRT1 reversed the effects of LINC00958 on OSCC cell survival by upregulating p53. Intriguingly, LINC00958 reduced the expression level of miR-4306 that directly bound to AIM2. As a result, LINC00958 elevated the levels of caspase-1, IL-1β and IL-18, evidencing that LINC00958 induced AIM2-dependent pyroptosis. LINC00958 simultaneously exerted tumor-promoting and suppressive roles in OSCC. The pro-tumorigenic effect of LINC00958 seemed to take the leading position. These findings provided new insights into the exact mechanism related to OSCC progression and laid a theoretical foundation for future studies. The expression level of lncRNA small nucleolar RNA host gene 7 (SNHG7) was higher in hepatocellular carcinoma (HCC) tissues and liver cancer cells than adjacent normal tissues and normal liver epithelial cells (109). Overexpression of SNHG7 impeded NLRP3-dependent pyroptosis in liver cancer cells. SNHG7 functioned as a ceRNA of miR-34a that negatively modulated the expression of SIRT1. Silencing of SNHG7 lowered SIRT1 expression, but elevated the expression of NLRP3, caspase-1 and IL-β, eventually contributing to pyroptosis in liver cancer cells. miR-34a overexpression further strengthened SNHG7 knockdown-mediated pyroptosis. The SNHG7/miR-34a/SIRT1 axis played an important role in liver cancer progression via modulation of NLRP3-dependent pyroptosis. LINC00958 and SNHG7 had opposing roles in regulation of SIRT1 expression. LINC00958 promoted OSCC cell proliferation by downregulating SIRT1, while SNHG7 facilitated HCC cell survival by upregulating SIRT1. SIRT1 is a well-characterized member of the sirtuin family and plays a pivotal role in carcinogenesis (134). SIRT1 can function as a tumor promoter or suppressor, depending on their expression levels in cancer cells, actions on cell proliferation and death, as well as their effects on oncogenic and tumor-suppressive proteins (135). Future investigations are warranted to illustrate under which conditions SIRT1-regulating lncRNAs perform an enhancive or suppressive action on cancer cell pyroptosis.

LncRNA ADAMTS9-AS2 was downregulated in GC tissues and cells compared to their normal counterparts (110). LncRNA ADAMTS9-AS2 overexpression augmented the cytotoxic effects of cisplatin on cisplatin-resistant GC (CR-GC) cells. Moreover, upregulation of lncRNA ADAMTS9-AS2 increased NLRP3 expression and induced pyroptotic cell death in cisplatin treated CR-GC cells by targeting miR-223-3p. The pyroptosis inhibitor NSA could reverse the antagonistic effect of overexpressed lncRNA ADAMTS9-AS2 on CR-GC progression. Thus, lncRNA ADAMTS9-AS2 chemosensitized GC cells to cisplatin treatment by triggering miR-233-3p/NLRP3-mediated pyroptotic cell death.

Ionizing radiation (IR) could induce GSDME-executed pyroptosis in human CRC cells (21). LncRNA nuclear paraspeckle assembly transcript 1 (NEAT1) was highly expressed in response to IR and had the ability to increase GSDME expression by downregulating miR-448. Depletion of NEAT1 or ectopic expression of miR-448 suppressed the expression and activation of GSDME, leading to the inhibition of IR-induced pyroptosis. Accordingly, downregulation of NEAT1 rescued IR-caused reduction of cell viability in CRC cells. These findings demonstrated that lncRNA NEAT1 regulated IR-triggered pyroptosis in CRC cells by affecting the miR-448/GSDME axis. Altogether, the participation of NEAT1 in CRC pathogenesis involved a pyroptosis-associated mechanism.

LncRNA X inactivate-specific transcript (XIST) was overtly overexpressed in NSCLC tissues and cells, instead of their normal counterparts (111). Depletion of XIST enhanced NLRP3 inflammasome activation and ROS generation, contributing to pyroptotic cell death in NSCLC cells. This anticancerous effect could be abolished by the pyroptosis inhibitor NSA or the ROS scavenger N-acetyl cysteine (NAC). In terms of mechanism, XIST increased the expression of superoxide dismutase 2 (SOD2) by acting as a molecular sponge for miR-335. Oppositely, downregulated XIST promoted ROS-induced pyroptosis by lowering SOD2 expression in NSCLC cells. The miR-335 inhibitor counteracted the effects of XIST knockdown on ROS levels and cell pyroptosis, which could be reversed by synergistically depleting SOD2. Collectively, inhibition of XIST blocked NSCLC progression by activating the miR-335/SOD2/ROS signaling cascade to initiate pyroptotic cell death. XIST might be a potential therapeutic target for the treatment of NSCLC.

The expression of lncRNA HOXA transcript at the distal tip (HOTTIP) was markedly upregulated in ovarian cancer (OC) tissues and cells (112). HOTTIP silencing caused the repression of OC cell proliferation and the induction of NLRP1 inflammasome-dependent pyroptosis. Mechanistically, HOTTIP decreased the expression of miR-148a-3p and thus upregulated its downstream target protein kinase B2 (Akt2). miR-148a-3p stimulated the apoptosis signal-regulating kinase 1 (ASK1)/c-Jun N-terminal kinase (JNK) signaling by downregulating Akt2. Consistently, depletion of HOTTIP led to the activation of the ASK1/JNK signal transduction cascade, which could be reversed by Akt2 upregulation. Akt2 served as a signaling hub to prevent the phosphorylation of ASK1 and JNK, thereby downregulating the precursors of pyroptosis-related cytokines and inhibiting pro-inflammatory responses (136). The formation of NLRP1 inflammasome was associated with the ASK1/JNK signaling pathway (137). Accordingly, Akt2 overexpression abrogated the inhibitory effects of HOTTIP silencing on OC cell proliferation by blocking NLRP1 inflammasome formation, caspase-1 activation and the secretion of pro-inflammatory cytokines (112). To summarize, HOTTIP affected OC cell proliferation and pyroptosis via the miR-148a-3p/Akt2 axis.

LncRNAs play multifaceted roles in cancer cell pyroptosis by sequestering miRNAs. Targeting the lncRNA-miRNA interactions may contribute to improved anticancer therapies with decreased chance of off-target effects. However, the role of lncRNA/miRNA/mRNA ceRNA regulatory networks in cancer needs further study. Currently, our knowledge about lncRNAs remains insufficient due to their diversity and complexity. Substantial efforts are required to discover and characterize as-yet-unannotated functional lncRNAs in cancer. Notably, a single lncRNA could regulate the expression and activity of diverse miRNAs, thus influencing various key steps in the pyroptosis pathway, such as inflammasome formation, caspase-1 activation, GSDM cleavage and pro-inflammatory cytokine production. The multifarious functions of lncRNAs in regulation of pyroptosis are worthy of thorough investigation.



4.2.2 Domination of inflammasome formation

Cisplatin treatment triggered NLRP3 inflammasome-dependent pyroptosis in TNBC cells (113). Remarkably, lncRNA maternally expressed gene 3 (MEG3) was upregulated in cisplatin-treated TNBC cells. Depletion of MEG3 was capable of abrogating cisplatin-induced NLRP3 inflammasome activation as reflected by downregulation of NLRP3, caspase-1 and GSDMD-N, as well as reduced secretion of IL-1β and IL-18. As expected, MEG3 knockdown promoted the proliferation and migration of cisplatin-treated TNBC cells by counteracting the pro-pyroptotic effect of cisplatin. These results revealed that MEG3 mediated cisplatin-induced pyroptosis in TNBC, implicating it as a potential target for developing new therapeutic avenues to treat TNBC. It remains unclear how MEG3 regulates the activation of NLRP3 inflammasome. Given that lncRNAs act as pivotal regulators of gene expression through diverse molecular mechanisms (138), the mode of action of MEG3 in cisplatin-induced pyroptosis is worthy of further investigation.

The oncogenic potential of XIST in NSCLC progression was previously investigated (114). XIST was dramatically upregulated in cisplatin-treated NSCLC tissues. XIST interacted with the TGF-β effector, mothers against decapentaplegic homolog 2 (SMAD2), and impeded its nuclear transfer. These events suppressed the transcription of both p53 and NLRP3. As expected, XIST knockdown could aggrandize cisplatin-induced pyroptosis in NSCLC cells by increasing the expression levels of NLRP3, caspase-1, IL-1β, IL-18 and GSDMD-N. SMAD2 knockdown could negate the inhibitory effects of XIST depletion on NSCLC cell proliferation. Accordingly, XIST deficiency suppressed the proliferation and enhanced cisplatin sensitivity of NSCLC cells partially by inducing pyroptotic cell death. The in vivo studies also showed that silencing of XIST potentiated cisplatin-induced pyroptosis in NSCLC cells, which led to the prevention of NSCLC xenograft growth. Regulation of the XIST/SMAD2/NLRP3 signaling cascade might provide novel therapeutic interventions to circumvent chemoresistance in NSCLC and perhaps other cancer types.

The expression of lncRNA growth arrest-specific transcript 5 (GAS5) was significantly reduced in OC tissues compared to matched adjacent normal tissues (115). LncRNA GAS5 knockdown markedly inhibited the expression of ASC, caspase-1, IL-1β and IL-18, and reduced LDH activity. Ectopic expression of lncRNA GAS5 exerted the adverse effect. Accordingly, lncRNA GAS5 inhibited OC cell proliferation by activating cell pyroptosis. The inflammasome inhibitor Vad-Fmk reversed GAS5-mediated tumor inhibition in OC xenograft nude mice. GAS5 could be utilized as a prospective therapeutic target for OC treatment. According to existing evidence, lncRNA GAS5 was proposed to control inflammasome formation and inflammatory responses by acting as a decoy for the glucocorticoid receptor (GR) (139, 140). Nevertheless, additional research efforts are essential to determine the precise role and mechanism of GAS5 in affecting inflammasome activation.



4.2.3 Modulation of oncogenic proteins

The expression level of the tumor protein 63 (p63)-associated lncRNA RP1-85F18.6 was increased in CRC tissues and cells (116). Depletion of lncRNA RP1-85F18.6 could retard the proliferation and invasion of CRC cells. Importantly, knockdown of lncRNA RP1-85F18.6 enhanced LDH release, promoted GSDMD cleavage and cell membrane rupture, leading to CRC cell pyroptosis. Overexpression of lncRNA RP1-85F18.6 exerted the opposite roles. LncRNA RP1-85F18.6 was positively associated with the expression of the N-terminal truncated isoform of p63 (ΔNp63). ΔNp63 functions as an oncogene and can promote cancer cell proliferation by modulating specific transcriptional programs (141). Knockdown of ΔNp63 counteracted the pro-tumorigenic effects of overexpressed lncRNA RP1-85F18.6 (116). Thus, lncRNA RP1-85F18.6 inhibited pyroptosis, and promoted proliferation and invasion of CRC cells by modulating ΔNp63. It is intriguing whether lncRNA RP1-85F18.6 regulates ΔNp63 by interacting with particular proteins to enhance ΔNp63 stability. The detailed mechanism by which lncRNA RP1-85F18.6 alters ΔNp63 expression needs to be elucidated.



4.2.4 Clinical significance of pyroptosis-related lncRNAs in cancer

Compelling evidence has proven the important roles of lncRNAs in the process of pyroptotic cell death. LncRNAs affect various key hallmarks of cancer progression by acting directly or indirectly on the pyroptosis pathway. Pyroptosis-related lncRNAs may have potential utility as prognostic markers for risk stratification and treatment guidance in cancer patients (Figure 3). Pyroptosis-related lncRNAs have generated increasing interest in recent years due to their potential applications in the clinical practice.




Figure 3 | Potential clinical application of pyroptosis-related lncRNAs in cancer. Some prognostic models based on pyroptosis-related lncRNAs have been established, which can be useful in predicting the risk of poor clinical outcomes in patients with different cancers, including breast cancer, lung adenocarcinoma and gastrointestinal tumors. These pyroptosis-related lncRNA prognostic models may be a promising tool for assessing therapeutic response in cancer patients and thus offer helpful guidance for personalized treatment of cancers.




4.2.4.1 Breast cancer

Based on the transcriptomic and clinical data of BC patients from The Cancer Genome Atlas (TCGA) database, nine pyroptosis-related lncRNAs (AC005034.5, AC103858.2, AL606834.2, LINC01301, LINC01871, OIP5-AS1, TBC1D8-AS1, TNFRSF14-AS1 and Z68871.1) were identified for the prognostic signature, which divided BC patients into low- and high-risk groups (142). Univariate and multivariate Cox regression analyses showed that this lncRNA signature had potential prognostic value in predicting clinical outcome in BC patients. Further study revealed that low-risk BC might be an immunologically “hot” tumor. The pyroptosis-associated risk score had an inverse relationship with the levels of tumor-infiltrating lymphocytes (TILs, NK cells and T cells) and immune checkpoint molecules (e.g., BTLA, CTLA4, LAG3 and PD-L1). However, the infiltration levels of M2 macrophages and mast cells were remarkably higher in the high-risk group. It was likely that induction of pyroptosis might represent a promising therapeutic strategy for the improvement of immunotherapy efficacy in BC patients.

Ten pyroptosis-related lncRNAs (AC104653.1, CTA-384D8.34, CTD-2357A8.3, GNG12-AS1, RP11-141M3.6, RP11-459E5.1, RP11-631N16.2, RP11-756J15.2, RP11-817J15.3 and RP11-1070N10.3) were identified as independent predictors for overall survival in BC patients (143). BC patients were clustered into low- and high-risk groups based on the pyroptosis-related lncRNA risk model. The nomogram based on the risk model and clinicopathologic features displayed good performance in predicting prognosis in BC patients. Low-risk patients had more infiltration of antitumor immune cells, such as activated memory CD4+ T cells and CD8+ T cells, while high-risk patients had more B cells, CD8+ T cells, cytotoxic lymphocytes, M2 macrophages, NK cells and regulatory T (Treg) cells. The expression levels of T cell phenotypic and functional markers (e.g., CD4, CD8B and GZMB), activating immune receptors (CD27, CD40 and CD80) and immune checkpoint markers (CTLA4, PDCD1 and PD-L1) were elevated in the low-risk group compared with the high-risk group. In addition, the expression levels of RP11-1070N10.3, PR11-141M3.6 and RP11-817J15.3 were decreased, while RP11-459E5.1 was overtly upregulated in BC tissues compared to paired normal tissues. The expression level of RP11-1070N10.3 and RP11-817J15.3 was positively correlated with overall survival in BC patients, while that of RP11-459E5.1 was inversely associated with overall survival. This signature could be useful in screening BC patients who may benefit from immunotherapy.

Lv et al. (144) screened eight pyroptosis-related lncRNAs to construct a prognostic model. Among these lncRNAs, AC004585.1, AL136368.1, AL606834.2, DLGAP1-AS1, LINC01871 and TNFRSF14-AS1 were favorable prognosis factors, while AC009119.1 and Z68871.1 acted as predictive indicators for poor prognosis. BC patients were clustered into low- and high-risk groups. The risk score was proven to be an independent prognostic factor characterized by good predictive sensitivity and specificity. The infiltration levels of CD8+ T cells, neutrophils, NK cells, T helper (Th) cells and Treg cells were lower in the high-risk group than those in the low-risk group. Experimental results indicated that AC009119.1 and Z68871.1 were upregulated and other six lncRNAs were downregulated in the high-risk group. AC004585.1, AL606834.2 and LINC01871 were positively associated with the infiltration level of memory B cells. These results suggested that the risk model based on the eight pyroptosis-related lncRNAs would offer new perspectives for BC prognosis prediction.

Seven lncRNAs AC005034.5, AC027307.2, AC121761.2, AL451085.2, AL513477.2, LINC01871 and U73166.1 were screened to develop a prognostic prediction model due to their significant correlation with overall survival of BC patients (145). This model was an independent prognostic factor in BC patients characterized by high stability and efficacy. High expression level of AC121761.2, AL451085.2, AL513477.2, LINC01871 and U73166.1 was associated with better overall survival, but that of AC005034.5 and AC027307.2 was linked to worse overall survival. Immune infiltration analysis indicated that high-risk patients were prone to have high infiltration levels of γδ T cells and Th2 cells and low levels of CD8+ T cells, cytotoxic cells and Th cells. The expression level of AC027307.2 was verified to be elevated while that of AC121761.2 was reduced in BC cells relative to normal breast epithelial cells. The identified pyroptosis-related lncRNAs might be potential biomarkers and therapeutic targets in BC. However, the roles of these lncRNAs in BC progression need to be exhaustively investigated in future studies.



4.2.4.2 Respiratory system tumor

A pyroptosis-related lncRNA signature for predicting prognosis in lung adenocarcinoma (LUAD) was set up (117). Five lncRNAs AC010980.2, AL034397.3, AL606489.1, FAM83A-AS1 and GSEC were incorporated into this signature, which separated LUAD patients into low- and high-risk groups. The predictive accuracy of this prognosis signature was determined by the receiver operative characteristic (ROC) analysis. High-risk scores tended to be correlated with decreased levels of immune cell infiltration and increased tumor mutation burden. Moreover, GSEC exhibited upregulation in LUAD tissues and cells relative to non-cancerous tissues and normal lung epithelial cells. Upregulated GSEC acted as a predictive indicator of poor overall survival in LUAD patients. Further experimental research showed that GSEC knockdown enhanced the expression of NLRP3 and caspase-1, which might contribute to pyroptosis induction and growth inhibition in LUAD cells. Thus, the five pyroptosis-related lncRNA signature demonstrated good performance in prognostic forecasting and might serve as a clinically available guide for personalized treatment of LUAD patients. Eleven pyroptosis-related lncRNAs AC004704.1, AC004865.2, AC010999.2, AC012085.2, AC024075.2, AC026355.2, AC026368.1, AC090559.1, AP005137.2, LINC02178 and LINC02390 were incorporated into a prognostic signature (146). The lncRNA signature was validated to have significant prognostic value in LUAD. The signature-identified risk score was inversely associated with the expression levels of immune checkpoints (e.g., CD47, PD-1 and PD-L1), implying that the lncRNA prognostic model might provide guidance for future immunotherapy in LUAD patients. Importantly, the risk score might act as an independent factor for predicting prognosis in LUAD. The expression levels of AC004704.1 and AC024075.2 were decreased, while the other nine lncRNAs were upregulated in LUAD cells compared with normal lung epithelial cells. Nevertheless, the mechanisms of these pyroptosis-related lncRNAs in the occurrence and development of LUAD deserve additional study. The clinical value of this prognostic signature awaits further corroboration in larger cohorts of LUAD patients.



4.2.4.3 Gastrointestinal tumors

Liu et al. (147) identified 20 pyroptosis-related lncRNAs that showed differential expression patterns between colon cancer tissues and normal colon tissues. A nine lncRNA signature comprising AC023157.2, AC084125.2, AL137782.1, AL354836.1, CCDC183-AS1, LINC00174, MYOSLID, SNHG26 and TMEM147-AS1 was set up, and it classified all patients into low- and high-risk groups. The signature-identified risk score was a useful indicator for predicting the prognosis of patients with colon cancer. High-risk patients had higher expression level of immune checkpoints (CTLA4, PD-1 and PD-L1) than the low-risk group. The nine lncRNA signature might have valuable clinical application for accurate prognostic prediction, which could assist the development of specialized treatment regimens for patients with colon cancer.

Pyroptosis-related lncRNAs AC005332.4, AC018752.1, AC147067.2, AC245041.2, ACTA2-AS1, AL121772.1, AL353804.1, AP001318.2, HAGLR, RRN3P2 and UBL7-AS1 were selected for establishment of a prognostic model for separating low- and high-risk GC patients (148). This risk model showed favorable performance in assessing the survival outcomes of GC patients. The risk score was superior in prognostic prediction compared with clinical characteristics, such as age and tumor stage. The pyroptosis-related lncRNA signature might offer valuable clinical application for better prognostic forecasting in GC. Low-risk patients had more infiltration of NK cells and T cells, whereas high-risk patients showed more abundant infiltration of macrophages, activated mast cells, monocytes and neutrophils. High-risk patients displayed high sensitivity to chemotherapies, such as dasatinib and imatinib. In addition, the expression levels of immune checkpoints (e.g., CD160, CTLA4, TNFRSF14 and TNFSF15) were increased in the low-risk group compared to the high-risk group. Collectively, the risk model might be useful in evaluating the immune status of GC patients and provide guidance for treatment assignments.

Five pyroptosis-related lncRNAs (LINC01224, LINC02614, MIR210HG, MKLN1-AS and POLH-AS1) were upregulated in HCC tissues in comparison with paired adjacent normal tissues (149). The pyroptosis-related lncRNA risk model showed favorable performance in predicting prognosis of HCC patients. The nomogram based on the risk model and clinicopathologic features might be more efficient in predicting the clinical outcome of HCC patients than the use of individual clinical characteristics. The risk score was negatively associated with the infiltrating levels of B cells, NK cells and plasmacytoid DCs. High-risk patients had increased expression levels of immune checkpoints (e.g., CD28, PD-L1 and TNFRSF14) and showed enhanced responses to chemotherapy. The risk model could be employed to drive treatment decision making in an individualized manner to direct improved therapies in HCC patients. Further investigation is required to delve into the complex interplay between pyroptosis-related lncRNAs and tumor immunomodulation during HCC development.

Pyroptosis-related lncRNA prognostic models could open up new perspectives for advancing personalized treatment for cancer patients. However, there is limited research on their potential clinical implication. More and more lncRNAs interfering with the pyroptosis pathway have been discovered in cancer. It is a necessity to identify and develop novel cancer biomarkers based on pyroptosis-related lncRNA expression profiles. So far, the original data for constructing pyroptosis-related lncRNA signatures is mainly retrieved from the TCGA database. The lncRNA risk models need to be substantiated for precision and reliability in other external datasets. The genuine role and underlying mechanisms of pyroptosis-related lncRNAs in cancer await in-depth investigations. Importantly, large-scale multicenter prospective studies should be undertaken to explore the prognostic value of pyroptosis-related lncRNA signatures.





4.3 Regulation of cancer cell pyroptosis by circRNAs

CircRNAs are emerging as crucial regulators of the pyroptosis pathway in cancer (Table 1). CircNEIL3 was remarkably downregulated in irradiated LUAD cells compared with non-irradiated LUAD cells (23). CircNEIL3 deficiency fostered irradiation-induced pyroptotic cell death in LUAD. By contrast, circNEIL3 upregulation exerted the opposite effects by inhibiting the activity of caspase-1 to cleave GSDMD into pore-forming GSDMD-N fragment. CircNEIL3 acted as a miR-1184 sponge to coordinate the expression of the DNA helicase petite integration factor 1 (PIF1). miR-1184 overexpression not only promoted the release of LDH, IL-1β and IL-18, but also enhanced the expression of active caspase-1 and GSDMD-N in LUAD cells, which were dramatically abrogated by ectopic circNEIL3 expression. Moreover, PIF1 ablation abolished the anti-pyroptotic effects of circNEIL3 on LUAD cells. PIF1 helicase has been associated with DNA replication and damage. The circNEIL3/miR-1184/PIF1 axis could regulate DNA damage repair by downregulating the γ phosphorylated form of the histone H2AX (γH2AX), a key marker of DNA damage. It has been reported that DNA damage activates AIM2 inflammasome, thereby triggering GSDMD-executed pyroptosis and pro-inflammatory cytokine production (150). Consistently, PIF1 knockdown promoted the formation of AIM2 inflammasome in irradiated LUAD cells. The circNEIL3/miR-1184/PIF1 axis inhibited LUAD cell pyroptosis by preventing DNA damage-induced AIM2 inflammasome activation. CircNEIL3 knockdown was effective in enhancing the susceptibility of LUAD cells to radiation therapy and suppressing tumor growth in a nude murine LUAD xenograft tumor model. Collectively, circNEIL3 knockdown-mediated pyroptosis might provide a novel therapeutic strategy for improving the efficiency of radiotherapy in LUAD.

Cobalt chloride (CoCl2) treatment induced the upregulation of hypoxia-inducible factor-1α (HIF-1α), which mimicked the intracellular bioenergetic variations of tumor hypoxia (151). CircPUM1, a circRNA derived from the PUM1 gene, was overtly upregulated following HIF-1α accumulation in CoCl2-treated ESCC cells (118). CircPUM1 promoted the growth of ESCC cells in vitro and in vivo. CircPUM1 knockdown elevated the expression of caspase-3 and GSDME-N in ESCC cells. Consequently, circPUM1 silencing promoted LDH release and induced ESCC cell pyroptosis. The AMP-activated protein kinase (AMPK) pathway was activated in response to energy stress and could trigger caspase-3/GSDME-mediated pyroptosis in cancer (152, 153). As expected, circPUM1 deficiency increased the phosphorylation of AMPK in ESCC cells. The AMPK inhibitor dorsomorphin dihydrochloride inhibited GSDME cleavage in circPUM1-knockdown ESCC cells, while elevated AMPK activity facilitated GSDME activation. CircPUM1 was capable of suppressing caspase-3/GSDME-mediated ESCC cell pyroptosis by targeting the AMPK signaling pathway. Intriguingly, circPUM1 enhanced oxidative phosphorylation for ATP production and reduced ROS production by acting as a scaffold for the interaction between ubiquinol-cytochrome c reductase core proteins (UQCRC1 and UQCRC2) in mitochondrial complex III. Increased levels of intracellular ROS and caspase-3 were able to initiate GSDME-mediated pyroptosis in cancer (154). It was reasonable to infer that circPUM1 exerted an inhibitory effect on ESCC cell pyroptosis through regulation of intracellular ATP level and ROS generation. The complicated mechanisms underlying the regulatory role of mitochondria-located circPUM1 in pyroptosis deserve further investigation. CircRNAs have pivotal functions as modulators of pyroptosis, yet there are limited studies investigating the relationship between circRNAs and pyroptosis. Thus, intensive research efforts are needed to characterize the perplexing roles of circRNAs in pyroptosis regulation.




5 Conclusions and future perspectives

As an immunogenic cell death pathway, pyroptosis plays a key role in tumor suppression. Pharmacological induction of pyroptotic cell death will offer an alternative therapeutic strategy for the clinical treatment of various cancers. At present, there are many gaps in fundamental knowledge regarding the genuine role of pyroptosis in cancer. What is more, it is of paramount importance to clarify the detailed regulatory mechanisms of pyroptosis during cancer development. Given that excessive pyroptosis may be detrimental, the sophisticated mechanisms responsible for the initiation and shutdown of the pyroptosis pathway must be elucidated through additional studies. Inflammatory factors released from pyroptotic cancer cells play a crucial role in antitumor immunity. The combination of pyroptosis-activating agents and immunotherapy may strengthen anticancer benefits. Paradoxically, the occurrence of pyroptosis gives rise to the discharge of tumor-promoting molecules, such as IL-1β and IL-18. Continuous studies will be necessary to investigate the fate of pyroptotic cell-derived inflammatory factors. Chemotherapeutic agents such as doxorubicin and paclitaxel are supposed to have enormous anticancer potentials due to their pyroptosis-inducing effects (155). However, cancer cells can always develop resistance to these chemotherapeutic agents (156, 157), which remains to be addressed in further studies. By and large, more in-depth investigations centering upon molecular mechanisms of pyroptosis are critical to open up new therapeutic opportunities for the intervention of multiple cancers.

Recently, ncRNAs have been acknowledged as master regulators of pyroptosis in cancer, adding a new layer of complexity to the regulatory mechanisms of pyroptosis. Various types of ncRNAs, such as miRNAs, lncRNAs and circRNAs, are involved in pyroptosis regulation. However, there are limited studies reporting the relationship between ncRNAs and pyroptosis, and many hurdles remain to be overcome. First, the majority of studies that address the role of ncRNAs in pyroptosis regulation were done in vitro or in mice. Mice models cannot fully recapitulate the complexities of human cancers. Thus, further clinical studies are required before extending the conclusion from mice to humans. Secondly, owing to the great diversity of ncRNAs, it will be challenging to disclose their exact mechanisms of action in modulating pyroptosis. Ongoing studies are required to confirm whether other types of ncRNAs have the ability to modulate the pyroptosis process in cancer, in addition to miRNAs, lncRNAs and circRNAs. In some cases, multiple abnormally expressed ncRNAs may exert synergetic or antagonistic effects on certain pyroptosis pathways. Therefore, it is arduous to ascertain which ncRNA occupies the leading position in pyroptosis regulation, making it infeasible to specifically induce pyroptosis in cancer cells through modulation of ncRNA activity. Thirdly, the implication of ncRNAs in cell death mechanisms deserves more explorative research. Since studies have indicated that ncRNAs serve as key players in the apoptotic and autophagic pathways, some pyroptosis-regulating ncRNAs may simultaneously fine-tune these cell death pathways. The crosstalk between cell death pathways regulated by ncRNAs deserves further investigation. Fourthly, the mechanisms of ncRNAs in regulating pyroptosis are largely equivocal. Aside from their influence on gene expression, ncRNAs can modulate chromatin dynamics and alternative splicing, interact with proteins and even produce functional peptides. It is intriguing whether the regulatory effects of ncRNAs on pyroptosis could be attributable to their actions mentioned above. Several types of ncRNAs, such as lncRNAs and circRNAs, may modulate each other by acting as ceRNAs to compete for interacting with shared miRNAs. The pyroptosis-associated ceRNA regulatory networks in cancer are far from fully clarified. The impact of ncRNAs on pyroptosis in cancer is complicated and warrants special attention. Finally, current investigation of pyroptosis-related ncRNAs is at the infancy stage, which hinders the translation of research findings. Pyroptosis-related ncRNAs have the potential to be used as therapeutic targets or molecular biomarkers in cancer. An in-depth understanding of pyroptosis-regulating ncRNAs is of great importance before preclinical findings can be translated into more effective anticancer treatments and more accurate prognostic systems for cancer patients. Targeting pyroptosis-regulating ncRNAs may present an adjuvant to traditional anticancer therapies. Regulation of ncRNA expression can be achieve via several methodologies, including ncRNA mimics, antisense oligonucleotides and specific chemicals. Future research efforts should focus on identifying chemicals with the function of regulating the expression of pyroptosis-related ncRNAs. Recent technological advancements have enabled the synthesis and manufacture of ncRNA-based molecules for utilization in preclinical studies. Since synthetic ncRNA mimics and inhibitors are easily degraded in vivo and may fail to reach target tissues, chemical modifications have been tailored to improve the stability of synthetic ncRNA mimics/oligonucleotides and to diminish potential off-target effects. Artificial delivery systems, such as exosomes, lipid nanoparticles and polymer-based formulations, have also been developed to convey fragile synthetic ncRNAs to the destination site. However, the impact of structural modifications on the biological activity of ncRNA-based molecules needs extensive study. The safety and efficiency of ncRNA delivery platforms should be adequately investigated. Furthermore, it is worthwhile noting that the molecular features and functions of pyroptosis-related ncRNAs may vary in different cancers. The effectiveness of ncRNA-based therapeutics in each cancer type must be clarified. Dysregulated pyroptosis-related ncRNAs have shown promise as prognostic markers in cancer. Isolation, processing and detection approaches of biological samples may have an impact on the performance accuracy of pyroptosis-related ncRNA-based prognostic models. Standardized procedures should be established to validate the prognostic value of pyroptosis-related ncRNAs. The use of pyroptosis-related ncRNA signatures concurrent with conventional cancer biomarkers (e.g., CA19-9 and CEA) could be a promising predictive tool that allows for better risk stratification and treatment choices for cancer patients. Above all, large-scale clinical studies are critically needed to evaluate the clinical relevance of pyroptosis-related ncRNAs. Despite the aforementioned problems to be solved, the auspicious and significant prospect of pyroptosis-regulating ncRNAs is worthy of the wait.
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Extracellular RNA (exRNA) is a special form of RNA in the body. RNA carries information about genes and metabolic regulation in the body, which can reflect the real-time status of cells. This characteristic renders it a biomarker for disease diagnosis, treatment, and prognosis. ExRNA is transported through extracellular vesicles as a signal medium to mediate communication between cells. Tumor cells can release more vesicles than normal cells, thereby promoting tumor development. Depending on its easy detection, the advantages of non-invasive molecular diagnostic technology can be realized. In this systematic review, we present the types, vectors, and biological value of exRNA. We briefly describe new methods of tumor diagnosis and treatment, as well as the difficulties faced in the progress of such research. This review highlights the groundbreaking potential of exRNA as a clinical biomarker.
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Introduction

Extracellular RNA (exRNA) is a class of nucleic acid molecules first discovered in serum and plasma (1, 2). Due to the extensive presence of RNA enzymes in the extracellular space and body fluids, experts previously deduced that exRNA could not be stable outside the cell. However, two studies (3, 4) demonstrated that RNA could be detected in microvesicles and exosomes; these structures are characterized by special membrane structures that permit the protection of the internal RNA from enzyme degradation. ExRNA can move along microvesicles and exosomes, acting as a signal molecule to affect neighboring cells or conduct long-distance regulation (5). Further, exRNA was found in almost all biological fluids, including blood, urine, and cerebrospinal fluid, and in the fluids collected in abdominal and pulmonary cavities (6–12). This is of great significance for the study of exRNA as a biomarker. A report showing a map of exRNA indicates the species carrier of exRNA in five human biological fluids: serum, plasma, cerebrospinal fluid, saliva, and urine (13). A model containing six exRNA types (CT1, CT2, CT3A, CT3B, CT3C, and CT4) indicates that each type of exRNA is associated with its carrier (vesicle and non-vesicle) (14). ExRNA transport carriers include extracellular vesicles (EVs), lipoprotein particles, and ribonucleoprotein. These exRNAs can be used as biomarkers to regulate important biological processes in the body and monitor the occurrence of various diseases (15). There is no doubt that exRNA has great potential in the field of biomarkers. If tumor biomarkers can be accurately located and detected on a non-invasive basis, exRNA may have groundbreaking impacts in the field of oncology.

EVs mainly have three forms: microvesicles, exosomes, and oncosomes. The difference between microvesicles and exosomes lies in the direction of membrane budding. Microvesicles are produced by the outward budding of the plasma membrane and released directly into the extracellular environment. In essence, exosomes are produced by the inward budding of the membrane. The first step is the inward budding of the membrane to form the multivesicular endosomes (MVEs). Then, intraluminal vesicles (ILVs) are formed in the lumen of MVEs. ESCRT components, ceramides, tetrasanins, and syntenins play a key role in this process. When the MVB membrane fuses with the plasma membrane, exosomes are released into the extracellular environment. There is also a class of specialized EVs released by tumor cells, which are called oncosomes. It is a large EV formed by cancer cells that carries several cancer-causing molecules. Studies have shown that the regulatory factors related to EV biogenesis are overexpressed in cancer, which may be related to the development, progression, and metastasis of cancer (16).

Other studies have found that the loading of extracellular RNA involves a complex sorting mechanism. RNA-binding protein (RBP) can not only bind RNA to prevent the degradation of exRNA but also play an essential role in the process of RNA targeting EVs. Some RBPs can also perform miRNA classification by recognizing specific RNA motifs. For example, hnRNPA2B1, SYNCRIP, and ANXA2 can mediate miRNA sorting and then induce the entry and localization of extracellular RNA to EVs. The regulation of miRNA sorting involves the expression level of miRNA, the sphingomyelin pathway, and the posttranscriptional modification of its 3’ terminus. The main components of miRISCs (mirNA-loaded RNA-induced silencing complex) such as Agos and GW182 can influence the sorting and loading process of miRNAs by associating with the endosomal pathway and then further mediate RNA silencing to affect the sorting and loading process of miRNA. The inhibition of neutral sphingomyelinase 2 and ceramide production can prevent multiple miRNAs from loading into EVs. In addition, uridylation and adenylation at the 3’ end of miRNAs are also associated with the release and retention of miRNAs in exosomes. When the EV-carrying information molecules meet the receptor cells, first of all, by directly triggering the membrane fusion mechanism, the contents of EVs can be directly released into the receptor cells, and finally, the transmission of information between cells can be completed. In addition, EVs can be ingested into recipient cells by corresponding endocytosis. EVs can also bind to receptors on the cell membrane, triggering intracellular signal transduction pathways, and then cascade information transmission process. When RNA is released from EVs, it can activate a series of biological functions, such as affecting protein translation (including promoting and inhibiting effects) and changing gene expression patterns (17, 18).



Analytical methods of exRNA


Analysis of RNA in extracellular vesicles

EVs can transport many types of RNA (19). These RNAs have specific biological functions and important clinical application values. In clinical disease surveillance, it is extremely important to read the RNA information in EVs. Giraldez et al. (20) developed a novel RNA sequencing method, Phospho-RNA-seq, which identifies thousands of mRNA/lncRNA fragments in plasma. This new RNA assay no longer misses critical transcriptome information and reveals the fact that the extracellular transcriptome in human biological fluids is more complex than previously known. Li et al. (21) conducted further studies on exRNA and updated the previously established exRNA database, Exorbase (www.exoRBase.org), to include more samples and data; this provides a more detailed detection and analysis for exLRs. Simultaneously, the RNA mapping program in human EVs/exosomes will be examined to 1) establish a standard protocol for the detection and analysis of exLRs and 2) construct the exLR mapping for common diseases. Uman et al. (22) proposed a natural mechanism for RNA exchange and cell-to-cell communication by using eukaryotes. EVs were used as RNA drug delivery vectors. However, the common vectors for RNA drug delivery are immunogenic or cytotoxic. The research team used human red blood cells to produce EVs for RNA therapy. Large numbers of RBCEVs deliver ASO to leukemia and breast cancer cells. The proliferation of tumor cells was reduced by the inhibition of miR-125b (22) (Figure 1). The further development of cancer-targeting peptides or antibody-coated RBCEVs could potentially target therapeutic RNA delivery to cancer cells and reduce side effects in normal tissues. As a potential biomarker for disease diagnosis, extracellular vesicle RNA is associated with many pathophysiological processes (23). The study of RNA in extracellular vesicles will advance new possibilities for disease surveillance and provide communities with more precise information about health and the disease status.




Figure 1 | The formation of extracellular vesicles (EVs) and exosomes is based on continuous cell membrane renewal. EVs have three forms: microvesicles, exosomes, and tumor bodies. Microvesicles arise from the inward budding of the membrane. Exosomes are produced by the outward budding of the membrane. Tumor bodies are produced by tumor cells. The invagination of the cell membrane forms the endosome, which then assembles the components within the cell. This results in the formation of multivesicular bodies (MVBs). MVBs then fuse with the cell membrane. EVs within MVBs are released from the cell. EVs (exosomes) contain nucleic acids, lipids, and proteins from the source cell. These EVs, which carry information molecules, play an important role in the communication of information between cells. Based on the performance of exosomes as molecular carriers, therapeutic drugs (e.g., small interfering RNAs) are encapsulated in exosomes in vitro for targeted delivery to related cells. This opens a new horizon for novel precision therapy methods.





Separation method of exosomes and exRNA

Exosomes are subtypes of extracellular vesicles secreted by various cell types such as stem cells, cancer cells, and immune cells. Faruqu et al. (24) successfully delivered siRNA and microRNA to target cells using exosomes. This study confirmed that exosomes can effectively deliver various biomolecules to recipient cells and play an important role in the delivery of anticancer and anti-inflammatory drugs. Due to the advantages of exosomes in drug therapy, the isolation of exosomes has become very important. The most popular method of exosome isolation is the precipitation of exosomes from the original material by hypervelocity centrifugation. With this method, protein coprecipitation usually occurs. If supercentrifugation is combined with density-based separation methods (such as the sucrose gradient), the content of impurities in isolated exosomes can be significantly reduced (25). Combining the three methods, hypercentrifugation, iodoxanol density-gradient centrifugation, and gel filtration can provide high quantities of exosomes for mass spectrometric analysis (26). However, it is important to note that the repeated centrifugation of samples may damage exosome vesicles, resulting in the poor quality of isolated exosomes. The ultrafiltration centrifugation method uses the interception of an ultrafiltration membrane with different relative molecular weights for selective separation. This method ensures the quality of exosomes, but the disadvantage is that exosome separation efficiency is low. Once exosomes block the filtration pores, the membrane life will be shortened.

In addition, adhesion between exosomes trapped on the membrane can also occur, reducing exosome yield (27). To utilize the specific markers on the surface of exosomes in vivo (28), researchers attempted to isolate exosomes using a magnetic bead-based immunoassay. In a clinical breast cancer biopsy study, a magnetic bead–based exosome immunoaffinity separation system was developed by using the high-affinity aptamer of CD63 protein. This system can effectively isolate exosomes from human breast cancer cell media (29). This assay fixed the captured receptor on the solid-phase carrier and targeted the exosome. Exosomes were further isolated and purified based on receptor–ligand affinity. However, this method poses challenges due to its low efficiency and potential errors considering the multistep purification processes. Based on this method, IBA Life Sciences developed an affinity traceless separation-based fragment antigen binding (FAB) method, which uses an affinity chromatography system for exosome separation without the use of magnetic beads. It works by utilizing the principle that double-stranded tags and FAB fragments (FABs) can reversibly bind and release exosomes. The application of this innovative method, with a simple and convenient purification process, has markedly improved exosome isolation as the separation reagents used in purification are reversible and have no impact on the biological activity and function of exosomes. Notably, exosomes can be isolated with high specificity and minimal contamination even in the setting of several interference factors in body fluid samples. In addition, functional materials and microfluidic chips have been used for exosome separation. This is a microfluidic exosome analysis platform based on a new GO/polydopamine (GO/PDA) nanointerface. Nanostructured GO/PDA interfaces greatly improve the efficiency of exosome immunocapture while effectively inhibiting non-specific exosome adsorption (30, 31). The innovation and development of exosome separation technology will greatly accelerate the application of exosome diagnosis and the treatment of disease (Table 1).


Table 1 | Extraction and analysis of exosomes.



The exosome isolation strategies are different for different biological samples. The serum contains more exosomes than plasma because platelets release a certain amount of EVs during clotting. When studying the biology of platelets, serum samples are typically used. Plasma is recommended as a biological sample for exosome research. If exosomes in plasma are to be extracted, anticoagulants should be utilized to prevent clotting. The amount of exosomes in urine samples is lower than that in blood. Some studies have demonstrated that morning urine and midstream urine are more suitable biological samples for exosome extraction. The content of exosomes in the supernatant of the samples treated by eddy currents increased. Urine also contains specialized proteins, such as Tamm–Horsfall protein (THP). After inserting the reducing agent DTT, a large amount of EVs captured by THP is released, and the purity of exosomes can be effectively improved. In the case of breast-milk samples, the increase of dead cells after refrigeration interferes with exosome extraction. Therefore, exosomes will be extracted more efficiently by using fresher milk. Breast milk was centrifuged from high to low density, and then, the supernatant removed from fat and cells was taken to ensure further exosome extraction. If direct high-speed centrifugation is used, it is likely to cause the globulins in breast milk to agglomerate with extracellular vesicles, making the isolation of exosomes more difficult. Cerebrospinal fluid is the best biological fluid to judge the status of the central nervous system. For such small biological samples, filtration and molecular exclusion chromatography are usually more suitable.




The role of extracellular RNA in cancer progression and its potential as a biomarker for cancer


The role of extracellular RNA in cancer progression

Some studies have found EVs associated with tumor cells in the biological samples of cancer patients, carrying relevant carcinogenic factors and substances that can promote the occurrence and development of tumors. These factors have a profound impact on the invasion, immune escape, metastasis, and other aspects of cancer. For example, in the metastasis of breast cancer, macrophages can release EV-containing miR-223 to transmit the “invasion ability” of tumor cells from cell to cell. EV-RNA released by tumor cells can also damage the vascular endothelial barrier and cause secondary changes in endothelial permeability. Finally, it promotes the endothelial infiltration of cancer cells, leading to the enlargement of cancer cell spread, and even causes metastasis through the circulatory system. In addition, the role of EV-RNA from tumor cells in enhancing endothelial cell proliferation and angiogenesis should not be underestimated. The growth of tumor cells depends on the rich blood supply and nutrition. The pro-angiogenic effect of EV-RNA in tumor cells provides a good basis for tumor growth and metastasis to a certain extent. This essentially provides a driving force for tumor migration and invasion. In the process of cancer development, the communication of information is bidirectional, and there is mutual interference between tumor cells and normal cells. Normal cells can inhibit the proliferation of cancer cells and induce the apoptosis of cancer cells by releasing EVs rich in inhibitory miRNA, thus inhibiting the malignant phenotype of cancer cells. However, EV-RNA from certain normal cells may also help tumors grow and metastasize. For example, EV-miRNA from hypoxic mesenchymal stem cells (MSCs) can improve the survival rate of cancer cells and promote proliferation, migration, and invasion. When the gene expression of normal cells is regulated by EV-miRNA from tumor cells, a cancer-promoting effect appropriate to the biological function of cancer cells may occur, such as cancer-associated fibroblasts (CAFs) and mesenchymal stem cells in the tumor microenvironment. Once the balance between normal cells and cancer cells in the body is disrupted, cancer is endowed with the ability to metastasize and invade. The EV-RNA of cancer cells mediated the antitumor immune response by activating the function of immune cells, but it may also play an inhibitory effect to mediate the immune escape of the tumor. Under the interference of tumor EV-RNA, tumor-associated macrophages in the tumor microenvironment will change the cell phenotype and promote cancer progression. Studies have also shown that immune cells associated with hypoxia release EV-RNA, which can promote tumor growth and migration. In addition, the EV-RNA-mediated gene reprogramming of immune cells is one of the main reasons why the function of T cells is hindered, which promote the escape of cancer cells (16, 18).



Circulating tumor markers in liquid biopsy

Currently, the main clinical screening and diagnosis methods are endoscopies, imaging detection, and tumor marker detection (32). However, these methods are restricted to specific cases and are not sensitive enough. In the treatment of tumors, an accurate and early diagnosis often results in a more hopeful prognosis; this indicates the importance of primary diagnoses of tumors. Liquid biopsy is highly sensitive to trace tumor-derived nucleic acids and other markers, and miRNA, lncRNA, and mRNA can all be used as tumor-specific markers in the clinical application (33–35). This provides a new possibility for the study of the early or even ultra-early screening of tumors. In the identification of tumor-specific gene expression profiles, miRNA is often used as the preferred biomarker for detection. The miRNAs exist in blood or are encapsulated in exosomes and are not easily degraded. Specific serum miRNA expression levels can be used for the initial screening, diagnosis, and prognostic trackings of common tumors, such as lung cancer, breast cancer, and liver cancer. The scope of action of lncRNA includes almost all physiological and pathological processes, and it plays an important role in regulating gene silencing and gene expression. LncRNA has high stability in blood, and its high abundance compared with circulating tumor cells and cell-free DNA shows its potential as a more reliable tumor marker. In the current study, some lncRNAs that are closely related to the tumor diagnosis and prognosis have been detected in lung cancer, liver cancer, gastric cancer, and prostate cancer. Circulating lncRNA levels can reflect the existence of tumors in the body to a certain extent. This is of great significance for the early screening and diagnosis of tumors in the future.




exRNA in tumor growth, metastasis, and metabolism

Studies have shown that host cells or tumor cells are involved in tumor genesis, growth, invasion, and metastasis through special signal transduction modes (36, 37). During cell growth and development, the cell envelope invaginates to form multiple vesicles. After a series of physiological effects in the cell, it finally fuses with the cell membrane and then releases, forming exosomes containing a signal medium (38–42). EVs can mediate intercellular communication in different ways after secretion (Figure 1). Protein molecules or lipid ligands on the surface of exosomes directly activate receptors on the surface of target cells, generating signaling complexes and activating intracellular signaling pathways. The researchers engineered the surface of the cell membrane to drive the antiviral signal in the receptor breast cancer cell in a protein-free binding form, resulting in tumor growth (43, 44).

In addition, exosomes can fuse with target cells or enter the target cells through endocytosis, bringing their proteins, nucleic acids, ​lipids, and other active molecules into cells to regulate the function and biological ​behavior of cells. Lunavat et al. (45) determined the amount of EV RNAs released by cancer cells after treatment with verofenib. The increased expression of miR-211-5p was ​observed in EV secreted by verofenib-treated cells and tumor tissues ​from xenografted tumor patients. In conclusion, the treatment of verofenib can induce the upregulation of miR-211-5p in melanoma cells in vitro and in vivo. Tumor-derived exosomes contain components associated with tumor cell miRNAs and have demonstrated the ability to independently process precursor miRNAs into mature miRNAs (46). Roccaro et al. (47) collected many oncogenic proteins, cytokines, and kinases in exosomes isolated from bone marrow stromal cells in myeloma.

These tumor-associated miRNAs and proteins are transported by exosomes, creating an environment that favors tumor metastasis. Interestingly, certain properties of exosomes prompt novel possibilities in the treatment of cancer. Pi et al. (48) found that attaching antibody-like (i.e., Y-shaped) RNA nanoparticles to microvesicles can deliver effective RNA therapeutic agents such as small interfering RNA (siRNA) specifically to cancer cells. By using RNA nanotechnology, researchers have successfully generated extracellular vesicles capable of successfully targeting three types of cancer therapeutics in animal models. Further, its influence on the metabolism of tumor cells cannot be underestimated. Chen et al. (49) investigated the mechanism of the aerobic glycolysis of breast cancer tumor cells with a high quantity of macrophages. This study demonstrates that tumor-associated macrophages can transmit signals through EVs containing lncRNA. This signal enhances the aerobic glycolysis of breast cancer cells and improves the ability of antiapoptosis. The study also highlights the potential of lncRNAs as signal transducers, which propagate between immune cells and tumor cells by EVs and promote the aerobic glycolysis of tumor cells.

In summary, the growth, metastasis, and metabolism of tumors have a significant impact on the subsequent treatment of tumors. Fundamentally understanding the biological characteristics of tumor cells and further research on tumor biomarkers can significantly impact the treatment of tumors, bringing a renewed sense of hope to patients with tumors.



Applications in cancer research


Lung cancer

Cigarettes and environmental pollution are two major culprits of the high incidence of lung cancer. Lung cancer accounts for a high proportion of cancers, among which lung squamous cell carcinoma (LUSC) and lung adenocarcinoma (LUAD) are the main subtypes (50–52). Cheng et al. (53) performed a circRNA detection of ​LUSC and its adjacent normal tissues by using the ceRNA chip. Through coexpression analysis and qPCR verification, the target circRNA-circTp63 and the target gene FOXM1 of circTp63 were first identified. In further bioassay experiments, circTp63 was considered to promote the cell cycle progression by acting on FOXM1 and CENPA and CENPB downstream genes through miR-873-3p. It ultimately promotes the proliferation and tumor growth of LSC cells. Nigita et al. (54) combined miRNA ​sequencing data from 87 samples of non-small cell lung cancer (NSCLC) and 26 independent exosomes derived ​from plasma to investigate RNA editing. This experimental data suggest that there is an editing event in the dysregulated microRNA between the tumor and normal tissue in NSCLC. The fifth edit of miR-411-5p was significantly dysregulated in the tissues and plasma exosomes of patients with NSCLC. Hayashita et al. (55) found that miR17-92 was also associated with lung cancer, and this miRNA was overexpressed in most lung cancer cell lines. When exogenous MIR17-92 was introduced, the growth of lung cancer cells was significantly promoted. Liu et al. (56) performed differential lncRNA screening on spinal samples from patients with primary lung adenocarcinoma, patients with spinal metastases (SM) from lung adenocarcinoma, and normal controls. Linc00852 and MAPK pathways were associated with lung adenocarcinoma SM. In addition, in vivo, and in vitro experiments have shown that the target gene S100A9 of LINC00852 has a positive regulatory effect on the growth, migration, invasion, and metastasis of lung adenocarcinoma cells. S100A9 strongly activates P38 and Rek1/2 kinases and slightly activates JNK kinase phosphorylation in the MAPK pathway in A549 (human alveolar basal epithelial cells) and SPCA-1 cells, thereby promoting the progression and oncogenic ability of SM in lung adenocarcinoma. This suggests that SM intervention is a potential novel therapeutic target in the early stage of lung cancer. Further, evidence suggests that exRNA has a strong potential as a diagnostic marker for lung cancer. In future research on lung cancer, the detection of exRNA expression profiles in lung cancer tissue is expected to become the principal force of non-invasive detection methods (Table 2).


Table 2 | Functional effects of extracellular RNA (exRNA) shuttled by extracellular vesicles.





Esophageal squamous cell carcinoma

Esophageal squamous cell carcinoma (ESCC) is the sixth leading cause of cancer death worldwide (57, 58). To advance the study of non-invasive biomarker detection, Lin et al. (59) extracted and analyzed the G-Nchirna in exosomes from the tissues and saliva of mice and ESCC patients. The clinical potential of salivary exosomes G-Nchirna (SEG-Nchirna) as readily accessible biomarkers was assessed. The G-Nchirna of exosomes can be detected in ESCC cells and xenograft tumor models in nude mice. The tumor load was closely related to SEG-Nchirna levels. This study reveals that SEG-Nchirna can be used as a reliable biomarker to evaluate the initial detection, treatment response, and recurrence of ESGG (Table 2).



Gastric cancer

Gastric cancer (GC) is a malignant disease with high morbidity and fatality rates (60). Yuan et al. (61) measured the average expression of miR-551b-3p in patients with GC utilizing a quantitative reverse-transcription polymerase chain reaction experiment. In the study samples, the expression of miR-551b-3p was low in 64% of cases. Further analysis indicates that patients with low miR-551b-3p expression versus patients with high miR-551b-3p expression demonstrate varying prognoses. In addition, it was found that LncRNA SMARCC2 can act as an upstream regulator of Mir-551b-3p, thereby enhancing the proliferation and migration of GC cells by inhibiting the expression of MiR-551b-3p. Lu et al. (62) found that circ-Rangap1 was significantly upregulated in both the plasma exosomes and GC tissues of patients with GC. The high expression of circ-Rangap1 is closely related to TNM staging. The level of circ-Rangap1 in the plasma exosomes of patients with GC before surgery is upregulated, which enhances the migration and invasion ability of GC cells. Circ-Rangap1 may be a potential prognostic biomarker for GC and a therapeutic target for GC. Peritoneal dissemination was the most frequent metastatic method for GC. Hu et al. (63) found higher expression levels of miR-196, miR-92, and miR-1307 in the ascites-derived exosomes of GC patients. Moreover, the invasion of GC cells was closely related to the exosomes detected in the experiment. Taken together, these results demonstrate the significance of exRNA in the diagnosis, treatment, and prognosis of GC (Table 2).



Hepatocellular carcinoma

The high morbidity and mortality of hepatocellular carcinoma (HCC) grants urgency to the development of more effective treatment programs for the disease (64–66). Zhang et al. (67) used ceRNA microchips to detect the expression of circRNA in the exosomes of HCC patients with high and low body fat percentages (BFRs). The results showed that the high expression of circ-BD in patients with high BFR played a certain role in promoting the tumor development of HCC. Wang et al. (68) studied the potential role of the circRNA of HCC exosomes in tumor cell migration and invasion, helping to clarify its potential mechanism. Signal transmission between cells with low or no metastatic potential and HCC cells with high metastatic potential can be achieved through exosomes. In another study, Cao et al. (69) selected HCC cells with non-metastatic (HepG2), low metastatic (97L), and highly metastatic (LM3) potential and sequenced the circRNAs in the exosomes. HCC cell–derived exosomes affected the expression of miR-21. By interfering with the expression process of downstream genes, it can regulate the physiological function of tumor cells (69). Liu et al. (70) found that endoplasmic reticulum–stressed HCC cells acted on macrophages by releasing exosomes containing specific miRNAs. It can also inhibit the function of T cells by affecting cell signal transduction pathways, leading to the escape of HCC cells from the immune monitoring system (Figure 2). From the direction of immunology, strengthening the immune monitoring function in the tumor microenvironment may establish new methods for the treatment of HCC (Table 2).




Figure 2 | Metabolic functions and mechanisms of extracellular RNA (exRNA) in hepatocellular-derived exosomes. The liver is the body’s largest detoxification organ. In mice with alcoholic liver disease, liver cells interfere with the cellular function by releasing exRNA-carrying exosomes. HSP90 targets to macrophages and affects phagocytosis. MiR-155 acts on downstream proteins LAMP, MTRO, and RHEB, affecting autophagy through specific activation pathways and then interfering with the release of exosomes. In patients with hepatocellular carcinoma (HCC), it was found that patients with a high fat percentage released more exosomes containing circ-BD. Circ-BD was highly expressed in adipocyte exosomes. It promotes HCC tumorigenesis by absorbing miR-34a to mediate the expression of USP7 and cyclin A2. In the process of tumor cell invasion, non-metastatic and low-metastatic cells can obtain the ability of migration and invasion through exosomes containing circ-ptgr1. In addition, HCC cell–derived exosomes can increase the expression of miR-21, which regulates the apoptosis, growth, metastasis, and invasion of tumor cells by targeting the expression of downstream genes. Endoplasmic reticulum–stressed HCC cells raise the expression of PD-L1 in macrophages by releasing exosomes containing specific miRNAs. Subsequently, the miR-23a-PTEN-Akt pathway inhibits the function of T cells, leading to the escape of HCC cells from the immune monitoring system. PD-L1, programmed death-ligand 1.





Prostate cancer

In 2008, Kroh et al. first demonstrated the presence of miRNAs released from prostate cancer (PC) cells in the blood (71). The greatest clinical need in PC surveillance is to find reliable, non-invasive tools to distinguish between PC and benign prostate disease. Mitchell et al. (72) developed a “miRScore” based on serum levels of 14 miRNAs. Local and metastatic resistant prostate cancer (mCRPC), or low-grade and high-grade PCs, could be distinguished by analysis of free cell-free miRNAs. The results showed that some free acellular miRNAs were predictive in the differentiation between PC and benign prostatic hyperplasia (BPH). However, only a few miRNA biomarkers have been validated in multiple independent studies. Many other miRNAs have no definitive results and have shown conflicting results in some studies. The analysis of miRNA is thus regarded as a non-repeatable method. As research continues, cancer-derived EVs contain highly specific protocellular biomarkers and protect their RNA from RNA enzyme degradation in blood. Therefore, EV-based miRNA analysis may be superior to whole plasma/serum analysis. Endzelins et al. (73) determined the RNA isolated from plasma EV samples from 77 patients. The results showed that four miRNAs showed potential for the diagnosis of PC, and there were significant differences between the miRNAs encapsulated in EVs and the miRNA profiles in whole plasma. Only a small fraction of plasma acellular miRNAs was present in plasma EVs. MiR-375 was able to distinguish PC versus BPH in the whole plasma assay, while miR-200c-3p and miR21-5p were better in plasma EVs. The level of let-7a-5p in non-plasma EVs could distinguish PC patients with a Gleason score ≥8 vs. ≤6 (40), but plasma let-7a-5p had no diagnostic value. The prostate-specific antigen (PSA) test is currently recognized as the best method for early suspected prostate cancer. However, elevated PSA levels are not unique to prostate cancer and can also be caused by benign prostate disease. Therefore, in clinical practice, histopathology is generally obtained through the systemic needle biopsy of the prostate to make the definitive diagnosis (74–76). However, invasive procedures pose several challenges for patients. Non-invasive biomarker research is a pioneering field for the diagnosis and treatment of prostate cancer (Table 2).



Breast cancer

Breast cancer in women surpassed lung cancer for the first time as the most common cancer globally in 2020, accounting for approximately 11.7% of incident cancer cases, according to the latest data on the global burden of cancer for 2020 released by the International Agency for Research on Cancer of the World Health Organization (77). Circulating miRNAs are formed by the nuclease degradation of RNA, which are then assembled by microvesicles and exosomes for transport. Zhao et al. (78) amplified miRNA by reverse-transcription PCR (RT-PCR) and analyzed miR-106a in blood by combining it with the miRNA microarray. It was found that the abnormal expression of miR-106a could be a potential biomarker for metastatic breast cancer. Liu et al. (79) designed a set of systematic screening methods for breast cancer–specific circRNAs and found that hsa_circ_001783 regulates tumor proliferation and metastasis through sponge miR-200C-3p. This study indicates that hsa_circ_001783 may be a novel prognostic marker and therapeutic target for breast cancer. The treatment of breast cancer has developed from simple surgical treatment to a combination of surgery, chemotherapy, radiotherapy, hormonal therapy, and/or targeted therapy. This makes breast cancer treatment more personalized and continuous. It is suspected that researching breast cancer at the molecular level will bring advantages for the screening, treatment, and prognosis of breast cancer, but this remains to be explored (Table 2).



Ovarian cancer and endometrial cancer

Advanced ovarian cancer usually spreads to the visceral adipose tissue of the greater omentum (80, 81). Au et al. (82) identified and compared microRNA-21 from exosomes in ovarian cancer cells, cancer-associated adipocytes (CAAs), and cancer-associated fibroblasts (CAFs). Our results suggest that miR21 can metastasize from CAAs or CAFs to cancer cells and then inhibit ovarian cancer cell apoptosis and enable cancer cells to acquire drug resistance by binding to APAF1. In the retinal tumor microenvironment, exosomes secreted by adjacent stromal cells alter the malignant phenotype of metastatic ovarian cancer cells by the delivery of miR21. The inhibition of miR21 metastasis from a stroma has a promising application prospect in the treatment of metastatic and recurrent ovarian cancer. Endometrial cancer most often occurs in the endometrial epithelium of menopausal and postmenopausal women. Xu et al. (83) isolated circRNA in EVs from the serum samples of three patients with stage III endometrial cancer aged 50–60 years and three healthy subjects. A total of 209 circRNAs were upregulated, and 66 circRNAs were downregulated. The abnormal expression of two circRNAs, hsa_circ_0109046 and hsa_circ_0002577, was confirmed by RT-qPCR. These findings help predict the occurrence, metastasis, and prognosis of endometrial cancer (Table 2).



Human glioblastoma

The intercellular communication between tumor and host microenvironment can be mediated by exosomes. Wei et al. (84) studied the cancer-derived exRNA by using glioblastoma (GBM) as a research model. The study provides a variety of categories of exRNA that can be used for biomarker discovery. At the same time, the miRNA with the greatest influence on GBM was also predicted. It provides additional possibilities for the study of biomarkers in cerebrospinal fluid. Wang et al. (85) screened circRNAs differentially expressed in GBM clinical samples by using the ceRNA microarray. The target circNT5E was identified by TargetScan prediction and an miRNA pulldown experiment. The phenotypic analysis in vivo and in vitro showed that AdARB2 can act on linear NT5E precursors and relieve ADAR-1’s inhibition of circnt5E transcription. The highly expressed circnt5E can be adsorbed to miRNA-422a to relieve its inhibition of downstream target genes. Then Akt, Smad2, and other signaling pathways are activated to promote the proliferation, migration, and invasion of GBM cells. In general, exRNA can regulate the occurrence and development of GBM through regulatory intervention on downstream target genes. This is a novel mechanism for the study of GBM (Table 2).



Multiple myeloma

Multiple myeloma (MM) is a hematologic cancer caused by the abnormal expansion of plasma cells. MM is characterized by the malignant proliferation of monoclonal plasma cells and the secretion of large amounts of monoclonal immunoglobulins, which then inhibit the normal function of both polyclonal plasma cells and polyclonal immunoglobulins (86–88). Deng et al. (89) found that mesenchymal stem cell–derived exosomes promoted MM tumorigenesis by regulating the function of miR-15a/16 and Bcl-2 through lncRNA LINC00461. The expression profile analysis of lncRNA in bone marrow plasma cells showed that the dysregulation of lncRNA UCA1 was associated with the abnormal serum levels of albumin and M protein. In addition, lncRNA metastases–related MALAT1 overexpression was found in newly diagnosed MM patients compared with healthy individuals after treatment. This suggests that MALAT1 could be used as a marker to predict disease progression. The overexpression of specific lncRNA MSL1 was detected in 40% of MM samples. The knockdown of MSL1 by short hairpin RNAs significantly increased apoptosis in MM cell lines, suggesting that MSL1 may be a relevant therapeutic target. In conclusion, these data suggest that the changes in lncRNA expression are associated with the occurrence of MM (Table 2).




Conclusions, challenges, and perspectives

This review introduces the great potential of exRNA as a novel biomarker. Each study of the formation process of exRNA and the complex mechanism of its role in body diseases provides new possibilities for the detection and treatment of future diseases. At present, most clinical diagnoses of the disease still include invasive procedures, such as biopsies. Based on the special physiological characteristics of exRNA, researchers foresee much potential in utilizing exRNA for non-invasive diagnostic methods (5, 8). In addition, as studies continue to deepen, there is evidence that exRNA has a greater functional value. The use of extracellular vesicles to transport RNA drugs to treat diseases is increasingly widely studied (90). Whether in the detection, diagnosis, treatment, or prognosis of diseases, exRNA has highlighted a great advantage.

The study of exRNA could lead to the search for new diagnostic markers or new therapeutic targets. However, before translating its use into clinical practice, the mechanisms and pathways of exRNA treatment should be understood. It is still unknown how to introduce this biomarker into clinical disease surveillance (10, 91, 92). Further, interspecies exRNA transfer may occur through contact and feeding, opening a new entry point for the transboundary transfer of exRNA. Although information exchange and transmission serve as a bridge between species, it is not fully understood whether or how they play an important role in biological interactions (90, 93, 94).

At present, there has been the formation of an exRNA database (95–98). The existence of a wide spectrum of exRNA and its diversity suggests that it may be involved in important biological processes, such as the regulation of normal growth and development, as well as the occurrence of cancer and disease. The study of the mechanisms behind the regulatory functions of exRNA will provide new insights into the development of certain diseases (99, 100). However, the maturity of the new technology needs to go through a perfect development process, and the extensive scope of exRNA has brought some difficulties to its in-depth research. Exosome extraction and purification have a great impact on the study of exRNA to a large extent (101, 102). Therefore, from the study of exRNA to its practical application, it still needs to be verified in practice. It is believed that with the development of science and extensive research efforts, exRNA will bring widely impact science and medicine as a whole. The prospect of the clinical application of exRNA should be more anticipated.
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Mammalian poly A-binding proteins (PABPs) are highly conserved multifunctional RNA-binding proteins primarily involved in the regulation of mRNA translation and stability, of which PABPC1 is considered a central regulator of cytoplasmic mRNA homing and is involved in a wide range of physiological and pathological processes by regulating almost every aspect of RNA metabolism. Alterations in its expression and function disrupt intra-tissue homeostasis and contribute to the development of various tumors. There is increasing evidence that PABPC1 is aberrantly expressed in a variety of tumor tissues and cancers such as lung, gastric, breast, liver, and esophageal cancers, and PABPC1 might be used as a potential biomarker for tumor diagnosis, treatment, and clinical application in the future. In this paper, we review the abnormal expression, functional role, and molecular mechanism of PABPC1 in tumorigenesis and provide directions for further understanding the regulatory role of PABPC1 in tumor cells.
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Background

There are about 1914 human RNA binding proteins (RBPs) identified in studies to date, accounting for 7.5% of protein-coding genes (1). RBPs are highly species conserved and play a key role in maintaining homeostasis of gene expression (2). RBPs play a key role in regulating various RNA processes through both temporal and spatial regulation of expression in membranes or phase-separated subcellular compartments of dynamic shuttling, interactions with specific protein partners and RNA targets, and control of all metabolic processes of RNA. This includes splicing, cleavage and polyadenylation as well as translocation, translation and degradation of coding RNAs, non-coding RNAs and microRNAs (3–7). Recent studies have shown that RBPs not only play important roles in normal cells, but also become major players in cancer development and proliferation (8, 9). (Figure 1) RBPs were initially classified according to their RNA-binding structural domains that bind various types of RNAs, while they were purified and classified according to the RNA sequences they interact with, with one class of factors including proteins that recognize polyadenylate tails added to the 3’ ends of most mRNAs (10). Poly(A)-binding proteins (PABPs) represent one of the major classes of regulatory proteins and are found only in eukaryotes (11). PABP1 (also called PABPC1), the prototypical PABP, is highly conserved RNA-binding protein in eukaryotes, and although yeast has only one PABPC (Pab1p), most animals contain multiple paralogs with spatially and temporally distinct expression patterns. Vertebrates express PABPC1, PABPC3, PABPC4, PABPC4L, the X chromosome-encoded protein PABPC5 and PABPC1-like (PABPC1L, also known as embryonic PABP (ePAB) in the cytosol and PABPN1 and PABPN1-like (PABPN1L, also known as embryonic PABP2 (ePABP2) in the nucleus. (Table 1) PABPC1 and PABPC4 are nucleocytoplasmic shuttling proteins, and RNA is the main factor determining their nucleoplasmic localization. In contrast, nuclear PABPs are structurally and functionally distinct from cytoplasmic PABPs, which are involved in stimulating mRNA maturation and export (10, 12–14).




Figure 1 | PABPs proteins act as RNA binding proteins involved in post-transcriptional regulation of gene expression in tumors: bind the poly(A) tail of mRNA, including those of their own transcripts, and regulate processes of mRNA metabolism such as pre-mRNA splicing, alternative polyadenylation and mRNA stability; participate in microRNA-induced target gene inactivation and nonsense-mediated mRNA decay; regulate translation initiation and involved in translationally coupled mRNA turnover.




Table 1 | The expression and known function of PABPs.



Protein-coding genes are transcribed by RNA polymerase II production co-transcriptionally mature mRNA precursors. Co-transcriptional maturation of precursor mRNAs is achieved by recruitment of protein complexes through the carboxy-terminal structural domain (CTD) of RNA polymerase II, including the addition of a 5’ cap to the nascent transcript, removal of introns by the spliceosome, and addition of a 3 ‘ poly(A)tail (15). The post-transcriptional addition of 3’ poly(A)tails to eukaryotic mRNAs is important in order to their nuclear export, translation and stability. Poly(A)-binding proteins (PABPs) have the ability to bind poly(A) tails, interact with specific sequences in mRNAs, and have general and specific roles for different mRNA metabolism. PABPs are involved in mRNA in almost all metabolic pathways: polyadenylation/deadenylation, mRNA export, mRNA surveillance, translation, mRNA degradation, microRNA-related regulation and expression regulation during development, especially controlling mRNA-specific translation and stability, accompanying mRNA from initial intranuclear production to final destruction (13, 16). The translation mechanism of most eukaryotic mRNAs is cap-dependent translation, i.e. translation control is dependent on post-transcriptional modifications. Cap-dependent translation initiation involves the binding of the eIF4F complex, consisting of the cap-binding protein eIF4E, the scaffolding protein eIF4G and the the RNA helicases enzyme eIF4A, to the 7-methylguanosine cap located at the 5’ end of the mRNA. MRNA translation also regulates gene expression, which explains the difference between protein abundance and its corresponding mRNA (17–22). In fact, in tumors, changes in the translation of existing mRNAs are more extensive than those occurring in transcription downstream of aberrant signaling pathways (15).

Cytoplasmic poly A binding protein (PABPC1) is significantly highly expressed in a variety of tumors, especially in ovarian, breast, gastric and hepatocellular carcinomas (23–29). PABPC1 regulates the proliferation and transformation of gastric cancer cells in vitro and in vivo (25), and is also directly involved in breast carcinogenesis by affecting chemoresistance (24). PABPC1, an oncogene in hepatocellular carcinoma, induces cell proliferation by promoting tumor cells into S phase and enhancing anchorage-independent growth (28). LncRNA SNHG14 upregulates PABPC1 through H3K27 acetylation and regulates PTEN signaling in hepatocarcinogenesis to promote tumor cell proliferation and angiogenesis (29). PABPC1 is involved in a variety of signaling pathways involved in tumorigenesis and progression, including Nfr2 signaling, Hippo signaling and PTEN signaling (24, 29, 30), and PABPC1 may be a potential target for tumor therapy.



Cloning, characterization, and tissue distribution of PABPC1

Although there are numerous PABPs in mammals, almost all studies have focused on the prototype PABPC1. The PABPC1 gene, originally isolated and cloned in human melanoma cells by Grange et al. in 1978, is conserved throughout eukaryotes and is located on human chromosome 8 (31, 32). PABPC1 consists of four RNA binding domains (RRM1-4), a linker region and a C-terminal MLLE domain. RRM1-2 binds poly(A) with high specificity, RRM3-4 binds poly(A) with slightly lower affinity and can bind adenine/uridine rich RNA (33, 34). In addition to RNA, its C-terminal MLLE domain can mediate binding to the peptide motif PAM2, which allows PABPC1 to bind to more proteins such as PAIP1, PAIP2, GW182 and MKRN1 (35–39). Most of these PAM2 motif-containing proteins are involved in mRNA translation and processing, including eukaryotic release factor 3 (eRF3), the deadenylase complex PAN2/PAN3 and TOB1/2 proteins regulating the CCR4-NOT deadenylase complex, and the GW182 protein family. Moreover, the E3 ubiquitin ligase EDD is the only protein other than PABPC1 that contains this MLLE structural domain, suggesting that both appear to have a deeper role in proteostasis (38, 40, 41). Protein expression in different tissues in the Human Protein Atlas dataset (https://www.proteinatlas.org/) showed that PABPC1 was mainly expressed in respiratory system, proximal digestive tract, gastrointestinal tract. Among them, the expression of nasopharynx, esophagus, stomach, urinary bladder, testis,tonsil,bone marrow is the highest, with low tissue specificity. The subcellular localization and expression of PABPC1 were mainly concentrated in the cytoplasm, suggesting that PABPC1 is involved in mRNA stability and translation regulation. PABPC1 can shuttle between the nucleus and cytoplasm (42), while at steady state, it is mainly diffusely distributed in the cytoplasm (13, 42). In addition to localization in the cytoplasm and nucleus, PABPC1 is also present at local translational sites such as neuronal dendrites and is enriched at the leading edge of migrating fibroblasts (43). In contrast, mRNA-bound PABPC1 cannot enter the nucleus because its RRM cannot interact with importinβ (44). PABPC1 is not always uniformly distributed in the cytoplasm but assembles into dynamic non-membrane foci that are incorporated into stress granules during cellular stress conditions such as osmotic shock (45), and these stress granules are sites of mRNA storage and remodeling by stalled translation initiation complexes composed of mRNA, small ribosomal subunits, specific initiation factors, and many mRNA-binding proteins.



The interactome of PABPC1

All aspects of life require tight regulation of gene expression, which is regulated through a complex interconnected network that includes multiple levels of transcription, mRNA processing, mRNA stability, and mRNA translation. Post-transcriptional control mechanisms are complex and important. The regulation of post-transcriptional gene expression is regulated by both mRNA cis-elements (e.g. 5’- and 3’-untranslated regions) and trans-acting factors (e.g. RBPs) (7). They form RNA-protein complexes through specific interactions to regulate mRNA metabolism and protein translation.


PABPC1 and mRNA translation

Most eukaryotic mRNAs are recruited to the ribosome by recognition of a 5’m7GpppN cap. One model assumes that mRNAs form a closed loop structure that involves 5’-3’ end proximity induced by four specific interactions, namely cap-eIF4E- eIF4G-PABPC1-poly(A). The 5’ cap interaction factor and the 3 ‘poly(A) binding protein plays an important role in bringing the 5’-3’ ends of mRNAs in close proximity to each other and promoting translation and stability of mRNAs (46–48). This mode of translation is treated as a general model of eukaryotic translation in today’s biology textbooks. However, despite the direct observation of loop assembly in some cells and in vitro reconstruction systems, several findings have questioned the generality of the model across different mRNA and biological systems (49–52).

Translation of most mRNAs is regulated at the time of initiation. At translation initiation, eIF4E binds to the 5’ cap while PABPC1 binds to the poly(a) tail, and eIF4G binds the two together to form a complex. Then eIF3 and the 43s ribosomal subunit bound to met-tRNA bind to the complex, initiating translation initiation. eIF3 is an initiation factor that functions by facilitating the linkage of the 48s initiation complex to the 60s subunit. Transmission electron microscopy that several PABPC1 molecules in the PABPC1- poly(a) complex were linearly arranged to form a worm-like structure. Further enhancement of translation was reported with the increasing length of poly(a), which seems to be associated with an increase in the number of PABPC1 molecules in the polyplex bound to poly(a) (53). The tethered structural domain of PABPC1 stimulates translation initiation, suggesting that the poly(a) length dependence of translation is due to the increased availability of PABPC1 bound at the 3’ end of the mRNA. The long poly(a) tails on most vertebrate mRNAs function as enhancers of translation initiation by recruiting multiple PABPC1 to the 3’ ends of mRNAs (54). Borman et al. extracted mammalian cytoplasm and partially depleted ribosomes and associated initiation factors by ultracentrifugation. Replication of the cap-poly(A) synergistic system in vitro demonstrated that PABPC1 enhances translation on poly(a) of mRNA in a cap-dependent manner, in addition to finding that binding of PABPC1 to poly(A) increased the affinity of PABPC1 for eIF4G and eIF4E for cap, which in turn increased translation initiation. Consistent with this, mutations that eliminate or alter PABPC1-eIF4G interactions result in reduced translation levels (55, 56). Unfertilized eggs and early embryos of animals lack the ability to produce or destroy mRNA, so for the regulation of protein production, they cannot adjust the number of mRNA molecules used for translation, but rather by changing the length of the poly(A) tail at the end of each mRNA molecule. In animal oocytes and early embryos, the poly(A) length of mRNAs strongly affects translation efficiency, with mRNAs with longer poly(A) tails being more efficiently translated than shorter ones, but this linkage gradually disappears later in development. Artificially giving higher levels of PABPC in frog eggs improves translation of the short tails and even achieves the same translation efficiency as long-tailed mRNAs, suggesting that there is competition for PABPC between the two (53).

The role of PABPC1 in stimulating translation initiation was demonstrated (57, 58); however, the role of PABPC1 in translation is not limited to regulating initiation. Using a reconstructed mammalian in vitro translation system, Ivanov et al. found that PABPC1 directly stimulates translation termination (59, 60). PABPC1 stimulates translation termination through the interaction of its C-terminal structural domain with eukaryotic peptide release factor 3 (eRF3). Eukaryotic translation termination requires two release factors: eukaryotic polypeptide release factor (eRF1)1 and eRF3 (61). ERF3 is a GTPase with an intrinsic PAM2 motif that binds to PABPC1, and a protein core (eRF3c) that interacts with eRF1 to ensure that the latter is loaded on the ribosome and induces its conformational rearrangement. The binding action of PABPC1 to eRF3 enhances the loading of the release factor on the ribosome, thereby preventing the interaction of the eRF1-eRF3 complex with the nonsense-mediated decay mechanism and inhibiting the reading of the termination codon. The C-terminal structural domain of PABPC1 interacts with the N-terminal structural domain of eRF3a to enhance the binding of the eRF1-eRF3 complex to the ribosome, while eRF3a itself plays an active role in translation termination (62–67).

In addition, PABP-interacting proteins 1 and 2 (PAIP1 and PAIP2), bind the same structural domains of PABPC1 and regulate its translational activity (68). The results of Ivanov et al. showed that both PAIP1 and PAIP2 prevent translation termination due to premature stop codons by controlling PABPC1 activity (59).PAIP1 contains PAM1 and PAM2 motifs, and a structural domain homologous to the mediate eIF4G structural domain (meIF4G) (69), whereas PAIP2 contains only the PAM1 and PAM2 motifs. PAIP1 binds the RRM1-RRM2 motif of PABPC1 with high affinity, whereas PAIP2 binds the CTC structural domain with low affinity. PAIP1 is able to induce translational activity by binding to eIF3, eIF4A and PABPC1 simultaneously. In contrast, PAIP2 binds PABPC1 competitively with PAIP1 or eIF4G, reducing the binding affinity of PABPC1 to the poly(A) tail, and therefore, PAIP2 inhibits translation in vivo or in vitro (70, 71). Although PAIP2a has two PABPC1 interaction motifs, PAM1 and PAM2, at its N-terminal and C-terminal ends, respectively, PAM1 binds mainly to RRM2-RRM3 with hundreds of times the binding affinity of PAM2 and plays a major role mainly in PAIP2a-mediated dissociation of PABPC1 from poly(A). Recent studies have shown that PAIP2a competitively inhibits the binding of RRM to poly(A), first by binding to RRM2 to form a transient ternary complex and then by replacing poly(A) by RRM3.

Notably, Bartel et al. suggested that while PABPC1 plays a critical role in protecting mRNA from premature decay, its contribution to translation in postembryonic mammalian cell lines is minimal (53). Previous studies have identified a role for PABPC1 in promoting translation, either in frog oocytes or early embryos, in vitro, or in cell extracts, while in rabbit reticulocyte lysates, PABPC1 had the least effect on translation (13, 57, 72–74). So further experiments are needed to determine whether this difference is due to cell type or to differences between cell cytoplasm and ex vivo extracts. It is also necessary to distinguish whether it is due to PABPC1 promoting translation activation or mRNA stability.



PABPC1 and mRNA stability

The mRNAs of different genes are degraded at significantly different rates, as short as a few minutes or as long as several days (75). Different conditions or developmental environments also alter the rate of degradation, affecting the dynamic accumulation of mRNA and ultimately the steady-state abundance of mRNA (75, 76). Termini often determine the fate of the RNA molecules, and 3’ tailing(non-templated nucleotide addition at the 3’ end of RNA) is one of the most common types of RNA modifications, with tailing catalyzed by a set of non-templated terminal nucleotidyltransferases (TENTs) (77, 78). In addition to the attachment of poly(A) polymerase-catalyzed poly(A) tails to mRNA in the form of transcriptional coupling (79), post-transcriptional modifications such as guanylation and uridylation are included to control RNA stability and activity (80, 81). Several cis-acting elements present in the 3’ untranslated region of target mRNAs have been shown to be involved in regulating polyadenylation/de-enylation of specific mRNAs (39). These cis-acting sequences are recognized by microRNAs, AU-rich element-binding proteins, polyadenylation factors or other RNA-binding factors that greatly influence mRNA fate and ultimately gene expression (38, 82, 83).

Bartel et al. showed that almost all endogenous mRNAs are degraded primarily by a mechanism of deadenylation linkage, implying that the rate of deadenylation of each mRNA largely determines its half-life, while other contributions such as endonucleolytic cleavage and deadenylation-independent decapping are unexpectedly little (84). Further use of mathematical models to extend the range of known deadenylation rate constants from 60-fold to 1000-fold emphasizes that mRNAs with faster deadenylation rate constants can reach the short tail length associated with mRNA destruction more quickly, while mRNAs with the same 20-nt tail but from different genes can also have widely different decay rate constants. The tails become so short that they cannot synergistically bind PABPC1 and homeostasis is out of balance.

Recent studies have revealed the presence of noncanonical other forms of mRNA tailing, such as U tails and mixed tails (85). Initially uridylation of mRNA was found at the 3’ end of miRNA-mediated cleavage products (86), and U tails have also been detected on human replication-dependent histone mRNAs, which are uridylated and degraded at the end of the S period or after inhibition of DNA replication (87). Lim et al. developed a method called TAIL-seq for deep sequencing of a large portion of the 3’ end sequences of the transcriptome and found that the vast majority of mammalian mRNAs are subject to uridylation (88). Upon deadenylation, mRNAs (with A-tails shorter than ∼25 nt) lose PABPC1 and instead gain a U-tail by the redundant action of TUT4 and TUT7, which triggers decay by serving as a mark that is recognized by downstream decay factors (89). PABPC1 preferentially protects the long poly(A) tail from uridylation, and this specific inhibition may result from length-dependent binding of PABPC1 (90, 91).

The family of La-related proteins (LARPs) is characterized by sharing a ‘La-module’ (92): it contains a La motif (LaM) followed by an RNA recognition motif (RRM), and some LARPs have unique activities in specific aspects of RNA metabolic processes. Among them, LARP3 and LARP7 is nuclear and protects a subset of RNAs with 3′ oligo(U) (93–95) while LARP 1, 4 and 6 are highly divergent and reside in the cytoplasm (96). LARP1 and LARP4 were recently found to contain a PAM2 motif that binds directly to poly(A) and PABPC1 with variable affinity for the MLLE structural domain of PABPC1. LARP4 is an mRNA poly(A) stabilizer that promotes mRNA translation and inhibits deadenylation. LARP1 is a translation blocker that inhibits translation of mRNAs containing 5 ‘TOP (terminal oligopyrimidine) motifs in mRNA translation and exhibits similar poly(A) length and mRNA stability protection to LARP4 (97, 98). Mattijssen et al. confirmed the interaction of LARP1 with PABPC1 independent of RNA by endogenous pull-down in the presence of RNAase I and further verified the binding to PABPC1 in bacterially expressed LARP1. With the addition of Dey680-labeled A20 RNA, the amount of PABPC1 coprecipitated in the His-LARP1 pull-down increased, indicating that the LARP1 interaction between PABPC1 may be enhanced by binding to RNA (99).

It is now generally accepted that RNA-binding proteins negatively regulate gene expression by accelerating the deadenylation of target mRNAs. The most widely studied example is the RNA-binding protein TTP, which binds directly to AREs and recruits CCR4-NOT complexes to accelerate the deadenylation and decay of target mRNAs (100, 101). In marked contrast, positive regulation through polyadenylation has been most extensively studied in the context of early development (102).Spinocerebellar ataxia type 2 (SCA2) gene product, Ataxin-2, a member of the RNA-binding protein Like-Sm (LSm) family, is a cytoplasmic protein that binds and stabilizes many mRNA sequences, which is involved in many aspects of RNA metabolism (103), and it harbors an LSm domain and LSm-associated domain (LSmAD) within the N-terminal half. Yokoshi successfully identified Ataxin-2 as a member of the group of RBPs that target AREs and related elements within the 3′ UTRs of mRNAs to control RNA stability and protein expression (104). Although interaction with PABPC1 might increase the efficiency of Ataxin-2 binding to RNAs, it is dispensable for recognition of the distinct elements by Ataxin-2. In accordance, they found that Ataxin-2 binds preferentially to sites that are close to the polyadenylation site. These results suggest that interaction with PABPC1 stabilizes the binding of Ataxin-2 to RNAs, and more importantly, PABPC1 probably targets A-rich elements within the 3′ UTR, including the polyadenylation signal, in addition to the poly(A) tail. Inagaki et al. showed that Ataxin-2 indirectly recognizes the poly(A) tail through PAM2-mediated contact with PABPC1, which is assumed to increase the binding specificity of Ataxin-2 to the cis-element close to the polyadenylation site of the mRNA and enables the recruitment of a noncanonical poly(A) polymerase (PAPD4) to the polyadenylation site (39).



PABPC1 and nonsense-mediated decay of PTC-containing mRNAs

The premature termination codon (PTC) is found in approximately 30% of disease-associated mutations, and because it promotes aberrant as well as premature translation termination, mRNA surveillance mechanisms recognize, respond to, and ultimately produce nonsense-mediated mRNA decay (NMD). Nonsense-mediated mRNA decay detects and eliminates erroneous mRNA transcripts with premature termination codons, representing a translation-dependent post-transcriptional mRNA quality control process that prevents the synthesis of truncated, potentially harmful proteins (105–109). Because one-third of all known disease-causing mutations are predicted to produce PTC, NMD is an important regulator of human inherited disease phenotypes.

In mammalian cells PTCs are recognized and NMD is activated if the PTC is located >50 nucleotides upstream of an exon-junction complex (EJC) (110, 111), a protein complex deposited on the mRNA during splicing (112). During splicing in the nucleus, exon-exon junctions are labeled by EJC and these complexes act as NMD activation signals during translation in the cytoplasm. In addition to the EJC-dependent NMD described above, another EJC-independent NMD pathway targets mRNAs with long 3’UTRs (113–116). Three upshift code proteins, UPF1, UPF2, and UPF3, are at the core of the NMD pathway. UPF1 plays a key role in the initiation of NMD and is an ATP-dependent RNA unwinding enzyme, and UPF1, UPF2, and UPF3 interact so that these three proteins can be separated as a complex. After recognition of PTC, a series of events initiate mRNA degradation by recruiting heterodimers SMG5/SMG7 and SMG6 (117, 118).

During eukaryotic translation termination, PABPC1 interacts with ribosome-bound eRF3a to stimulate polypeptide release and subsequent ribosome recycling; however, when PABPC1 interaction with eRF3a is reduced by an unusually long 3’UTR, UPF1 binds to eRF3a and activates NMD. thus, PABPC1 binding at the termination codon binding in the vicinity can inhibit NMD by mimicking the presence of the poly(A) tail (119). The physical distance between the premature termination codon and PABPC1 is a key determinant of PTC recognition, and by increasing the distance between poly(a)-bound PABPC1 and PTC by lengthening the 3’UTR, the normal termination codon can trigger nonsense-mediated mRNA decay (114). Conversely, NMD can inhibit EJC-enhanced NMD by folding the poly(a) tail near the PTC or tethering it to the PTC (120, 121).

Two independent studies have shown that the C-terminal structural domain of PABPC1, which mediates the interaction with eRF3a, is nonessential for the inhibition of NMD-targeted reporter molecules (120, 121). To elucidate which structural domains and interaction regions of PABPC1 are responsible for the NMD repressive effect, Fatscher et al. designed and generated six mutants, including an RRM-containing mutant lacking the C-terminal MLLE structural domain and an MLLE structural domain mutant, and ligated the mutants to the TPI-4MS2-SMG5 reporter gene construct to increase the mRNA abundance of the reporter gene increased to the same extent as that of PABPC1. The results indicate that the MLLE motif of PABPC1 interacting with eRF3a, as well as other interactions involving the MLLE motif of PABPC1, are not strictly necessary for pegging PABPC1 to suppress NMD. In contrast, the introduction of two point mutations into RRM2 of PABPC1 that eliminate binding to eIF4G (PABPC1M161A/D165K) no longer inhibits NMD, and it is the binding of eIF4G but not eRF3a that contributes to NMD inhibition by pegged PABPC1, suggesting the eIF4G-mediated mRNA recycling and ribosome recycling as NMD regulators importance (119)



Involved in miRNA-induced target gene inactivation

MicroRNAs (miRNAs) are a new class of non-protein-coding endogenous small RNAs that are important regulatory molecules. It regulates gene expression post-transcriptionally through translational repression, mRNA splicing and mRNA decay initiated by rapidly dying genes. miRNAs silence the expression of most eukaryotic transcriptomes and regulate a wide range of biological processes, including cell growth, division and differentiation, as well as metabolism and development (122–124). At the molecular level, miRNA bases are incompletely paired with the 3’ untranslated region of the target mRNA and bind to the Argonute (Ago) protein in its induced silencing complex (miRISC) to inhibit translation or trigger degradation of the mRNA.

TNRC6A, TNRC6B and TNRC6C are members of the GW182 protein family and components of the miRNA-induced silencing complex (125, 126). the TNRC6-PABPC1 interaction is required for effective miRNA-mediated silencing (127). the carboxy-terminal structural domain of the GW182 protein, called the silencing structural domain, includes intermediate and terminal sub-structural domains (128). The intermediate structural domain can be further subdivided into M1 and M2 regions flanked by poly(A)-binding PAM2. PABPC1 assembles the miRISC complex by recruiting GW182 and bringing the death enzyme complex in close proximity to the mRNA. In contrast, TNRC6 promotes the separation of PABPC1 from mRNA thereby exposing its tail end to promote deadenylation, reducing translation efficiency and causing mRNA decapitation and 5’-3’ exonuclease nucleic acid degradation in somatic cells (129).



PABPC1 and virus replication

Viruses do not have a specific apparatus to encode their own protein synthesis, but rather compete with the host to translate their own viral mRNA, where the most important mechanism of interference is to disrupt translation initiation on polyadenylate mRNA. Active modification of PABPC1 allows viruses to block translation initiation in the host. Depending on the structure of viral mRNA, different RNA and DNA viruses have different mechanisms to manipulate PABPC1 (130–134).

Lentiviruses (HIV-1 and HIV-2), microRNA viruses and cuplaviruses infect cells and cleave PABPC1 into fragments at several predetermined positions between its RNA binding domain and C-terminal structural domain, limiting the translation of host mRNA. In contrast, rotavirus NSP3 displaces and expels PABPC1 in interaction with eIF4G to mediate translation termination (135). It was shown that members of the herpesviridae, eutheroviridae and bunyaviridae relocate PABPC1 to the nucleus after infection (136). In contrast, specific viral proteins for PABPC1 relocalization were also identified in Kaposi’s sarcoma-associated herpesviruses and rotaviruses (45, 137–139).



PABPC1 and immunoglobulin secretion

There is growing evidence that selective processing of mRNAs, including selective splicing, 3’ selective polyadenylation and mRNA stability/translational regulation, is a major mechanism that promotes protein diversification (140–143). Selective splicing and polyadenylation in eukaryotic cells generate multiple mRNA types with different 3’UTR lengths from the same gene (144, 145). PABPN1 has been identified as a key molecule regulating selective splicing and polyadenylation, and deep sequencing after siRNA knockdown has shown that PABPC1 enhances selective poly(A) at the distal end of pre-mRNA. A site use (146).

Plasma cells are terminally differentiated B cells that produce large amounts of secretory immunoglobulins. And the first identified example of selective polyadenylation is that the 3’ end of immunoglobulin heavy chain (IgH) mRNA is processed in a cell type-specific manner during B-cell differentiation (147, 148). Switching between mIg and sIg is a tightly controlled process regulated by mRNA selective splicing and selectable polyadenylation. Peng et al. reported that hnRNPLL specifically binds to PABPC1 in T cells and plasma cells, and that PABPC1 facilitates the binding of hnRNPLL to immunoglobulin mRNA and regulates the switch from mIgH to sIgH in plasma cells (149). Further protein truncation and mutation experiments demonstrated that RRM1 is the key structural domain mediating the interaction of PABPC1 with hnRNPLL.




PABPC1 in cancer development

Human and mouse heart cells proliferate immediately after birth, during which PABPC1 expression is enhanced (13, 54). After they grow, cell proliferation is inhibited and PABPC1 expression is reduced. Dengue viruses use PABPC1 in their host cells to transcribe viral mRNA, which leads to viral proliferation. PABPC1 similarly accumulates in cytomegalovirus-infected cells.

The expression of PABPC1 in 31 tumor specimens was analyzed using the Tumor Genome Atlas (TCGA) and Tissue Genotype Expression (GTEx) datasets in comparison to normal tissues. Elevated levels were found in acute myeloid leukemia (LAML), esophageal cancer (ESCA), bladder uroepithelial carcinoma (BLCA), gastric cancer (STAD), ovarian cancer (OV), rectal adenocarcinoma (READ), testicular cancer (TGCT), and COAD (colon cancer). High PABPC1 expression was also found in diffuse large B-cell lymphoma (DLBC), head and neck squamous cell carcinoma (HNSC), lung squamous carcinoma (LUSC), prostate cancer (PRAD), and uterine sarcoma (UCS), suggesting that the progression of the above tumors requires high PABPC1 expression (Figure 2).




Figure 2 | PABPC1 is involved in various aspects of tumor malignant biological behavior as an RNA binding protein. NPM1mA, SNHG14, Sp1 and p300 significantly induce upregulation of PABPC1 expression by increasing acetylation of PABPC1 promoter H3K27 and H2K37; Inactivated MKRN3 reduces PABPC1 ubiquitination, promotes its binding to 3’ poly(A) tails of mRNAs, and thereby accelerates global protein synthesis and promotes cancer proliferation and progression. PABPC1 regulates the generation and stability of tumor-associated RNAs, and the intracellular tumorigenic miR-19a-3p, miR-21-5p, lnc-BDNF-AS, and lnc-PAGBC levels are elevated, along with increased translation of CCNB1, PEG10, SLC7A11, and IFI27, and elevated protein levels. PABPC1 enhances miR-19a-3p, miR-21-5p loading in tumor cell-derived exosomes, target vascular endothelial cells to induce angiogenesis, and CD8+ T cells to impair the immune function.




PABPC1 in liver tumor

Hepatocellular liver cancer is the major malignancy of the liver and is the fifth most common and third deadliest cancer in the world (150, 151). Currently, despite the advances in liver transplantation and surgery in the treatment of liver cancer, the high recurrence and metastasis rates also make the prognosis of liver cancer still poor (152). Therefore, it is crucial to search for the underlying mechanisms of hepatocarcinogenesis and identify new therapeutic targets (153).

Zhu et al. screened gene modules highly correlated with HCC prognosis by WGCNA and constructed PPI networks for the genes in the modules (27). 8 genes were screened using MCODE software and survival analysis was performed using Kaplan-Meier mapping database, showing that PABPC1 was significantly associated with liver cancer prognosis. Further studies confirmed that mRNA and protein levels of PABPC1 were significantly upregulated in HCC patients. GSEA analysis also showed that the P53 signaling pathway, WNT signaling pathway and cell cycle were highly positively correlated with PABPC1 expression. the P53 pathway is one of the classical pathways controlling cell cycle progression and Wnt/β-catenin signaling is involved in a variety of processes including embryogenesis, The P53 pathway is one of the classical pathways controlling cell cycle progression and Wnt/β-catenin signaling plays a key role in the regulation of various processes such as embryogenesis, differentiation and tumorigenesis.

MicroRNAs are involved in hepatocellular carcinoma development and metastasis as a tumor-associated regulator. miRNA-induced RNA-induced silencing complex (RISC) promotes mRNA degradation or translation inhibition. Zhang et al. purified RISC-interacting proteins using anti-AGO2 antibody and identified 12 AGO2-binding proteins by mass spectrometry (28). PABPC1 was found to be highly expressed in hepatocellular carcinoma, especially in high-grade hepatocellular carcinoma. PABPC1 acts as an oncogene in hepatocellular carcinoma, accelerating cell proliferation and promoting anchorage-independent growth by promoting cell entry into S and G2/M phases. The specific mechanism is that PABPC1 interacts with AGO2 in the cytoplasm of hepatocellular carcinoma cells, and this interaction increases the recruitment of mRNA to RISC and represses multiple oncogenes. For miRNA-targeted genes, PABPC1 increases the efficiency of miRNA repression, and this efficiency is higher in cancer cells than in normal cells. For miRNA non-target genes, PABPC1 interacted with eIF4G to inhibit the decay of mRNA, making translation higher in cancer cells than in normal cells and thus increasing cellular activity.

Long non-coding RNAs (lncRNAs) play important roles in various biological processes at epigenetic, transcriptional and post-transcriptional levels, and are of increasing interest for their critical role in tumorigenesis and progression (154–158). Small nucleolar RNA host genes (SNHG) long non-coding RNAs are frequently dysregulated in various types of cancers and are involved in tumorigenesis and progression. Studies have shown that SNHG14 upregulates PABPC1 expression in hepatocellular carcinoma cells via H3K27 acetylation (29), and PABPC1 silencing Zhaattenuates SNHG14-induced proliferation and angiogenesis in Hep3B cells, while PABPC1 overexpression abrogates the effect of sh-SNHG14 on HepG2 cell proliferation and angiogenesis. sh-SNHG14/PABPC1 effects on cell proliferation and angiogenesis was regulated by inhibition of PTEN signaling, a tumor suppressor involved in cell proliferation or angiogenesis through negative regulation of PI3K/Akt signaling or VEGF expression, respectively.

Hepatoblastoma is the most common type of liver tumor in children and arises from embryonic parenchymal hepatocytes or hepatoblasts (159, 160). It has a better prognosis compared to hepatocellular carcinoma, but the overall prognosis remains poor for patients who cannot be surgically resected or are chemotherapy resistant (161). m6-methyladenosine (m6A) is considered to be the most abundant mRNA modification in eukaryotic cells and occurs at the N6 position of adenosine (162, 163). As a reversible mRNA modification, it is involved in regulating various aspects of RNA metabolism and also in the oncogenic process. Recent studies have shown that m6A-containing mRNAs exhibit accelerated deadenylation mediated by direct recruitment of the CCR4-NOT complex through YTHDF2 (41, 164). YTHDF2 is has been reported to act as a reader of m6A recognizing and binding specific m6A modifications that also include IGF2BP1-3, YTHDF3 and YTHDC2, among others (165). The study showed that in hepatoblastoma, IGF2BP1 similarly acts as readers to recognize and bind m6A modifications in SLC7A11 mRNA, stabilize it and upregulate its expression in an m6A-dependent manner (26). the CCR4-NOT complex mediates the deadenylation of SLC7A11 mRNA, and IGF2BP1 competitively binds PABPC1 to block BTG2/CCR4-NOT complex recruitment, thereby inhibiting the deadenylation of SLC7A11 mRNA and enhancing SLC7A11 mRNA stability and expression. In contrast, SLC7A11 acts as an oncogene that promotes hepatoblastoma proliferation and enhances ferroptosis resistance in tumor cells.



PABPC1 in esophageal cancer

Esophageal cancer, the sixth most common cause of cancer-related death worldwide (166), is an aggressive malignancy, of which esophageal squamous cell carcinoma is the predominant histologic subtype, accounting for more than 70% of total cases. Esophageal cancer exhibits local infiltration and lymph node metastasis at advanced or even initial diagnosis, thus leading to poor prognosis and lower survival rates.

Zhang et al. used their own cohort and public database TCGA sample analysis to conclude that PABPC1 expression is upregulated in esophageal squamous cancer tissues and its elevated expression is associated with tumor cell differentiation and poor prognosis in patients (167). Pabpc1 promotes esophageal squamous cancer cell proliferation, migration and invasion and inhibits apoptosis. The IFN pathway was identified by RNA-seq as a key mediator of esophageal squamous carcinoma progression exerted by PABPC1. IFN27 is a key regulator in the IFN-α signaling pathway (168–170) and its upregulation was one of the most significant alterations in DEGs upregulated by PABPC1. The investigators further observed a significant decrease in 5-ethynyluridine (EU)-tagged IFI27 mRNA after PABPC1 knockdown, suggesting that PABPC1 regulates IFI27 expression at the post-transcriptional level. Further construction of RNA-binding structural domain RRM1-deficient plasmids demonstrated that PABPC1 interacts with eukaryotic initiation factor protein 4G (eIF4G) to enhance the stability of IFI27 mRNA by extending its half-life.

In eukaryotic cells, RNA exosomes are essential for the degradation and processing of target RNAs, and the RNA exosome core contains barrel-like structures (composed of EXOSC4-9) and cap-like structures (composed of EXOSC1-3). EXOSC2 is an important catalytic part of the RNA exosome complex, and EXOSC2 knockdown severely reduced RNA exosome function (171, 172). The investigators rescued the decrease in IFI27mRNA stability by EXOSC2 knockdown and EXOSC2 knockdown increased PABPC1 binding to IFI27mRNA, similar to how PABPC1 knockdown increased the binding affinity of EXOSC2 to IFI27mRNA, all suggesting that PABPC1 competes with the RNA exosome to prevent degradation of IFI27mRNA (167). Various miRNAs from exosomes are major inducers of angiogenesis by activating signal transduction pathways that trigger the promotion of endothelial cell growth and migration. PABPC1 increases miR-21-5p expression in esophageal squamous cancer cells and encapsulates miR-21-5p in ESCC cell-derived exosomes via ACUGAUG sequences to target vascular CXCL10 inhibition in endothelial cells to induce angiogenesis.



PABPC1 in leukemia

Tumor-derived exosomes can shuttle between tumor cells and immune cells and participate in tumor immune escape. Exosomal miRNAs contribute to the reprogramming of immune target cell functions. Targeted export of miRNAs to exosomes may require specific mechanisms. Recent studies have shown that RBPs are involved in the specific loading of miRNAs into exosomes. For example, hnRNPA2B1 was shown to enhance the export of miRNA exosomes from T cells. The relevant functions of Ago2 and Y-box in miRNA transport were demonstrated in colon cancer cells and HEK293T cells, respectively. The proteomics of two different populations of exosomes isolated from human seminal plasma showed that PABPC1 could promote RNA loading of exosomes.

Acute myeloid leukemia (AML) is a heterogeneous disease that possesses multiple cytogenetic and molecular abnormalities with an extremely poor prognosis (173). Mutations in the nuclear phosphoprotein gene, particularly the type A NPM1 mutation, are among the most common and clinically relevant genetic alterations. It accounts for approximately 30% of all AML cases (174, 175). As with other malignant diseases, leukemia uses a variety of mechanisms to evade killing by immune cells. T cells play a central role in mediating and coordinating the immune response against cancer, and many strategies aim to harness the potential of t cells to recognize and kill cancer cells in a targeted manner (176, 177). The study found that serum from AML patients with NPM1 mutations and leukemia cells in a co-culture system impaired the immune function of CD8+ T cells (142). Mechanistically, leukemic cells secrete miR-19a-3p into the tumor microenvironment via small extracellular vesicles (sEVs), which are controlled by the NPM1 mutant protein/CTCF/PABPC1 signaling axis. SEV-related miR-19a-3p is internalized by CD8+ T cells, directly inhibiting solute carrier family 6 member 8 (SLC6A8)-mediated of creatine import and reduces ATP production to enhance immune escape of leukemic cells. To investigate the specific process of miR-19a-3p specific packaging in sEVs, the investigators found that knockdown of PABPC1 expression significantly reduced miR-19a-3p levels in OCI/AML3-sEV and Blasts/mut-sEV, while miR-19a-3p levels in OCI/AML3 cells and Blasts/mut cells were almost unchanged, and the interaction between PABPC1 and miR-19a-3p in OCI/AML3 and Blasts/mut cells was further verified by miRNA pull-down and RIP assays, which indicated that PABPC1 plays a key role in miR-19a-3p encapsulation into sEVs.

Homeostatic regulation of protein synthesis plays a crucial role in hematopoietic stem cell differentiation and cellular transformation, and a major clinical challenge in the treatment of patients with HR-MDS is the progression to AML, which is driven by developmentally abnormal hematopoietic stem and progenitor cells with different metabolic changes (178). Trans-transport RNA-derived fragments (tRFs) are small emerging non-coding RNAs that are commonly altered in tumors (179). Studies have shown that stem cell-enriched pseudouridylation (Ψ) of tRF isoform 2 (mini-tRF containing 5’ terminal oligopurine (mTOG)) selectively inhibits abnormal protein synthesis programs, thereby promoting implantation and differentiation of hematopoietic stem and progenitor cells in patients with myelodysplastic syndromes. On the basis of mTOG-Ψ targeting PABPC1, the interaction of mTOG and PABPC1 impeded the recruitment of PAPI1 as revealed using isotope exchange proteomics. The translation of the transcript sharing pyrimidine-rich sequence (PES) and the 5’ terminal oligopyrimidine bundle (TOB) encoding the mechanical component of the protein was strongly inhibited in the 5’ untranslated region, while mTOG dysregulation resulted in increased aberrant translation of 5′ PES mRNA in malignant MDS-HSPC, which was clinically associated with leukemic transformation and reduced patient survival (68, 180, 181).



PABPC1 in lung tumor

Lung cancer has the second highest cancer incidence and the second highest cancer-related mortality rate worldwide, with approximately 85% of lung cancer cases being non-small cell lung cancer, and non-small cell lung cancer consisting primarily of lung adenocarcinoma and squamous cell carcinoma of the lung (21, 182). Although tyrosinase inhibitors and immunotherapy have shown significant survival benefits for some patients, their 5-year overall survival rate is less than 15%. Researchers have recently identified that the MKRN3-PABPC1 pathway plays an important role in lung cancer pathogenesis (183). Germline mutations in the makorin ring finger protein 3(MKRN3) gene cause central precocious puberty (CPP), which is epidemiologically associated with various diseases in adulthood, including cancer (31–33) (184). Li et al. analyzed public data from cancer genomics studies and found recurrent inactivation of genomic MKRN3 aberrations in non-small cell lung cancer (183). low levels of MKRN3 expression were associated with poor patient survival, and in both in vivo and ex vivo, MKRN3 reduced cell growth and proliferation. Further proteomic screening by mass spectrometry identified PABPC1 as the major substrate of MKRN3. the tumor suppressive function of MKRN3 is dependent on its E3 ubiquitin ligase activity, and MKRN3 missense mutations were found to impair MKRN3-mediated PABPC1 ubiquitination in patients. the A203/F206/P208 of MKRN3 is a key interaction residue mediating PABPC1 ubiquitination, and the second RRM in PABPC1 is required for PABPC1 ubiquitination. Non-protein hydrolytic ubiquitination attenuates its binding to mRNA3’ poly(a), thereby inhibiting total protein synthesis and maintaining lung cancer cells with limited proliferative capacity. MKRN3 restoration induces cell cycle arrest in the G2/M phase, an effect also due to less PABPC1 binding to the poly(a) tail of CCNB1 mRNA, downregulating its protein levels. binding, downregulating its protein levels. This study contributes to the understanding of the genetic drivers of PABPC1 ubiquitination in non-small cell lung cancer.



PABPC1 in other cancers

In addition to the above mentioned tumors, PABPC1 has clinical and prognostic relevance to other tumors. For example, Eisermann et al. reported that PABPC1 is a novel AR co-regulator that regulates AR function and subcellular localization in prostate cancer cells (185). knockdown of PABPC1 inhibited the proliferation of AR-positive prostate cancer cells. An et al. demonstrated that PABPC1 was upregulated in gastric cancer and its high expression was significantly associated with poorer overall and disease-free survival (25). et al. further demonstrated that PABPC1 knockdown induced apoptosis in gastric cancer cells through upregulation of pro-apoptotic and downregulation of anti-apoptotic proteins, and that miR-34c was a target of PABPC1. PABPC1 acts as an oncogene promoting the growth and invasion of ovarian cancer cells in ovarian cancer partly through regulation of the EMT process (23).

Histone acetylation modification is one of the major types of histone modifications for chromatin structural remodeling and transcriptional regulation. Acetylation neutralizes the positive charge of lysine and unfolds chromatin structure, thereby attenuating DNA-histone interactions and enhancing transcriptional activity. Dong et al. found that SNHG14 regulates the expression of PABPC1 through H3K27ac8, which activates the Nrf2 signaling pathway and promotes breast carcinogenesis and resistance to trastuzumab (24). et al. demonstrated by microarray that H3K27ac was enriched in the PABPC1 promoter region of hepatocellular carcinoma cells and that SNHG14 regulated PABPC1 expression in hepatocellular carcinoma cells through H3K27ac. The study showed that PABPC1 interacted with BDNF-AS and increased its expression by stabilizing the expression of BDNF-AS, and overexpression of both inhibited proliferation, migration and invasion of glioblastoma and promoted apoptosis (30). PABPC1 interacts with lncRNA-PAGBC in gallbladder cancer (186), enhancing the stability of the latter, while lncRNA-PAGBC competitively binds miR-133b and miR-511 and activates the AKT/mTOR pathway to promote tumor growth and metastasis.

Further study of the relationship between PABPC1 and other tumors is important for understanding the mechanisms by which PABPC1 promotes tumor development and its potential role in tumor therapy (Table 2).


Table 2 | The expression and role of PABPC1 in multiple tumors.






Conclusions

The central dogma of molecular biology has guided scientists’ research for a long time, and the targets of tumor research have focused on the final protein function. As scientific research continues, scientists have discovered that the translation process from mRNA to protein also plays an important role in tumor progression and drug resistance. Changes in mRNA translation in tumors are more extensive than those in transcription downstream of aberrant signaling pathways, and in response to oncogenic signaling or microenvironmental stressors, alterations in intracellular mRNA translation allow rapid changes in the proteome, increasing cancer cell adaptation, leading to tumor formation, spread metastasis and treatment resistance (15).There is no doubt that PABPC1 plays an important role in mRNA translation and stability as an RNA binding protein. Over the past two decades, The issue surrounding the importance of PABPC1 and poly(A) in translation has been controversial. Through exhaustive experiments in different cell types and cell conditions, researchers have demonstrated that poly(A) tail length and translation efficiency are coupled by PABPC1 at early stages of embryonic development, while at later stages, this relationship shifts to promote mRNA stability (53).

Most past studies on PABPC1 in tumors have focused on detecting gene copy number and/or protein expression of PABPC1 in different types of tumor tissues or cells, and its high expression in some solid tumors is associated with poorer patient prognosis (23–30, 142, 161, 183, 185–190). PABPC1 selectively regulates transcripts by interacting with non-coding RNAs such as long-stranded non-coding RNAs, microRNAs specific translation and expression of specific oncogenic proteomes, enhancing cancer cell plasticity and thus promoting therapeutic evasion of cancer progression (24, 28–30, 167, 186).

Studies of PABPC1 initially revealed its broad function as a tumor and metastasis-promoting protein, and PABPC1 gene overexpression was associated with abnormalities in tumor cell proliferation, apoptosis, invasion and distant metastasis. The effect of PABPC1 on cell proliferation and migration was verified by knocking down and overexpressing PABPC1 in ovarian cancer cell lines, and the deletion of PABPC1 significantly inhibited the viability and invasiveness of SKOV3 cells, while the upregulation of PABPC1 in A2780 cells showed the opposite result (23). Similarly, PABPC1 depletion in gastric cancer cells BGC823, MKN-45 and MGC803 reduced cell proliferation rate and colony-forming activity, and tumor xenografting assays suggested that PABPC1 knockdown significantly inhibited gastric cancer growth in vivo (191). Similar studies include metastatic duodenal cancer (192), glioblastoma (30), and hepatocellular carcinoma (27–29). All these data provide evidence supporting the possible involvement of PABPC1 in tumorigenesis as an oncogene.

These current findings are far from sufficient, and more features and biological functions of PABPC1 protein remain to be explored. Further studies are urgently needed to demonstrate the molecular and cellular mechanisms by which PABPC1 plays a role in the development of different tumor cells, and to elaborate the tumor-promoting effects of PABPC1, which may pave the way for the development of inhibitors or agonists and the treatment of tumor patients with abnormal expression of PABPC1.
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miR-20b is a microRNA with diverse and somehow contradictory roles in the pathogenesis of human disorders, especially cancers. It has been known to be a tumor suppressor in colon cancer, renal cell carcinoma, prostate cancer, osteosarcoma and papillary thyroid cancer. In lung cancer and breast cancers, both tumor suppressor and oncogenic effects have been identified for this miRNA. Finally, in T cell leukemia, hepatocellular carcinoma, esophageal squamous cell carcinoma and cervical and gastric cancers, miR-20b is regarded as an oncogenic miRNA. In several types of cancer, dysregulation of miR-20b has been recognized as a predictive marker for patients’ survival. Dysregulation of miR-20b has also been recognized in Alzheimer’s disease, diabetic retinopathy, myocardial ischemia/infarction, chronic hepatitis B and multiple sclerosis. In the current review, we have summarized the miR-20b targets and related cellular processes. We have also provided a review of participation of this miRNA in different human disorders.
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Introduction

MicroRNAs (miRNAs) have been initially discovered in Caenorhabditis elegans, but further experiments have identified them in most eukaryotes (1–3). These small non-coding RNAs have an average size of 22 nucleotides. The majority of miRNAs are transcribed from DNA sequences into primary miRNA transcripts which are then processed into precursor and mature miRNAs, respectively. In general, 3’ UTR of target transcripts is the main part of interaction between miRNAs and target mRNAs. This type of interaction mainly leads to suppression of expression of target transcripts (4). Yet, miRNAs can also interact with 5′ UTR, coding sequences, and promoters of selected genes (5). In addition, activation of gene expression has been reported to be an uncommon consequence of miRNAs interaction with target mRNAs (6). miRNAs have crucial functions in the regulation of developmental processes as well as pathophysiology of human disorders. The latter is best documented in the carcinogenic processes (7–9). In the context of cancer, several miRNAs have been found to contribute to the regulation of cellular activities leading to carcinogenesis as well as drug resistance (10).

In the current review, we have summarized the impact of a certain miRNA, namely miR-20b-5p in human disorders, especially cancer. miR-20b is encoded by MIR20B gene on Xq26.2. The precursor miRNA has two arms: miR-20b-5p and miR-20b-3p. These miRNAs have been shown to participate in the pathogenesis of a variety of malignant and non-malignant conditions. In the current review, we summarize the role of miR-20b-5p and miR-20b-3p in both conditions and explain its possible therapeutic implications. The reason for selection of miR-20b was its widespread dysregulation in several types of cancers, its tissue-specific effects and its contribution to the etiology of a number of non-malignant conditions which show its important roles in the cellular homeostasis. Moreover, the bioinformatics step revealed association of miR-20b with several important cellular pathways indicating importance of conduction of further research for identification of its roles in different disorders.



Bioinformatics step

First, through a bioinformatics step, we identified miR-20b-5p targets (Figure 1). Based on the results of TargetScan online tool (https://www.targetscan.org/vert_80/), miR-20b-5p is predicted to target a variety of mRNA targets being involved in a wide range of cellular functions.




Figure 1 | Correlation pairs of miR-20b-5p targets, predicted by TargetScan online tool. The interaction network was constructed by Cytoscape software.



Then, we identified the biological processes being influenced by this miRNA and its targets (Figure 2). Top target genes of miR-20b-5p are enriched in regulation of biological processes, metabolic processes, cell communication and developmental processes. Cell membrane and nucleus are top cellular components of miR-20b-5p targets. Finally, these targets are mostly implicated in protein binding, ion binding and nucleic acid binding.




Figure 2 | Functional enrichment analysis of top miR-20b-5p target genes, using WebGestalt database. The X-axis displays the name of different GO terms, and the Y-axis demonstrates the count of enriched genes. Besides, the length of the bar is showed according to the number of gene counts. GO, gene ontology.





miR-20b role in cancers

Several studies have investigated the role of miR-20b-5p in the development or progression of colorectal cancer. Yang et al. have identified a tumor suppressor role for this miRNA in HCT-116 cell line. miR-20b-5p has been shown to inhibit cell cycle transition and reduce their migratory and invasive capacities without affecting cell apoptosis. Mechanistically, miR-20-5p tagets CyclinD1 (CCND1) transcripts in these cells. Up-regulation of miR-20b-5p has led to downregulation of CCND1 levels in HCT-116 cells. CCND1/CDK4/FOXM1 axis has been identified as the main route of participation of miR-20-5p in the pathoetiology of colorectal cancer. Besides, miR-20b-5p could inhibit tumorigenic effects of colorectal cancer cells in Balb/c nude mice (11). Another study in colorectal cancer cells has shown negative correlation between expression levels of miR-20b-5p and MALAT1. Both MALAT1 down-regulation and miR-20b-5p up-regulation could attenuate microsphere formation and self-renewal ability, decrease the proportion of cancer stem cells, and down-regulate levels of stemness-related proteins and those regulating cellular metabolism. The impact of si-MALAT1 and miR-20b-5p-mimic on suppression of tumorigenic abilities of HCT-116 cells has also been confirmed in xenograft model of cancer. Mechanistically, miR-20b-5p targets Oct4 in these cells (12). On the other hand, Ulivi et al. have reported up-regulation of miR-20b-5p circulatory level in metastatic colorectal cancer patients received bevacizumab in correlation with progression free and overall survival (13). Meanwhile, another study has revealed up-regulation of expression of the miR-20b-5p-songing lncRNA COL4A2-AS1 in colorectal cancer tissues and cell lines. In fact, COL4A2-AS1 could promote proliferation, and aerobic glycolysis of colorectal cancer cells via influencing the miR-20b-5p/HIF1A molecular route (14).

In lung cancer, miR-20b-5p has been identified as a tumor suppressor whose circulating serum exosomal levels could be applied as a diagnostic marker for early stage cancer (15). In this type of cancer, the tumor suppressor role of miR-20b-5p is mainly exerted through regulation of cell cycle transition and enhancement of cell apoptosis. Most notably, down-regulation of this miRNA has been associated with poor prognosis of adenocarcinomas and squamous cell carcinomas of lung (16). On the other hand, another study has reported up-regulation of miR−20b−5p in lung cancer cells. BTG3 has been identified as a target of miR−20b−5p. Up-regulation of miR−20b−5p enhances proliferation and migration of lung cancer cells (17).

Reduction of miR-20b level is also implicated in the progression of breast cancer. Adipose tissue-derived mesenchymal stem cells (ASCs) have been found to enhance breast cancer metastasis. Co-culture of breast cancer cells with these cells has led to enhancement of migration and invasive properties of breast cancer cells. Mechanistically, stem cell factor (SCF) produced by ASCs can reduce miR-20b biogenesis via regulation of c-Kit/MAPK-p38/E2F1 signaling. HIF-1α and VEGFA have been identified as targets of miR-20b. Down-regulation of miR-20b could activate HIF-1α-mediated VEGFA expression. On the other hand, over-expression of miR-20b has abolished epithelial-mesenchymal transition process and lung metastasis of breast cancer cells through suppression of N-cadherin, vimentin and Twist (18) (Figure 3).




Figure 3 | Overview of the potential breast cancer cells ASC-induced metastatic pathways. Through the regulation of miR-20b biogenesis, c-Kit-positive ASCs release high level of SCF to target BC cells. The MAPKp38/E2F1 pathway mediates the SCF-dependent decrease in miR-20b, which enhances activity of HIF-1/VEGFA and promotes EMT and metastasis of BC cells. Activation of the HIF-1α/VEGFA results in the upregulation of the N-cadherin, vimentin, and Twist expressions and decreased expression levels of E-cadherin. Therefore, through miR-20b suppression, ASCs induces metastasis of BC cells in animal models. ASC, Adipose tissue-derived mesenchymal stem cells, BC, Breast cancer cell.



Li et al. have reported the presence of numerous GC-rich binding motifs for EGR1 in the promoter of miR-20b. Expression of this miRNA has been found to be increased by ionizing radiation and its over-expression has been correlated with expression levels of EGR1 in a certain breast cancer cell line. Expression of miR-20b has been decreased by siRNA-mediated silencing of EGR1. Inhibition of miR-20b expression has suppressed proliferation and migration of breast cancer cells and resulted in G0/G1 and S phase arrest. This miRNA has been found to target several tumor suppressor genes, including PTEN and BRCA1. Thus, inhibition of miR-20b has led to enhancement of PTEN and BRCA1 expression. Besides, miR-20b expression has been correlated with expression levels of EGR1 in breast cancer tissues (19). Figure 4 shows transcriptional activation of miR-20b by EGR1.




Figure 4 | Transcriptional activation of miR-20b by EGR1 that leads to targeting PTEN. EGR1 is an important factor in transcription of miR-20b. EGR1 is triggered by numerous extracellular stimuli, including growth hormones, cytokines, ionizing radiation, ultraviolet light, and mechanical damage. After activation, EGR1 enters the nucleus and binds to the miR-20b promoter, resulting in the transcription of miR-20b. The mature miR-20b in collaboration with other constituents of RISC, which detects and binds to PTEN mRNAs induces suppression of PTEN expression, thus promoting cell proliferation and migration.



miR-20b has been found to be down-regulated in papillary thyroid carcinoma tissues compared with paratumoral tissues. Notably, down-regulation of miR-20b has been associated with metastasis to cervical lymph nodes and TNM staging. Over-expression of miR-20b has suppressed viability, migration, and invasive properties of malignant cells and inhibited MAPK/ERK signaling via targeting SOS1 and ERK2. Besides, over-expression of miR-20b has suppressed growth of papillary thyroid carcinoma cells in vivo (20). Figure 5 shows miR-20b- induced regulation of MAPK/ERK pathway in this type of cancer.




Figure 5 | miR-20b- induced regulation of MAPK/ERK pathway. Through targeting SOS1 and ERK2, ectopic overexpression of miR-20b suppresses MAPK/ERK signaling cascade, leading to a reduction in cell initiation, progression, and metastasis.



The impact of miR-20b in the pathogenesis of different types of cancers is shown in Table 1.


Table 1 | Summary of the role of miR-20b in malignant conditions.



Diagnostic role of miR-20b has been assesses in lung, esophageal and renal cancers (Table 2). Expression levels of this miRNA in peripheral blood or serum samples be used as diagnostic marker for these types of cancers with area under ROC curve values ranging from 0.78 (22) to 0.85 (26) in renal and esophageal cancers, respectively.


Table 2 | Diagnostic value of miR-20b in cancers.





miR-20b in non-malignant disorders

Expression of miR-20-5p has been shown to be speedily and stably decreased upon oxidative stress. H2O2 could hamper G1/S transition and suppress DNA synthesis. Up-regulation of miR-20b-5p could rescue cells from growth arrest. miR-20b-5p could regulate expressions of p21, CCND1 and E2F1. Oxidative stress could decrease expression of E2F1, in line with obstruction of G1/S transition and suppression of DNA synthesis and proliferation. The underlying mechanism includes autoregulatory feedback between miRNAs and E2F1 and E2F1 response to repair oxidative stress-associated DNA damage (38). Since oxidative stress is involved in the pathoetiology of several human disorders, particularly age-related pathologies, miR-20-5p represents an important biomarker and target for treatment of these conditions.

Figure 6 shows miR-20b dependent and independent regulation of E2F1 levels and G1/S transition.




Figure 6 | miR-20b-5p dependent and independent regulation of E2F1 levels and G1/S transition. The pathways I, II, and III as miRNA-dependent, and IV as miRNA-independent methods are proposed to modulate E2F1 levels under oxidative stress. In the pathways I and II, the lower expression of miRNAs leads to an increase in the p21 expression, and CCND1/2 and CDK4/6, respectively. In the pathway II, miRNA and E2F1 have an auto-regulatory feedback effect on each other. Finally, in the pathway IV, E2F1 is recruited to DNA break sites as a result of oxidative stress causing DNA damage responses. Overall, E2F1 is downregulated, the G1/S transition and DNA synthesis are inhibited, cell proliferation is repressed, leading to cell senescence. The proposed scheme is more fully described in the text.



Different study groups have assessed impact of miR-20b dysregulation in non-malignant conditions (Table 3). For instance, Wang et al. have reported participation of hsa-miR20b-5p in Alzheimer’s disease pathogenesis through regulation of Aβ. They have demonstrated alterations in miR-20b-5p level in association with progression of Alzheimer’s disease in three brain regions. miR-20b-5p could affect calcium homeostasis, neurite outgrowth, and branch points in human neurons in vitro. Notably, rs13897515 polymorphism of the MIR20B gene has been found to be associated with difference in Aβ1-42 levels in the CSF. Although miR-20b-5p has been shown to downregulate APP, it has been paradoxically associated with susceptibility to Alzheimer’s disease (39). Another study has shown that miR-20b-5p, via targeting RhoC gene, could disturb progression of Alzheimer’s’ disease by regulating the cell apoptosis, and cell viability (40).


Table 3 | Summary of the role of miR-20b in non-malignant diseases.



miR-20b-5p is also involved in the pathogenesis of diabetic complications. Suppression of circulating exosomal miR-20b-5p has been found to accelerate diabetic wound repair (41). Another study has shown that down-regulation of the miR-20b-5p-sponging circular RNA circDMNT3B participates in the diabetic-associated dysfunction of retinal vessels (42). Moreover, inhibition of circulating exosomal miR‐20b‐5p could restore Wnt9b signals and reverse diabetes‐associated defects in wound healing (43). Therefore, this miRNA is a putative target for amelioration of diabetic complications.



Discussion

miR-20b has been found to exert diverse and somehow contradictory roles in the pathogenesis of human disorders, especially cancers. It has been known to be a tumor suppressor in colorectal cancer (11), renal cell carcinoma (22), prostate cancer (24), osteosarcoma (32) and papillary thyroid carcinoma (20). In lung cancer and breast cancers, both tumor suppressor and oncogenic effects have been identified for this miRNA. Finally, in T cell leukemia (29), hepatocellular carcinoma (30), esophageal squamous cell carcinoma (37) and cervical (35) and gastric (36) cancers, miR-20b is regarded as an oncogenic miRNA. Such different roles of miR-20b might be related to tissue-specific targets of this miRNA. Based on our in silico approach, we demonstrated enrichment of miR-20b-5p targets in regulation of biological processes, metabolic processes, cell communication and developmental processes. Notably, these targets are mostly implicated in protein binding, ion binding and nucleic acid binding. Different levels of targets that are involved in binding with biomolecules in each tissue might affect the specific functions of miR-20b in these tissues.

Moreover, the precursor miRNA has two arms, namely -5p and -3p. Depending on the tissue or cell types, both arms might exert functional roles. Different functions of these arms might explain the tissue-specific roles of this miRNA.

In several types of cancer, dysregulation of miR-20b has been recognized as a predictive marker for patients’ survival. Although application of miR-20b as a diagnostic marker has only been investigated in lung, esophageal and renal cancers, the obtained results have been promising since serum/blood levels of this miRNA could separate cancer patients from healthy controls with acceptable diagnostic power. This finding potentiates this miRNA as a tool in non-invasive diagnostic approaches. Since this miRNA is dysregulated in several cancers, identification of abnormal levels of this miRNA does not point to a certain diagnosis. Instead it can be used for follow-up of patients after conduction of anti-cancer therapies for early diagnosis of cancer recurrence or metastasis.

Dysregulation of miR-20b has also been detected in Alzheimer’s disease, diabetic retinopathy, myocardial ischemia/infarction, chronic hepatitis B and multiple sclerosis. Wnt/β-catenin, AKT, NF-κB-p65, NLRP3/caspase-1/IL-1β and NF-kB/MAPK have been identified as the most important pathways being influenced by miR-20b in these conditions. Therefore, miR-20b-modulating therapies might affect course of these disorders through modulation of activity of these signaling pathways.

miR-20b has also been found to be sponged by a number of lncRNAs such as MALAT1, WWOX-AS1, PART1, DUXAP8 and COL4A2-AS1 as well as the circular RNA CircHIPK3. Thus, dysregulation of these non-coding RNAs might be regarded as a possible mechansim for alterations in the expression levels of miR-20b. Other putative mechanisms such as alterations in the epigenetic marks in the promoter of MIR20b should be assessed in future studies.

Taken together, miR-20b is a promising diagnostic marker in cancer and a putative therapeutic target in diverse human disorders. Future studies are needed to evaluate the efficacy of miR-20b-targeting strategies in animal and cell models of different disorders. In addition, the importance of this miRNA in modulation of response of cancer patients to chemotherapy, radiotherapy and targeted therapies should be assessed in future studies.
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Gastrointestinal (GI) cancers arise in the GI tract and accessory organs, including the mouth, esophagus, stomach, liver, biliary tract, pancreas, small intestine, large intestine, and rectum. GI cancers are a major cause of cancer-related morbidity and mortality worldwide. Exosomes act as mediators of cell-to-cell communication, with pleiotropic activity in the regulation of homeostasis, and can be markers for diseases. Non-coding RNAs (ncRNAs), such as long non-coding RNAs (lncRNAs), can be transported by exosomes derived from tumor cells or non-tumor cells. They can be taken by recipient cells to alter their function or remodel the tumor microenvironment. Moreover, due to their uniquely low immunogenicity and excellent stability, exosomes can be used as natural carriers for therapeutic ncRNAs in vivo. Exosomal lncRNAs have a crucial role in regulating several cancer processes, including angiogenesis, proliferation, drug resistance, metastasis, and immunomodulation. Exosomal lncRNA levels frequently alter according to the onset and progression of cancer. Exosomal lncRNAs can therefore be employed as biomarkers for the diagnosis and prognosis of cancer. Exosomal lncRNAs can also monitor the patient’s response to chemotherapy while also serving as potential targets for cancer treatment. Here, we discuss the role of exosomal lncRNAs in the biology and possible future treatment of GI cancer.
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Introduction

Gastrointestinal (GI) cancers, such as colorectal, esophageal, gastric, hepatocellular carcinoma, and pancreatic cancer, are among the most common malignancies diagnosed worldwide. Based on the GLOBOCAN cancer statistics, GI cancers account for 26% of newly diagnosed cases and 35% of cancer-related deaths globally (1, 2). Typically, chemotherapy, surgery, targeted therapy, and other approaches have been used to treat GI cancer. Patients with GI cancer who undergo early detection and therapy have a better prognosis than those who are diagnosed at an advanced stage (3, 4). Current diagnostic approaches mostly rely on invasive techniques that are difficult to apply for screening purposes, such as pathological biopsies or digestive tract endoscopy. The discovery of novel biomarkers, such as non-coding RNAs, is important for early diagnosis and more targeted therapy (4). The development of resistance to radiotherapy, chemotherapy, immunotherapy, or targeted therapy still poses a serious obstacle to effective cancer treatment, despite some recent advances. By deciphering crucial cellular signaling pathways, recent studies have demonstrated that ncRNAs also play a key role in the development of resistance to many cancer treatments (5).

Extracellular vesicles (EVs), also called exosomes, are formed when multivesicular bodies (MVBs) inside cells fuse with the plasma membrane. Their sizes range from 40 to 160 nm (average 100 nm) (6). It has been reported that B cells released antigen-presenting exosomes that triggered a T-cell response (7, 8). Moreover, exosomes could contain both messenger RNAs (mRNAs) and microRNAs (miRNAs) which could then be transported to other recipient cells in order to perform a specific function (9). Exosomes have been found to contain DNA, proteins, and RNAs, including non-coding RNAs (ncRNAs) and long-non coding RNAs (lncRNAs), which can allow cell-to-cell communication and affect signaling pathways (10).

The participation of exosomes in the development and progression of GI cancer has recently attracted more interest in both research and possible treatment. It has been hypothesized that cancer cells generate more exosomes compared with healthy cells (11). Exosomes are actively secreted by the source cancer cells and are crucial for cancer cell functioning. Exosomes can also be released by stromal cells, immune cells, or other cells in the cancer microenvironment. Exosome-mediated interactions between stromal cells, immune cells, and cancer cells have been implicated in the development of several GI cancers (11, 12).

lncRNAs show differential expression levels in cancer cells and normal tissues (13, 14). They can affect the function of target molecules, including miRNAs and proteins, and therefore, can regulate tumor aggressiveness and chemoresistance (15–17). The best known function of lncRNAs is their ability to act as competitive endogenous RNAs (ceRNA), by sponging their target miRNAs and thereby affecting the expression of the mRNA targets of the specific miRNAs (18). lncRNAs are essential regulatory elements in several biological processes, including RNA processing, transcriptional interference, chromatin remodeling, and protein degradation (19, 20). Many studies have concentrated on the significance of lncRNAs in cancer because they can regulate genetic and epigenetic alterations which are critical in carcinogenesis and cancer progression. lncRNAs are essential for the complete understanding of the biology of cancer (Figure 1). Abnormal expression of lncRNAs has been linked to tumor development, invasion, and overall patient survival by primarily affecting the epigenetic regulation of both oncogenes and tumor suppressor genes (21–25). Although some putative mechanistic roles have been clarified, the function of most lncRNAs still remains unclear (26). According to a recent study, lncRNAs may be regarded as complex molecular regulators or “fine-tuners” because of their ability to act in a tissue-/cell- specific manner (26–30). The role of lncRNAs in several GI cancers has been established. These lncRNAs may be divided into three classes based on their function, namely, tumor suppressors, tumor promoters (oncogenes), and dual-action tumor suppressors/promoters, and the latter precise function may be context- or tissue-dependent.




Figure 1 | The function of exosomal long non-coding RNAs (lncRNAs) in the biology of cancer. Exosomes can facilitate interactions between stromal cells, immune cells, and cancer cells in the tumor microenvironment. Exosomal lncRNAs secreted from cancer cells can induce drug resistance, immunological regulation, angiogenesis, cancer growth, and metastasis in recipient cells. This figure was adapted from Zhang et al. (21).



In this review, we will focus on exosome-enriched lncRNAs in the pathogenesis of GI cancers. We also briefly discuss the dysregulation of exosome-enriched lncRNA expression in GI cancer and summarize how exosomal lncRNAs can regulate cancer cell progression by acting as either tumor suppressors or as oncogenes.



Exosome biogenesis

Exosomes are continuously produced from late endosomes generated by the invagination of the membrane of MVBs. This process subsequently leads to the formation of intraluminal vesicles (ILVs) inside the MVBs (31). During this process, the invaginated membranes engulf some specific proteins, while the same process occurs for some other cytosolic components which are then incorporated within the ILVs. A majority of ILVs are secreted into the extracellular space after their fusion to the cell membrane. The term “exosomes” refers to these secreted ILVs (32, 33).

Exosomes are a class of EVs with a diameter ranging from 30 to 100 nm (34). They are composed of a combination of lipids and proteins, which are derived from the endosomes from which they originated. The lipids are mainly composed of cholesterol, ceramide, and sphingomyelin (35–37). Canonical exosomes show a biconcave or cup-like shape, which is supposed to be due to a drying process taking place during their preparation for study. This is because they display a spheroidal shape in the aqueous environment under transmission electron microscopy (TEM) (38). Exosomes mainly show a density ranging from 1. 13 g/ml for B-cell-derived exosomes (39) to 1. 19 g/ml for epithelial cell-derived exosomes (40), as measured by sucrose gradient centrifugation. The proteins in the ESCRT (endosomal sorting complexes required for transport) play a role in the formation of exosomes. The ESCRT protein family is divided into four subgroups, i.e., ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III (41). The detection and transfer of ubiquitinated proteins to specific domains located on the endosomal membrane by ubiquitin-binding subunits of ESCRT-0 has been found to initiate the ESCRT formation process. ESCRT-I then interacts with ESCRT-II forming a larger complex, which then unites with the ESCRT-III complex. The latter helps in the budding process. Eventually, the buds are cleaved from the membrane and form ILVs. Finally, the ESCRT-III complex is dissociated from the MVB membrane by the vacuolar protein sorting 4 (Vps4) AAA ATPase which provides the energy (42).

Some cargoes can be incorporated into MVBs without binding to ESCRT-0, ESCRT-I, or ESCRT-II protein complexes. Instead, ALG-2-interacting protein X (Alix), an ESCRT-interacting protein, binds to the CHMP4 subunit of the ESCRT-III complex and the pseudoautosomal region 1 (PAR1), a G-protein-coupled membrane receptor, and subsequently transfers PAR1 to MVBs without requiring ubiquitylation. ALIX also binds to syntenin causing syndecans to bind to CD63. The proteins ALIX, syntenin, syndecan, and CD63 are all found within MVBs and exosomes but do not require ubiquitination for their function (43, 44). ESCRT-independent pathways control the production of exosomes, which contain tetraspanin cargoes and require lipids for their activity.

Exosomes are rich in tetraspanins, proteins that possess four transmembrane domains each with a specific palmitoylation site. CD9, CD37, CD63, CD81, and CD82 (in addition to other tetraspanins) are considered to be specific biomarkers for exosomes, as they are concentrated on the exosome surface (9). Ceramides can trigger the separation of the lateral phase and the fusion of microdomains when studied in model membranes. Furthermore, the particular cone-shaped structure of exosomes is caused by ceramide, which spontaneously forms a negative curvature in the endosomal membrane, in order to promote domain-induced budding. This ceramide-based mechanism suggests an important role for exosomal lipids in the production of exosomes (45). Three glycosylphosphatidyl inositol (GPI)-anchored proteins (CD55, CD58, CD59), and the palmitoylated protein Lyn, are sorted into exosomes during the process of red blood cell maturation. Thus, proteins containing these lipids can selectively enter lipid rafts composed of cholesterol, sphingomyelin, and ceramides (46, 47). Higher levels of exosome secretion have been reported in human immunodeficiency virus type-1 (HIV-1)- infected cells, resulting in ESCRT-independent exosomal generation. Investigations have reported that two conventional markers of exosomes (tetraspanins CD63 and CD81) can be found within these exosomes, which have the same size as classical exosomal structures (46, 48). The ESCRT-0 complex is responsible for clustering the ubiquitinated cargoes (49).



Exosomal long non-coding RNAs and different GI cancers


Exosomal long non-coding RNAs and gastric cancer

Gastric cancer (GC) is the fifth most prevalent human malignancy and the third cause of cancer-related death according to the Global Cancer Observatory, CANCER TODAY (GLOBOCAN) 2018 statistics (50). Patients are frequently diagnosed with metastasis due to presenting at later stages (51). Most GC patients do not show any clinical symptoms at the early stages (52), while nausea and vomiting or upper GI symptoms are reported in some cases, but these are similar to peptic ulcer and so are not specific for GC (53). Therefore, most GC patients are at an advanced stage when the diagnosis is confirmed (54). Recent research has shown that exosome-derived lncRNAs are involved in the development, progression, and drug resistance of GC tumors. Exosomal lncRNA expression levels can also promote or inhibit the development of GC.

Additionally, the exosomal membrane structures protect the lncRNAs from being broken down by enzymes in the body, thereby enhancing the stability of exosomal lncRNAs. Exosomes have distinctive characteristics that may be used to identify them, and their contents can be utilized to determine the cells from whence they originated. Exosomal lncRNAs can therefore be used as therapeutic targets, as well as prognostic or diagnostic biomarkers. Controlling exosome biogenesis and exosomal lncRNA expression levels may be a potential strategy to prevent or eliminate GC (55, 56). Figure 2 illustrates the main steps of exosomal lncRNA biogenesis and release.




Figure 2 | The main steps of biogenesis and release of exosomal lncRNAs. Exosome formation commences with the development of early and late-sorting endosomes by endocytosis of plasma membrane proteins. This process is followed by the formation of intraluminal vesicles (ILVs) from the late-sorting endosomes via the inward budding of their membrane which encapsulate macromolecules such as proteins, DNAs, and RNAs. Eventually, late-sorting endosomes develop into multivesicular bodies (MVBs) that secrete ILVs as exosomes. The MVBs can fuse with lysosomes for the degradation of their contents. Exosomes can either directly transmit their cargo to recipient cells or release it after fusion with the recipient cell plasma membrane. Moreover, exosomes may create endosomes by three main pathways, namely, endocytosis, macropinocytosis, or phagocytosis. In response to cellular requirements, the endosomes may release their exosomal contents, combine with lysosomes to be degraded, or fuse with cell membrane for recycling the exosomes. Then, the release of exosomal lncRNAs leads to the modulation of cell functions through several mechanisms. They can influence gene expression at post-transcriptional levels via targeting miRNAs, mRNAs, or proteins in the cytoplasm. Additionally, some lncRNAs have the potential for encoding short peptides. On the other hand, lncRNAs can play a role in the nucleus, by interacting with chromatins, transcription factors, or enhancer-like RNAs. This figure was adapted from Ahmadpour et al. (57).



The forkhead box protein M1 (FOXM1) is a transcription factor which is evolutionarily conserved and involved in regulating cancer development and progression in various human malignancies (58–60). FOXM1 is upregulated in most human tumors, such as GC, and plays a substantial role in regulating the proliferation, migration, and apoptosis of cancer cells (61, 62). FOXM1 has already been reported in several studies to be a crucial oncogene correlated with the occurrence of GC, where it causes the upregulation of FOXM1-related LncRNA 1 (FRLnc1), an FOXM1-related lncRNA. This suggests that FRLnc1 could act as an independent prognostic indicator for the prediction of survival in GC patients (58, 63). Furthermore, it has been discovered that GC patient serum exosomes showed higher FRLnc1 expression (64). Importantly, FRLnc1 upregulation was significantly associated with clinicopathological properties, including lymph node metastasis and advanced TNM stage. Also, cellular assessment revealed that FRLnc1 knockdown using RNA interference reduced the proliferation and migration of HGC-27 cells, while its overexpression enhanced both properties in MKN45 cells. Following cellular treatment with exosomes, the expression of FRLnc1 was increased in MKN45 cells, and consequently, the proliferation and migration showed a significant increase. In conclusion, GC cell-derived exosomes were found to be involved in promoting the growth and metastasis of malignant cells through transporting the lncRNA FRLnc1, suggesting that exosome-transported FRLnc1 could act as a potential biomarker with possible diagnostic and therapeutic applications in GC patients. The transport of FRLnc1 via cancer cell-derived exosomes suggests that this process could be a novel therapeutic target for GC patients (64).

It has been demonstrated that the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway plays a critical role in the initiation and development of several cancers and could therefore be a therapeutic target in cancer treatment. The development and prognosis of GC have been associated with abnormalities in PI3K/AKT pathways, which play a significant role in the progression and development of GC (65). Some nc RNAs have been shown to control this pathway (66–68). For example, Wang and colleagues assessed the possible role and mechanism of mesenchymal stem cell (MSC)-derived exosomal lncRNA LINC01559 in GC development (69). In-silico data retrieved from online databases including The Cancer Genome Atlas (TCGA) and the Gene Expression Profiling Interactive Analysis (GEPIA) showed the presence of LINC01559 in GC tissues. LINC01559 also demonstrated lower expression in GC cells compared with MSCs. Silencing studies showed that LINC01559 knockdown significantly decreased the proliferation, migration, and stemness of GC cells. The authors also found that LINC01559 was transported from MSCs to GC cells via exosomes, and their involvement was confirmed using immunofluorescence staining and electron microscopy. Mechanistically, LINC01559 was found to sponge miR-1343-3p, thereby upregulating PGK1 (phosphoglycerate kinase 1) and eventually activating the PI3K/AKT pathway. Furthermore, LINC01559 recruited EZH2 [already well known to contribute to the development of human cancer (64, 65)] to the promoter of phosphatase and tensin homolog (PTEN) and induced its methylation, which eventually resulted in its repression. Therefore, LINC01559 enhanced GC progression by targeting both PGK1 and PTEN and, consequently, triggered the PI3K/AKT pathway. Overall, this study revealed that LINC01559 promoted GC progression through upregulation of PGK1 and downregulation of PTEN to activate the PI3K/AKT pathway, suggesting that LINC01559 could be a therapeutic target in GC (69).

The human stomach mucosa possesses a hypoxic environment, and GC tissues show even more severe hypoxia (70). The tissue architecture of GC is exceedingly heterogeneous, and immune cells, blood vessels, and fibroblasts interact intricately with cancer cells. The vessels and fibroblast cells of the tumor microenvironment affect O2 diffusion and perfusion and, consequently, result in hypoxia. Hypoxia is caused by a functional and structural abnormality of the tumor vasculature or disturbances in the regular geometry of the blood vessels (71). Hypoxia is one of the main properties of solid tumors linked to tumor growth, invasion, and metastasis (71). Recently, the molecular mechanism of tumor invasion in GC cells in a hypoxic environment was investigated (72). To simulate hypoxic conditions, GC cells were cultured in a medium treated with 1% O2, while normoxia conditions were created using 20% O2. The normoxic-cultured GC cells (NGCs) were co-cultured with medium from the hypoxia-cultured GC cells (HGCs). Cell scraping and Transwell tests were employed for the evaluation of the invasion and migration of GC cells. GC-derived exosomes were extracted using ultracentrifugation. The size distribution and exosome amounts were evaluated using electron microscopy and Western blot analysis. The prostate cancer gene expression marker 1 (PCGEM1) lncRNA was found to be highly expressed in HGC-derived exosomes. These exosomes increased the invasion and migration of NGCs. Mechanistically, PCGEM1 positively targeted the zinc finger transcription factor SNAI1, maintaining its stability and suppressing its degradation to induce the epithelial–mesenchymal transition (EMT) of GC cells. Taken together, PCGEM1 was upregulated in GC cells, partially incorporated into exosomes, to promote the migration and invasion of recipient GC cells. The authors suggested that exosomal PCGEM1 could act as a “scaffold” and, in combination with SNAI1, promote invasion and metastasis in GC (72).

Exosomal lncRNAs have a role in GC chemoresistance, similar to other ncRNAs (14, 73). According to Wang et al., downregulation of HOXA transcript at the distal tip (HOTTIP) increases cisplatin (DDP) sensitivity, whereas increased HOTTIP levels were seen in GC cells resistant to DDP (74). HOTTIP can activate DDP resistance by delivering exosomes from DDP-resistant GC cells to neighboring susceptible cells. Additionally, HOTTIP functions as a ceRNA, sponging miR-218 to activate HMGA1 in GC cells and increase resistance to cisplatin. Additionally, elevated serum expression of HOTTIP has been linked to DDP treatment side effects in GC patients (74). Figure 3 and Table 1 shows some lncRNAs that are involved in GI cancer pathogenesis.


Table 1 | Summary of the involvement of lncRNAs in different GI cancers.






Figure 3 | Some lncRNAs are involved in the pathogenesis of GI cancers.





Exosomal long non-coding RNAs and pancreatic cancer

Pancreatic cancer (PC) is among the leading causes of cancer-related death in developed countries and is classified into two major types, namely, adenocarcinoma (85% of diagnosed cases) and pancreatic endocrine tumors (<5%) (174). Tobacco, obesity, alcohol consumption, age, heredity, and chronic pancreatitis are the main risk factors for PC (175). Anorexia, asthenia, abdominal pain, and weight loss are the main clinical symptoms of the disease, but PC is not easily diagnosed due to a lack of specific symptoms (176). Additionally, little progress has been made in discovering preventative or therapeutic approaches for patients with PC, especially advanced PC (177). Given the role of ncRNAs in the development and progression of PC, pancreatic ductal adenocarcinoma (PDAC) has been reported to be associated with some exosomal lncRNAs (178).

Tumor-associated macrophages (TAMs), including M2 phenotype cells, are found to infiltrate solid tumors and help to induce proliferation, invasion, and angiogenesis (179, 180). M2-polarized TAMs are correlated with a poor prognosis in PC because of their role in lymphatic metastasis (181). Exosomes are also found in the bloodstream and tissue microenvironment, and it has recently been proposed that exosomes produced by M2 macrophages provide tumor cells with a regulatory transfer of proteins or signals to regulate their migration. For instance, the exosome- induced transfer of ApoE protein from TAMs to PC cells enhanced cell migration (48, 182). The mechanism through which M2 macrophages affect the proliferation, migration, and invasion of PC cells via the SBF2-AS1/miR-122-5p/XIAP axis (XIAP is an inhibitor of apoptosis proteins) has been explored (96). LPS plus IFN-γ and interleukin-4 treatment were used for transforming THP-1 cells into M1 and M2 macrophages. The PANC-1 PC cell line highly expressing lncRNA SET-binding factor 2 antisense RNA1 (SBF2-AS1) was selected as a tumor model for the extraction and identification of M2 macrophage-derived exosomes. SBF2-AS1 and XIAP expression levels, the SBF2-AS1 effects on the malignant phenotype of PC cells, and interactions between SBF2-AS1, miR-122-5p, and XIAP were evaluated. The effect of M2 macrophage exosomal SBF2-AS1 on the malignant phenotype of PANC-1 tumors was assessed in vivo. The results demonstrated that M2 macrophage-derived exosomes increased PC cell proliferation, migration, and invasion. SBF2-AS1 overexpression also showed the same effect on the progression of PC cells. Mechanistically, SBF2-AS1 repressed miR-122-5p expression and acted as a ceRNA to eventually upregulate XIAP expression. Additionally, M2 macrophage-derived exosomes containing SBF2-AS1 restrained the malignant phenotype of PC cells. Taken together, this study demonstrated that SBF2-AS1 incorporated into M2 macrophage-derived exosomes sponged miR-122-5p to upregulate XIAP, which acted as an inhibitor of PC progression (96).

Angiomotin (AMOT) is an angiostatin-binding protein, also known as a motin (183). This family of AMOTs has three members: AMOT, AMOT-like 1 (AMOTL1), and AMOTL2 (183). AMOTL2 has been found to be involved in the regulation of vascular endothelial cell proliferation, polarity, and tube formation, which are due to positive regulation of the MAPK/ERK1/2 signaling pathway (184). Moreover, AMOTL2 has been correlated with the progression and occurrence of some human cancers (185–187). Guo and colleagues investigated the role of exosomes produced by hypoxic PC cells in the angiogenesis of PC tumors (98). They reported that PC cell-derived hypoxic exosomes promoted the migration and tube formation of human umbilical vein endothelial cells (HUVECs) (98). The lncRNA UCA1 was found to be highly expressed in these exosomes and could be transferred to HUVECs. Additionally, the UCA1 expression levels in exosomes isolated from serum samples of PC patients were higher than those in healthy individuals, while it was correlated with worse prognosis in PC patients. Furthermore, hypoxic exosomal UCA1 increased the proliferation of cancer cells, as well as angiogenesis and tumor growth in a mouse xenograft model. Mechanistically, UCA1 sponged miR-96-5p, to upregulate AMOTL2 expression. Overall, these findings demonstrated that hypoxic exosomal UCA1 may enhance angiogenesis and tumor growth in PC via the miR-96-5p/AMOTL2/ERK1/2 axis and so could be a novel therapeutic target for PC (Figure 4) (13, 98).




Figure 4 | The lncRNA-UCA1 derived from exosomes of hypoxic cancer cells induces angiogenesis via the miR-96-5p/AMOTL2 axis in pancreatic cancer (PC). In summary, the hypoxic microenvironment, a crucial component of solid tumors, encourages the release of exosomes from tumor cells and increases tumor angiogenesis. Human umbilical vein endothelial cells (HUVECs) responded well to hypoxic exosomes produced by PC cells in terms of tube formation and cell migration. Exosomes derived from hypoxic PC cells were shown to have significant levels of the long non-coding RNA (lncRNA) UCA1, which could then be transferred to HUVECs via the exosomes. microRNA (miR)-96-5p was sponged by UCA1, which counteracted the suppressive effects of miR-96-5p on its target gene AMOTL2 expression. Hypoxic exosomal UCA1 might act as a potential target for PC therapy by promoting tumor development and angiogenesis through the miR-96-5p/AMOTL2/ERK1/2 axis. This figure was adapted from Guo et al. (85).



Another study investigated the role of exosomal lncRNA colon cancer-associated transcript-1 (CCAT1) isolated from PANC-1 cells, in PC tumorigenesis via its regulatory effect on the miR-138-5p/HMGA1 axis (99). Tissues retrieved from cancer patients and normal healthy tissues were used to compare CCAT1 and miR-138-5p expression levels. Plasmids were used to alter CCAT1 and/or miR-138-5p expression in PANC-1 cells. Isolated exosomes from PANC-1 cells were co-cultured with HUVECs, and proliferation and apoptosis in both cells were assessed. Also, the angiogenesis function of HUVECs was examined in vitro and in vivo. CCAT1, miR-138-5p, and HMGA1 expression levels were measured, as well as their interactions. The qRT-PCR results demonstrated that CCAT1 and HMGA1 were upregulated, while miR-138-5p was downregulated in PC cells and tissues. CCAT1 knockdown suppressed proliferation while inducing apoptosis in PANC-1 cells. PANC-1 cell-derived exosomal CCAT1 significantly reduced the proliferation and increased the apoptosis in HUVECs. Downregulation of exosomal CCAT1 suppressed the angiogenic function of HUVECs both in cell culture and xenograft mouse models, while CCAT1 upregulation reversed these effects and promoted angiogenesis. Mechanistically, CCAT1 upregulated HMGA1 through sponging miR-138-5p. Interestingly, miR-138-5p overexpression reversed the promoting effects of CCAT1 on the angiogenic ability of HUVECs in vitro. Collectively, this study suggested that PANC-1 cell-derived exosomal CCAT1 promoted the angiogenic function of HUVECs via the miR-138-5p/HMGA1 axis (99).



Exosomal long non-coding RNAs and colorectal cancer

Colorectal cancer (CRC) is the third most common human malignancy and ranks as the fourth cause of cancer-related mortality around the globe (50, 188, 189). Although intensive investigations and some therapeutic advances have been made, still more than 50% of CRC patients do not survive, which is mainly due to late diagnosis and treatment (190). Therefore, early diagnosis could improve survival in CRC patients. The current diagnostic methods for CRC detection and screening, such as carcinoembryonic antigen (CEA) blood test and colonoscopy, are limited in their clinical application due to low diagnostic power, high costs, and invasive procedures producing discomfort (191, 192). Discovering the molecular mechanisms involved in the pathogenesis of CRC may help to develop novel biomarkers with improved potential for patient diagnosis (193). A number of lncRNAs are known to be involved in the underlying mechanisms responsible for the development and progression of CRC (194). Exosomal lncRNAs may also function as prognostic biomarkers in patients with CRC. For instance, a recent work has investigated the role of circulating exosomal lncRNAs as new CRC biomarkers and the function of lncRNAs in the development of CRC (123). They identified a new lncRNA, called ADAMTS9-AS1, which was downregulated in CRC tissues, while the data retrieved from the TCGA demonstrated that it was significantly associated with clinical outcomes. Moreover, ADAMTS9-AS1 suppressed the proliferation of SW1116 and HT29 cells, induced cell cycle arrest, and inhibited tumor growth in vivo. Accordingly, the in-silico analysis suggested that lncRNA-ADAMTS9-AS1 upregulation preferentially targeted genes associated with cell proliferation and migration. Exploring the involved mechanism of action, the authors found that ADAMTS9-AS1 downregulated β-catenin, indicating that the Wnt pathway was involved in the regulatory role of ADAMTS9-AS1 on gene expression to suppress CRC tumorigenesis. Exosomal ADAMTS9-AS1 was shown to have diagnostic potential in CRC with an area under the curve (AUC) of 0.835 and a 95% confidence interval of 0.777–0.911 in the receiver operating characteristic (ROC) curve. Collectively, this study suggested that ADAMTS9-AS1 could suppress tumorigenesis in CRC through negative regulation of the Wnt signaling pathway. Accordingly, targeting this lncRNA could have prognostic and therapeutic potential in CRC patients, while exosomal ADAMTS9-AS1 could be a novel diagnostic biomarker (123).

Numerous human cancers have been shown to express the lncRNA H19 in large quantities. Compared with normal fibroblasts (NFs), cancer-associated fibroblasts (CAFs) in CRC have higher levels of H19 expression. Researchers discovered that the exosomes produced by CAFs might transfer the lncRNA H19 to nearby cells and activate the Wnt/β-catenin signaling pathway in CRC cells, to promote carcinogenesis and cell growth (107). The expression of lncRNA-UCA1 was higher in CRC patient tissues and plasma exosomes. Mechanistically, UCA1 can act as a ceRNA by sponging miRNA-143, thereby controlling the expression of MYO6. Researchers found that after treatment of CRC patient-derived cells with exosomal UCA1, the miR-143 expression was decreased, while the MYO6 expression was increased, thus promoting the growth of CRC cells (120). Exosomes may encapsulate lnc HEIH, which can subsequently be delivered into normal GI cells to induce the production of EZH2 and promote carcinogenesis by increasing the methylation of the GSDME promoter (81). Together, these findings suggest that dysregulation of exosomal lncRNAs might serve as biomarkers for CRC patients.

Exosomal lncRNA UCA1 controls cell proliferation in addition to mediating chemoresistance in CRC. Cetuximab-resistant cells expressed considerably more UCA1 than cetuximab-sensitive cells. Further research revealed that exosomal transfer of UCA1 from cetuximab-resistant CRC cells could increase the cetuximab resistance of recipient cells (195). lncRNA CCAL can increase the oxaliplatin (Oxa) and 5-FU resistance of CRC cells, and CAF-derived exosomes could deliver CCAL to these cells (196).

The clinical potential of the lncRNA RPPH1 in CRC patients has been investigated in the study of Liang et al. (121). Their findings revealed that RPPH1 was upregulated in CRC tissues and was correlated with advanced TNM stage and poor survival in CRC patients. The experimental analysis demonstrated that RPPH1 promoted tumor metastasis in cell and xenograft animal studies. Mechanistically, RPPH1 induced the EMT of CRC cells via interacting with and preventing β-III tubulin (TUBB3) ubiquitination. According to studies, overexpression of TUBB3 was functionally linked to enhanced cell motility and invasion of EMT-induced cells (197, 198). Moreover, exosomal RPPH1 derived from CRC cells was found to be transported into macrophages to mediate M2 polarization in recipient cells and promoted the proliferation and metastasis of CRC cells. Additionally, detectable plasma levels of exosomal RPPH1 were higher in treatment-naive patients, while they were reduced after tumor resection. Interestingly, plasma exosomal RPPH1 showed better diagnostic power (AUC = 0.86) in CRC patients compared with the conventional tumor markers CEA and CA-19-9. Taken together, this study suggested that RPPH1 could be a novel biomarker with diagnostic and therapeutic potential in CRC patients (121).

MELK belongs to the AMP-activated protein kinase-related kinase (AMPK) family, which is known to regulate various biological processes, such as cell cycle, proliferation, apoptosis, and cancer development (199–201). In CRC, MELK expression was found to be significantly higher in tumor specimens compared with healthy tissue and may contribute to cell cycle progression and cancer development (202). Exosomal lncRNAs have been reported to directly or indirectly control MELK expression levels in CRC (203). Zhao et al. reported that serum exosomal LINC02418 could be used as a potential diagnostic biomarker for CRC patients (118). They found that LINC02418 was upregulated both in cell lines and CRC tissues. Mechanistically, LINC02418 upregulated MELK via sponging miR-1273g-3p and acted as a ceRNA. Additionally, the diagnostic performance of cell-free LINC02418 and exosomal LINC02418 according to ROC and AUC curves revealed that exosomal LINC02418 could distinguish CRC patients from healthy individuals (AUC = 0.8978, 95% confidence interval = 0.8644–0.9351) with better performance compared with cell-free LINC02418 (AUC = 0.6784, 95% confidence interval = 0.6116–0.7452). Taken together, these findings demonstrated that LINC02418 was upregulated in CRC and played a role in CRC tumorigenesis via the miR-1273g-3p/MELK axis (118).

Natural killer (NK) cells are a substantial component of the immune system, which act as a surveillance system against tumors by eradicating cancer cells by direct killing or indirectly by secreting cytokines following their activation (204). NK cells can also inhibit tumor growth and metastasis. Some exosomal non-coding RNAs modulate the activity of NK cells (205). For instance, hepatocellular carcinoma (HCC) cell-derived exosomal circUHRF1 was demonstrated to induce NK cell exhaustion and reduce tumor infiltration by NK cells (206). Recently, a study has explored the mechanism involved in the exosome-mediated immune escape of CRC cells from attack by NK cells by transferring lncRNA cargoes (114). To establish an EMT model of SW480 cells, transforming growth factor beta (TGF-β) was used, and then the effect of the EMT-derived exosomes (EMT-exo) on the activity of NK cells was investigated. RNA sequencing was employed to identify the exosomal lncRNAs and target genes. The effect of exosomal lncRNAs on the proliferation of CRC tumors was confirmed in vivo. The results demonstrated that EMT-exo inhibited several characteristic functions of NK cells, including cell growth, cytotoxic activity, and IFN-γ production, as well as perforin-1 and granzyme B release. RNA sequencing also demonstrated the upregulation of lncRNA SNHG10 in EMT-exo relative to non-EMT-exo. Furthermore, SNHG10 was also upregulated in tumor tissues and was correlated with poor survival of CRC patients. Exosomal SNHG10 overexpression (oe-lnc-SNHG10 exo) inhibited NK cell viability and cytotoxicity. NK cell RNA sequencing showed upregulation of 114 genes in the oe-lnc-SNHG10 exo group, including the inhibin subunit beta C (INHBC), which plays a role in TGF-β signaling. INHBC knockdown reversed the effect of oe-lnc-SNHG10 exo on NK cells. oe-lnc-SNHG10 exo increased tumor growth through upregulation of INHBC in vivo, while it reduced the expression of perforin, granzyme B, and NK1.1 in cancer tissues. Collectively, this study showed that CRC cell-derived exosomal SNHG10 inhibited the antitumor activity of NK cells through upregulation of INHBC, suggesting that exosomal lncRNAs can help immune escape by suppressing NK cells and could be a potential therapeutic strategy for CRC (114).

The programmed death receptor 1 (PD-1) has been reported in several studies to mediate resistance to immune attack in cancer (207–209). The programmed death ligand 1 (PD-L1)/ubiquitin-specific protease 22 (USP22) axis has been found to control tumor immune escape (210–212). USP22 is considered to be an oncogene and can enhance the stability of substrate proteins through the inhibition of proteasomal degradation (213). PD-L1 was stabilized due to USP22 interactions. USP22 prevented PD- L1 proteasome degradation and led to its deubiquitination (211). It was discovered that exosomal lncRNA inhibited USP22 to facilitate PD-L1 ubiquitination (113). In this regard, the potential mechanistic involvement of lncRNA KCNQ1OT1 in tumor immune escape has been explored (113). Differentially expressed lncRNA and miRNAs were identified in healthy and tumor tissue samples using the GEO database and microarray analysis. RT-qPCR was employed to measure KCNQ1OT1, miR-30a-5p, USP22 as an oncogene, and PD-L1 expression levels. The interaction between KCNQ1OT1 and miR-30a-5p was confirmed by a dual-luciferase reporter assay and ribonucleoprotein immunoprecipitation (RIP) assay. Cell Counting Kit (CCK)-8, colony formation, scratch wound healing, and apoptosis assay were employed to assess tumor cell functions following treatment. The effect of USP22 on PD-L1 ubiquitination was studied by protein half-life assay and ubiquitination measurement. Finally, the effects of treatment on tumor growth and immune escape were explored in BALB/c mice and BALB/c nude mice. The results showed that KCNQ1OT1 was upregulated in tumor tissues and cancer cell-derived exosomes. KCNQ1OT1 overexpression promoted the malignant behavior of cancer cells due to the autocrine effect of cancer cell-derived exosomes. In turn, these exosomes mediated their effects through the miR-30a-5p/USP22 axis to modulate PD-L1 ubiquitination and suppress CD8+ T-cell responses, which eventually contributed to CRC development. Overall, this study found that KCNQ1OT1 was transferred by cancer cell-derived exosomes to regulate PD-L1 ubiquitination through the miR-30a-5p/USP22 axis to enhance CRC immune escape (113).



Exosomal long non-coding RNAs and esophageal cancer

Esophageal squamous cell carcinoma (ESCC) is among the most aggressive malignancies, with a 5-year survival rate of only 15%–25% (214). ESCC patients often are diagnosed only at advanced stages and are resistant to conventional therapeutic regimens (50). Concurrent chemoradiotherapy (CCRT) is considered to be the standard therapy for these patients (215). A combination of cisplatin-based chemotherapy and radiotherapy (RT) has been shown in several randomized clinical trials to improve the 5-year survival rate in ESCC patients compared with those treated with RT alone (216). Although overall survival has been improved in patients receiving CCRT, cisplatin resistance often develops in patients with locally advanced cancer and is the main problem in the treatment of these patients (217). Exosomal lncRNAs have been reported in a number of studies to directly or indirectly participate in ESCC development and progression (133, 135, 218).

Fascin1 (FSCN1) is a member of the Fascin family and is involved in various biological processes like cell migration, motility, adhesion, and intercellular interaction (219). FSCN1 is differentially expressed in cancer cells, where it organizes actin filaments into pseudopodia and enhances ECM degradation by matrix metalloprotease (MMPs) and, therefore, contributes to the malignant phenotype and development and progression of tumors (220). The regulatory relationship between exosomal lncRNAs and cancer cell malignancy by regulating FSCN1 has been demonstrated (139). In this study, they investigated the potential effect of exosomal lncRNA LINC01711 on the treatment and prognosis of ESCC. Their results demonstrated that LINC01711 was upregulated in ESCC tissues, while its expression levels were associated with poor survival in patients (139). LINC01711 knockdown was shown to suppress the malignant phenotype of ESCC cells, while it also induced apoptosis. Mechanistically, LINC01711 sponged miR-326 to upregulate its target gene fascin actin-bundling protein 1 (FSCN1). Moreover, xenograft animal studies demonstrated that exosomal LINC01711 (LINC01711-Exo) promoted tumor growth in vivo. Overall, exosomal LINC01711 enhanced the proliferation, migration, and invasion of ESCC cells through the miR-326/FSCN1 axis and, therefore, promoted ESCC development and progression (139).

The uncontrolled proliferation of cancer cells is the first step in tumor development. Exosomal lncRNAs have been discovered to facilitate this process in the tumor microenvironment (21). For instance, lncRNA ZFAS1 was higher in cancer tissues and could be transmitted between cancer cells via exosomes in ESCC. ZFAS1 was knocked down to explore its potential role in the malignant phenotype of ESCC cells. The expression of exosomal lncRNA ZFAS1 and the underlying mechanism involved in ESCC progression has been examined (133). A stable donor and recipient cell culture model was established. ZFAS1 silencing and overexpression, in addition to miR-124 inhibition experiments, were conducted to study their effects on cell proliferation, migration, and invasion and exosome trafficking in Eca109 cells. The in- vitro findings were confirmed by in- vivo experiments. The results demonstrated that ZFAS1 was upregulated and miR-124 was downregulated in ESCC tissues. ZFAS1 knockdown inhibited the proliferation, migration, invasion, while it increased the apoptosis in ESCC cells. Mechanistically, ZFAS1 acted by sponging miR-124 to upregulate STAT3. Exosomal ZFAS1 also was found to promote the malignant phenotype in ESCC cells, while it suppressed apoptosis and caused the same changes in STAT3 and miR-124 expression levels as seen for ZFAS1 overexpression. Additionally, exosomal ZFAS1 showed the same effect on tumor growth in vivo. Taken together, this study demonstrated that exosomal ZFAS1 promoted the malignant phenotype of ESCC cells through the miR-124/STAT3 axis and, thus, could contribute to ESCC development (133).

The tumor microenvironment (TME) has been found to play a substantial role in the development and progression of ESCC, similar to other cancers. In ESCC patients, the presence of fibroblast activation protein (FAP)-positive CAFs in the tumor stroma was reported to correlate with lymph node metastasis and poor prognosis (221). Studies have shown that adjacent NFs promote the recruitment and activation of CAFs (222, 223). However, CAFs have a greater potential to promote proliferation, invasion, and chemoresistance in various cancers compared with NFs (107, 224). Additionally, a number of studies have reported that CAFs can confer chemoresistance in cancer cells by releasing soluble factors such as interleukin-6 (IL-6), IL-11, hepatocyte growth factor (HGF), and TGF-β (225–228). The role of ESCC-derived exosomal lncRNAs in fibroblast activation, cancer progression, and cisplatin resistance has been shown (135). The results demonstrated that cancer cell-derived exosomal lncRNAs may contribute to cisplatin resistance in ESCC by transforming NFs into CAFs. Tumor tissues and normal esophageal epithelial tissues isolated from ESCC patients were used for the isolation of primary CAFs and matched NFs. Tong et al. investigated exosomal lncRNA transport between ESCC cells and NFs using fluorescence microscopy and qRT-PCR. To identify the lncRNAs involved in the process, the expression of 14 ESCC-related transcripts was analyzed in NFs following treatment with ESCC cell-derived exosomes. Their results revealed the transport of lncRNA POU3F3 from ESCC cells to NFs via exosomes and that exosomal POU3F3 contributed to fibroblast activation. In turn, activated fibroblasts enhanced the growth and cisplatin resistance of ESCC cells by secretion of IL-6. Furthermore, evaluation of POU3F3 expression in ESCC patients demonstrated a significant association between exosomal POU3F3 expression levels in plasma and the lack of complete responses and poor prognosis in ESCC patients. Overall, the findings in this study showed that exosomal POU3F3 promoted cisplatin resistance in ESCC, mediated via the transportation of exosomal POU3F3 from NFs to CAFs contributing to their transformation (135).

In another study, researchers investigated the effect of M2 macrophage-derived exosomes on the invasion and metastasis of esophageal cancer (EC) cells via the AFAP1-AS1/miR-26a/ATF2 axis (137). Their results showed that lncRNA AFAP1-AS1 targeted miRNA miR-26a to upregulate activating transcription factor 2 (ATF2). Moreover, they showed that AFAP1-AS1 and ATF2 were both upregulated, while miR-26a was downregulated in M2 macrophage-derived exosomes. These exosomes were able to transfer AFAP1-AS1 into EC cells in order to sponge miR-26a and then upregulate ATF2, to enhance the invasion and metastasis of EC (Figure 5). Taken together, they concluded that targeting M2 macrophages and the AFAP1-AS1/miR-26a/ATF2 axis may be a novel strategy for the treatment of EC (137).




Figure 5 | The M2 macrophage-derived exosomal lncRNA AFAP1-AS1 enhances the migration and invasion of EC cells and tumor metastasis through the AFAP1-AS1/miR-26a/ATF2 axis. Exosomes from immune or cancer cells can transport bio-macromolecules or lncRNAs to affect the development or progression of tumors by altering the microenvironment. ATF2 was a direct target of miR-26a, and lncRNA AFAP1-AS1 could selectively sponge miR-26a to reduce its expression. Exosomes produced by M2 macrophages had reduced miR-26a expression and greater AFAP1-AS1 and ATF2 expression. Additionally, extracellular AFAP1-AS1 might be transferred to KYSE410 cells by combining with exosomes produced by M2 macrophages. Through the high expression of AFAP1-AS1, M2 macrophage-derived exosomes may downregulate miR-26a and enhance the expression of ATF2, allowing EC cells to migrate, invade, and metastasize; M2-exosomes that increased AFAP1-AS1 or decreased miR-26a attenuated this effect. This figure was adapted from Mi et al. (137).





Exosomal long non-coding RNAs and oral cancer

Oral cancer arises in the lips or oral cavity. Most oral tumors originate from the squamous cells lining the organs called oral squamous cell carcinoma (OSCC) (229). Oral cancer tissues histologically can have various levels of differentiation and often show a tendency for metastasis to lymph nodes (230). Globally, oral and pharyngeal malignancies collectively are the sixth most commonly diagnosed types of cancer (231). Similar to other types of GI cancer, exosomal lncRNAs have been found to play a role in the development and progression of oral cancer (232).

lncRNAs can act either as tumor-suppressor genes or as tumor promoters or oncogenes. However, the development and spread of cancer is a multistep process that entails mutual autocrine–paracrine communications (e.g., controlled via secreted proteins or exosomes) between tumor cells and the nearby stromal cells (233, 234). CAFs are the most significant infiltrating non-immune cells within the stroma and promote tumor growth and metastasis in a paracrine manner (235). Other cell types such as bone marrow-derived mesenchymal stem cells, tissue adipocytes, circulating fibrocytes, and endothelial cells can also develop fibroblast markers during cancer progression and other inflammatory environments. However, CAFs are primarily produced from and activated by NFs. The roles of lncRNAs in CAFs are still not fully understood. The TME is a significant source of CAFs and can reprogram NFs so they can become protumorigenic CAFs (236–241). Therefore, it is necessary to understand how the stromal microenvironment affects CAF transformation. In this context, the exosomal lncRNA signature in stromal fibroblasts (NFs/CAFs) in OSCC was explored, including how the lncRNA profile changes during the NF/CAF transition (146). Ding et al. measured lncRNA expression levels in stromal fibroblasts and studied how they interacted with target miRNAs (146). RNA sequencing revealed a specific stromal lncRNA signature during the transformation of NFs into CAFs in OSCC tissues. Among them, a previously uncharacterized lncRNA was identified called FLJ22447, also known as LncRNA-CAF, which was significantly upregulated in CAFs. Interleukin-33 (IL-33) was mainly detected in the stromal space, where it showed a positive co-expression with Lnc-CAF to upregulate α-SMA, vimentin, and N-cadherin, which are CAF markers in fibroblasts. IL-33 silencing inhibited Lnc-CAF-mediated activation of stromal fibroblast and contributed to reduced proliferation of cancer cells. Mechanistically, Lnc-CAF increased IL-33 expression through inhibition of the p62-dependent autophagy–lysosome pathway without involving an lncRNA–protein complex. Autophagy induction using rapamycin suppressed the enhancing effect of Lnc-CAF/IL-33 on cell proliferation by promoting IL-33 degradation. Subsequently, the cancer cells further upregulated Lnc-CAF expression in stromal fibroblasts via exosomal transport. Clinical data demonstrated that high levels of Lnc-CAF/IL-33 in OSCC patients were correlated with advanced TNM stage and poor survival. Moreover, Lnc-CAF silencing suppressed tumor growth in vivo as shown by reduced Ki-67 expression and fewer stromal α-SMA- positive CAFs. Taken together, Ding et al. reported a stromal lncRNA signature with a role in the promotion of OSCC progression by transforming NFs into CAFs via exosomal Lnc-CAF/IL-33 transport (146).



Exosomal long non-coding RNAs and hepatocellular carcinoma

Liver cancer accounts for the seventh most common human malignancy and the second deadliest. HCC is the most commonly diagnosed type of liver cancer, with a decreasing incidence in Asia and Italy, but an increasing pattern in the United States, European countries, and India (242). Chronic viral infections including hepatitis B virus (HBV) and hepatitis C virus (HCV) (243), along with non-infectious causes such as alcoholism, non-alcoholic fatty liver disease (NAFLD), and aflatoxin B1 consumption, are the main risk factors for HCC (244). Mechanistically, underlying factors have been identified to cause damage to the DNA, epigenetic changes, and development of some mutations related to the inactivation of tumor suppressor genes like tumor protein p53 (TP53), cadherin 1 (CDH1), and the Ras association domain family member 1 (RASSF1). Moreover, activation of proto-oncogenes such as MYC, VEGFA, and MAPK7 can lead to HCC progression (245–248). A number of studies have reported the role of exosomal lncRNAs in the development and progression of HCC (150, 158, 167, 249).

DLX6 antisense RNA 1 (DLX6-AS1) is an oncogenic lncRNA with a known function in the development and progression of various human malignancies like HCC (250). Wang et al. investigated the involvement and underlying molecular mechanism of exosomal DLX6-AS1 in HCC (160). The expression levels of DLX6-AS1, miR-15a-5p, and CXCL17 were measured in HCC cells and tissues. DLX6-AS1-overexpressing exosomes were isolated from HCC tissues and then co-cultured with M2 macrophages. MiR-15a-5p and CXCL17 silencing studies were conducted in macrophages. M2 macrophages were then co-cultured with HCC cells to assess the effect of exosomal DLX6-AS1-mediated macrophage polarization on the malignant phenotype of cancer cells in vitro and tumor metastasis in vivo. Next, DLX6-AS1/miR-15a-5p and miR-15a-5p/CXCL17 interactions were explored. The results demonstrated the upregulation of DLX6-AS1 and CXCL17, while miR-15a-5p was downregulated in HCC cells. HCC-exo positively regulated M2 macrophage polarization to promote migration, invasion, and EMT in HCC cells. These effects were enhanced by overexpression of DLX6-AS1; accordingly, DLX6-AS1 knockdown reversed these cellular properties. Furthermore, miR-15a-5p targeting enhanced M2 macrophage polarization and further promoted the invasion and metastasis of HCC. However, inhibition of the C-X-C motif chemokine 17 (CXCL-17) showed the opposite effects. It is known that in HCC, CXCL17 correlates with poor prognosis and low immune infiltration (251). CXCL17 is highly expressed in HCC tissues, and its overexpression promoted the migration and invasion of HCC cells, while its knockdown reversed these effects (252). Mechanistically, DLX6-AS1 was found to sponge miR-15a-5p and to upregulate CXCL17. Moreover, in-vivo results revealed that HCC cell-derived exosomal DLX6-AS1 enhanced lung metastasis through induction of M2 macrophage polarization. Overall, HCC cell-derived exosomal DLX6-AS1 regulated CXCL17 by sponging miR-15a-5p and, consequently, induced M2 macrophage polarization, which eventually promoted the migration, invasion, and EMT of HCC (160).

The Yes-associated protein 1 (YAP1) is a major protein functioning in the Hippo signaling pathway and regulates several biological processes like tissue regeneration, morphological characteristics, metabolism, and carcinogenesis, in addition to affecting intercellular communication, cell cycle surveillance, cell signaling, and cytoskeletal remodeling (253–257). Despite the fact that YAP1 has no direct DNA-binding activity, it is a known transcriptional co-activator, which regulates gene expression by interacting with other transcription factors. YAP1 can show dual functions in tumorigenesis, either as an oncogene contributing to tumor development or as a tumor- suppressor gene suppressing carcinogenesis. These contradictory effects depend on the precise transcription factor to which YAP1 binds and also on its subcellular localization (258). YAP1 has been reported to be highly expressed in blood vessels in HCC tissues, which suggests that YAP1 may play a role in angiogenesis (259). Nevertheless, the molecular mechanism by which YAP1 affects angiogenesis is not known and requires further investigation. YAP1 has been reported to be involved in regulating the expression of lncRNAs (260). Recently, researchers explored the potential role of YAP1 in exosomal lncRNA-mediated angiogenesis in HCC (161). They showed that YAP1 knockdown suppressed the proliferation and tube formation in vascular endothelial cells, suggesting that it could be a target for anti-angiogenesis therapy. YAP1 knockdown or inhibition also enhanced the release of the lncRNA MALAT1-loaded exosomes into the TME. When these exosomes were co-cultured with HCC cells, their invasion and migration were increased, which was found to be due to the activation of the extracellular signal-regulated kinase 1/2 (ERK1/2) signaling pathway. This study shed light on the underlying mechanism and novel pathways involving YAP1 in the development of distant tumor metastasis in anti-angiogenesis regimens and suggested novel targets to improve the long-term effectiveness of anti-angiogenesis treatment (161).

In a study by Li et al. (150), the authors reported that exosomal lncRNA TUC339 derived from HCC cells could regulate the activation and polarization of macrophages (150). Their findings showed high levels of the lncRNA TUC339 within HCC exosomes which could be transferred to THP-1 macrophage cells. TUC339 silencing increased pro-inflammatory cytokines, elevated the expression of co-stimulatory molecules, and increased phagocytosis in THP-1 cells, while its overexpression showed the opposite effects, indicating the role of TUC339 in regulating macrophage polarization. Furthermore, increased expression levels of TUC339 were detected in M2 macrophages compared with the M1 phenotype, while TUC339 was downregulated during the M2-to-M1 repolarization and vice versa. Accordingly, TUC339 silencing in IL-4-treated macrophages reduced the expression of M2 markers, while TUC339 overexpression in IFN-γ + LPS-treated macrophages enhanced these markers. These findings suggest that lncRNA TUC339 plays an essential role in regulating M1/M2 polarization in macrophages. Microarray analysis revealed that a variety of biological processes like cytokine–cytokine receptor interactions, CXCR chemokine receptor binding, Toll-like receptor (TLR) signaling, FcγR-mediated phagocytosis, cytoskeleton arrangement, and cell growth were associated with TUC339 expression in macrophages. Overall, this study revealed undiscovered regulatory functions of lncRNA TUC339 loaded into HCC cell-derived exosomes on the macrophage phenotype, in addition to complex interactions between cancer cells and immune cells via exosomal lncRNAs (150).

CD90 (Thy-1) is a GPI-anchored protein of 25– 37 kDa molecular weight, which is expressed and incorporated into the cell membrane of various cells, such as T lymphocytes, neurons, endothelial cells, and fibroblasts. CD90 has been found to play a role in intercellular interactions, cell–matrix interactions, apoptosis, cell adhesion, migration, fibrosis, and tumorigenesis (261). CD90 expression has been found to be elevated in hepatic stem/progenitor cells (262) and was associated with the malignant and differentiated phenotype of HCC cells in tumors (263) and a poor survival rate in HCC patients (264–266). Additionally, CD90+ HepG2 cells have shown aberrant expression of pro- and anti-apoptotic genes compared with CD90 − HepG2 cells (267). Recently, the exosome-mediated interactions of CD90+ HCC cells with endothelial cells have been investigated (151). Isolation and characterization of exosomes were conducted for both liver CD90+ cells and HCC cell lines. Isolated exosomes were used for the treatment of endothelial cells, which also were transfected with a plasmid encoding lncRNA H19. Then, the endothelial phenotype in treated cells was assessed using molecular and functional studies. The results revealed that the CD90+ cancer cell-derived exosomes affected the phenotype of endothelial cells to promote angiogenesis and intercellular adhesion. However, these effects were not seen for parental HCC cell lines. lncRNA profiling showed high expression of H19 in CD90+ cells, which was released inside exosomes. H19 silencing and overexpression demonstrated that H19 was involved in regulating the phenotype of endothelial cells through exosomes. Overall, these findings suggested a novel mechanism of action mediated by exosomes by which CSC-like CD90+ cells can affect the surrounding TME by enhancing angiogenesis. Additionally, the lncRNA H19 could be a potential therapeutic target in HCC (151).




Conclusion

Exosomal lncRNAs are extremely important in many cancer-related processes, such as cell growth, metastasis, angiogenesis, immunomodulation, and drug resistance. Exosomal lncRNAs carry primary biological information that can be extracted to help understand, diagnose, and treat GI cancers. Exosomal lncRNAs can serve as possible cancer biomarkers since their levels often correlate with the disease severity in cancer patients. Exosomal lncRNAs, an emerging class of cancer biomarkers, have advantages over conventional markers. Exosomal lncRNAs can be employed as therapy targets in addition to helping with GI cancer diagnosis and prognosis. Exosomal lncRNAs are involved in the development of GI cancer and drug resistance; therefore, drugs which block their activity may be helpful in the treatment of cancer. However, even in recent studies, the importance of exosomal lncRNAs in GI cancer is only poorly understood. Exosomal lncRNAs are predicted to become more significant in the clinical management of GI cancer as further preclinical investigation progresses.
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Bone metabolism consists of bone formation and resorption and maintains a dynamic balance in vivo. When bone homeostasis is broken, it can manifest as osteoarthritis (OA), rheumatoid arthritis (RA), osteosarcoma (OS), etc. MiR-671, an important class of non-coding nucleotide sequences in vivo, is regulated by lncRNA and regulates bone metabolism balance by regulating downstream target proteins and activating various signaling pathways. Based on the structure and primary function of miR-671, this paper summarizes the effect and mechanism of miR-671 in bone-related inflammation and cancer diseases, and prospects the application possibility of miR-671, providing reference information for targeted therapy of bone-related disorders.
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Introduction

Bone metabolism includes bone formation and bone resorption. Osteoblasts and osteoclasts are essential cells in maintaining bone homeostasis. Bone components maintain dynamic balance by regulating cytokines and metal ions in the body. When there is exogenous or endogenous stimulation, abnormal metabolism of osteoblasts and osteoclasts can be manifested as osteoarthritis (OA), rheumatoid arthritis (RA), osteosarcoma (OS), etc. MicroRNAs (miRNAs) are non-coding RNAs ranging from 18 to 25 nucleotides in length, which play an essential role in biological processes such as cell proliferation, differentiation, migration, apoptosis, and tumorigenesis. MiRNAs can also regulate signaling pathways in the cytoskeleton, inflammation, and metabolism. MiRNAs have gradually become biomarkers for diagnosing and prognostic evaluating many diseases (1). With continuous research, microRNA-671 (miR-671) has been found to reflect the degree of inflammation and tumorigenesis in bone metabolism and related disorders. Its influence on bone metabolism and bone-related diseases has been gradually clarified. This paper mainly reviews the impact of miR-671 on bone metabolism and the occurrence and development of bone-related diseases to make early diagnosis and targeted therapy based on the changes of miR-671 content in vivo in clinical practice.



Structure and basic functions of miR-671

MiRNA maturation begins with the primary miRNA (pri-miRNA) in the nucleus, and the length is between 300 and 10,000 bp (Figure 1). Pri-miRNA is cleaved by Dorsha to generate precursor miRNA (pre-miRNA). The pre-miRNA is 70-90bp in length and transferred from the nucleus to the cytoplasm. Then, the Dicer opens the hairpin structure of the pre-miRNA to generate double-stranded miRNA, which is further cleaved to generate two single-stranded miRNAs (2). The passenger strand is removed and degraded, while the guide strand is retained to form the RNA-induced silencing complex (RISC) (3). The guide strand is stable under Argonaute (AGO) protein protection from cellular exoribonucleases (4, 5). MiRNA regulates gene expression by fully or incompletely binding to the 3’UTR seed sequence of the target gene mRNA, resulting in degradation or translation (6).




Figure 1 | miRNA maturation process.



As miRNA can be derived from different stem arms, pre-miR-671 generates two miRNAs, miR-671-5p and miR-671-3p (Figure 2), respectively, both of which play an essential role in the stable regulation of the human body environment by mainly binding to the target mRNA (8). Content change of components in the lncRNA-miRNA-mRNA axis could affect the downstream pathways, such as TGF-β signaling (9) and Wnt/β-catenin signaling (10). In terms of nervous system regulation (Figure 3), miRNA-671 can affect the content of mRNA and circRNA in mammalian brain signal networks (11) and regulates neuronal apoptosis with lncRNA and circRNA (12). MiR-7 is one of the first known and also most investigated miRNAs. It is considered a network stabilizer and connects different signaling pathways, especially in the central nervous system (13, 14). LncRNA Cyrano can degrade miR-7 through a wide range of pairing sites, thereby increasing the content of CDR1as and negatively regulating neuronal activity. When the content of lncRNA Cyrano is decreased, miR-7 and miR-671 will increase. MiR-7 and miR-671 inhibit downstream CDR1as together (15, 16), thereby increasing neuronal activity. Reduced expression of miRNA-671-5p has been detected in Parkinson’s disease, ischemic stroke, and other diseases (17, 18), which weakens the inhibitory effect of NF-κB, and the macroscopic manifestations are increasing neuroinflammatory responses. MiR-671 also plays a vital role in maintaining the dynamic balance of bone metabolism. Studies on the osteogenic differentiation of dental pulp stem cells and bone marrow stem cells showed that miR-671-3p and miR-671-5p expressions were up-regulated (19). When bone metabolism is abnormal and the bone microenvironment is destroyed, the content of miR-671 changes in varying degrees.




Figure 2 | pre-miR-671 stem-loop structure (7). The red sequence is the mature miRNA. miR-671-5p: 29-AGGAAGCCCUGGAGGGGCUGGAG-51. miR-671-3p: 68-UCCGGUUCUCAGGGCUCCACC-88.






Figure 3 | miR-671 in nervous system regulation.





MiR-671 in bone-related inflammatory diseases

When inflammation occurs in vivo, miR-671-5p, as a critical miRNA, can affect the expression of inflammatory genes. It can be used as a biomarker to diagnose inflammation, such as Kawasaki disease and hepatitis (20–23), reflecting the degree of inflammation and affecting the healing time of injury (24). Inflammation is often related to the development and progression of cancer. Inflammation-related cells are genetically stable and do not rapidly develop drug resistance and invasiveness (25). As inflammation evolves, repeated stimulation affects normal cells, leading to genetic changes and increasing cancer risk, similar to bone inflammatory diseases. Therefore, to diagnose and treat bone inflammatory diseases early and reduce the risk of canceration, the content of miR-671 can be detected to clarify the process of relevant inflammatory reactions.


Mechanisms of miR-671 regulating the inflammatory response

Inflammation will increase the permeability of local blood vessels, and liquid and cellular components exudate. It releases many cytokines and increases the number of white blood cells. Also, inflammation-related factors can affect cell functions through miRNA (26). The effective elimination of pathogens depends on several signaling pathways, such as Toll-like-receptor (TLR) signaling; many of these are regulated by miRNA (27). MiR-671, as a biomarker, is involved in macrophage immune signal transduction in the early stage of the inflammatory response (28–30). Activated macrophages release various immune regulatory factors and reduce the expression of miR-671 (31).

Significant up-regulation of miR-671-5p can be detected in both periodontitis and late stage of hepatitis B, thus inhibiting inflammatory response (22, 23). The relative fold change significantly increased in advanced fibrosis versus early fibrosis. MiR-671-5p can also act as a target to mediate immune regulation, affect cytokine production, and changes in antigen-related marker levels (32). Meanwhile, miR-671-3p exists in the miRNA-mRNA-immune cell regulatory network (33). It can be a biomarker for predicting and diagnosing grades II-IV acute graft-versus-host disease (34). MiR-671-3p RQ level<0.5 (down expressed) could also be observed when inflammation is reducing (35). Therefore, miR-671 level is usually up-regulated during the middle and late stages of inflammatory responses. Thus, there is a positive correlation between the miR-671 level and inflammation.



Mechanisms of miR-671 regulating the bone-related inflammatory diseases

OA is a degenerative joint disease characterized by articular cartilage degeneration and inflammation. Many studies have confirmed that miR-671 is closely related to OA. Through miRNA sequencing analysis of tissues, plasma, and chondrocytes of OA patients, the results showed that miR-671-3p level was down-regulated during the rapid progression of the disease (36), and the expression of the downstream target gene, TNF receptor-associated factor, was enhanced (37). In the late stage of the disease, the increase of miR-671 can reduce the inhibition of cell proliferation and apoptotic stimulation induced by IL-1β and reduce the expression of type II collagen in chondrocytes, which can reduce the progression of OA (38). Therefore, miR-671-3p reflects the progressive state of bone metabolism and can be used as a potential biomarker to assess the risk and progression of OA (39). The circRNA-miRNA-mRNA regulatory network plays a crucial role in the regulation of OA (40). Upstream circRNA usually acts as a miRNA sponge in cells and weakens the inhibitory effect of miR-671 on inflammation through the competitive binding of miR-671. Compared with healthy people, the expression of circ-IQGAP1 and circ_0114876 increases in cartilage tissues, while the expression of miR-671-5p decreases (41). Reducing circRNA content can reduce chondrocyte apoptosis, inflammatory cytokine secretion, and extracellular matrix degradation induced by IL-1β.

In terms of regulating RA, circRNA pituitary tumor-transforming 1 interacting protein (circ-PTTG1IP) regulates toll-like receptor 4 (TLR4), an upstream regulator of the nuclear factor-kappa B (NF-κB), by directly binding to miR-671-5p. CircRNAs could act as a miRNA sponge to absorb the functional miRNAs, such as miR-671-5p, which could suppress the function of TLR4. If the expression of circRNA is increased, the proliferation, migration, and invasion of RA-flss can be promoted by activating the NF-κB pathway, and local inflammatory response can be affected (42). Similarly, the upstream target of miR-671-5p, circ_0001947, can also up-regulate the expression of downstream target STAT3 by absorbing miR-671-5p, thus promoting the progression of RA (43) (Figure 4). Therefore, drugs for RA can reduce the expression of circRNA by influencing the circRNA-miRNA-mRNA regulatory network, thus enhancing the expression of miR-671-5p, inhibiting the inflammatory response, and promoting RA healing (44).




Figure 4 | The schematic diagram of the involvement of the circRNA-miRNA-mRNA axis in OA and RA development.






MiR-671 and OS

Persistent inflammation can lead to cell damage and fibrosis, increasing the risk of canceration (45). Cytogenetic changes often accompany the generation of cancer. MiRNAs participate in post-transcriptional regulation and interfere with oncogenes or tumor suppressor genes by binding to the 3′UTR region of mRNA, thus affecting cancer development (46).

OS is a highly invasive bone tumor that occurs mainly in young patients. Like most cancers, miR-671, as a tumor suppressor gene, plays a significant role in OS. The expression of miR-671-5p is significantly decreased in tissues and cells of patients with OS. Overexpression of miR-671-5p inhibits the proliferation, migration, and invasion of OS cells. MiR-671-5p directly binds cyclin D1 and CDC34 to inhibit cell cycle progression, thus inhibiting the progression of cancer (47). TUFT1 and SMAD3, the targets of miR-671-5p, can enhance the migration and invasion of OS cells. Low expression of miR-671-5p and high expression of TUFT1 and SMAD3 will lead to poor prognosis (48, 49). LncRNA DLEU1, an upstream regulator of miR-671, is highly expressed in the tissues and cells of patients with OS. Through directly absorbing miR-671-5p, lncRNA DLEU1 regulates the expression of DEAD-box helicase 5 and plays an oncogenic role in OS (50). Therefore, by targeting the upstream and downstream genes of miR-671-5p, the regulation of the lncRNA-miRNA-mRNA network can be a targeted therapy for OS.

In addition to OS, there is increasing evidence that miR-671 is often abnormally expressed in other types of cancer and can regulate the structure and expression of mRNA and protein (51–53). LncRNA-miRNA-mRNA regulatory network plays a significant role in cancer’s occurrence, development, and prognosis by regulating downstream target genes and proteins (54–57). Therefore, targeted therapy drugs can inhibit cancer growth by influencing the regulatory network (58, 59). In most types of cancer, such as breast cancer, esophageal cancer, non-small cell lung cancer, hepatocellular carcinoma, etc., miR-671 acts as a tumor suppressor and is down-regulated in cancer (60–69). However, in a few kinds of cancer, miR-671 acts as an oncogene and is up-regulated in vivo (70–77) (Figure 5).




Figure 5 | miRNA-671 in different types of cancer.





Conclusion

Abnormal bone metabolism affects bone quality and leads to an increased incidence of fractures. The continuous exploration of miR-671 in clinical and basic experiments will promote the application of miR-671 in the screening and treatment of abnormal bone metabolism more and more widely. In this review, we collect the studies on miR-671 in recent years and summarize the role of miR-671 in bone metabolism and bone-related diseases. However, there are few studies on the mechanism of miR-671 regulating bone metabolism through various signaling pathways. In the future, searching for critical genes and using miRNA-targeted therapy can block the development of the diseases by studying the pathogenesis. Thus, doctors can reduce the cost of treatment and the damage of inflammation and cancer.
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Molecular mechanism

Promotes SCAP N-glycosylation to reduce the interaction of Insig-1 for SREBP-1 activation
Inhibits oxidative stress and ferroptotic death by regulating the SREBP-1/SCD-1 pathway

Induces full-length SREBP-1 synthesis and causes nuclear SREBP-1 accumulation for increased intracellular lipid

Activates SREBP-1 transcription to regulate lipid synthesis in vitro

Regulates the translation and transcription of PGC-1a, SREBP-1/2, and HIF-10. and the translation of nucleus-encoded mitochondrial
mRNAs

Causes the O-linked N-acetylglucosaminylation of the specificity protein 1 to induce the SREBP-1/ACC1 pathway for increased
lipogenesis under the conditions of insulin/glutamine deprivation-induced SREBP-1 activation

Regulates SREBP-1 expression and its transcriptional targets, FASN, ACLY, ACC, and lipoprotein lipase via AMPK

Enhances secretory clusterin expression via liver X receptors and SREBP-1 for regulating cell cycle, apoptosis, and cisplatin resistance

Upregulates c-Myc, SREBP-1, and ACC1 expression to transactivate thymine DNA glycosylase for the decrease of 5-carboxylcytosine
abundance in the SREBP-1 promoter

Promotes SREBP-1-mediated lipid metabolism of M2-like tumor-associated macrophages by suppressing interferon-y secretion from CD®
*Tcells

Mediates coagulation factor VIl expression by regulating the SREBP-1/glucocorticoid-induced leucine zipper pathway

Upregulates MAPK and PI3K signaling to increase the levels of SREBP-1 and FASN for driving malignant transformation and tumor
virulence

Directly interacts with the DNA-binding domains of SREBP-1 to activate FASN transcription for rapid cancer cell proliferation

Enhances the translation and maturation of SREBP-1 by directly binding the mRNAs of both SREBP-1 and SCAP for cancer progression
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Function

Its high indicates a poor prognosis breast cancer
Their high expressions promote cancer migration and proliferation

Its lower expression promotes cancer by downregulating its cognate gene CTNNAP1 gene expression

Its lower expression suppresses the proliferation, migration of pancreatic cancer

HMGA1 pseudogene enhances the proliferation and migration of the mouse pituitary tumor cell lines

DUXAP8 pseudogene promotes lung cancers by targeting EGR7 and RHOB

DUXAP10 pseudogene can serve as a diagnostic, prognostic marker. It promotes hepatocellular carcinoma by
activating AKT

DUXAP10 pseudogene promotes lung cancer by binding with LSD7 and repressing LATS2 and RRAD

It suppresses the proliferation and migration of gastric cancer

DUXAP8 pseudogene promotes colorectal cancer proliferation, migration by interacting with EZH2 and
H3K27me3
It enhances gastric cancers proliferation and migration by silencing PLEKHO1

HMGA1P6 pseudogene promotes ovarian cancer by enhancing the expression of HMGA1/2

It promotes pancreatic carcinoma by silencing CDKN1A and KLF2

It promotes hepatocellular carcinoma proliferation and migration by sponging MIR-490-5P to enhance the BUBT
expression
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Pro-inflammatory (+)
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ANNOTATION : 1 mean promote, | mean suppress; The link column refers to the impact on PC development; (+) mean exist (), mean absent; The Effect column refers to the specific

outcome of adipokines to PC.
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TACSTD2

Biomarker
type

miRNA

miRNA
IncRNA

IncRNA

mRNA
IncRNA

IncRNA

IncRNA
Protein

Protein

Clinical significance

Diagnosis of negative urine cytology bladder
cancer.

Discriminate hematuria from bladder cancer.
Single biomarker with diagnostic potential.

Potential diagnostic panel.

Cancer vs non-cancer differentiation.
Potential biomarker for high-grade MIBC.

Improved diagnostic value compared to
urine cytology.

Association with NMIBC recurrence-free
survival.

Several proteins which could serve as
bladder cancer grade discriminators

Potential role in bladder cancer diagnosis

Performance

AUC = 0.900

Sensitivity: 75.0%

Specificity: 95.8%

Sensitivity (in patients with gross hematuria):
94%

AUROC: 0.73 (vs normal samples), 0.93 (vs total
controls)

AUC = 0.96

Sensitivity: 92%

Specificity: 91.7%

LASS2 and GALNT1 in cancer patients;
ARHGEF39 and FOXO3 in non-cancer
IncRNAs enriched in high-grade MIBC vs
control

AUC: 0813

Sensitivity: 62.5%

Specificity: 85.0%

Correlation between RFS of NMIBC with
PCAT-1 and MALATI

AUC values ranged from 0.762 to 0.830

AUC = 0735
p =002
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Cirulating tumor cells (CTCs)

Circulating tumor DNA (ctDNA)

Cell-free RNA (cfRNA)

Exosomes

Platelets

Circulating tumor proteins (e.g, AFP, CEA, PSA,
CA19-9 and CA72-4)

Advantages

Broad utility;

Photography of spatial and temporal tumor
heterogeneity;

Analysis of RNA expression (e.g., miRNA)
and proteomics;

Analysis of epigenetic alternations (e.g.,
methylation);

Cell morphology and functional studies ex
vivo;

Well-developed analysis techniques;
Biobanking preservation;

Analysis of DNA mutations;

Analysis of epigenetic alternations (e.g.,
methylation);

High specificity and accuracy;

Analysis of RNA expression and mutations;
Stable in blood (e.g., miRNA);

Can be found in blood, ascites, and pleural
fluid;

Biobanking preservation;

Analysis of RNA expression and proteomics;
Analysis of epigenetic alternations (e.g.,
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Highly stable in blood;

Abundant;

Potential use for multiple cancer-type
screening;

Analysis of RNA expression and proteomics;
High specificity and accuracy;

Easy isolation;

Fast test and low cost;

Clinically used in aid diagnosis and prognosis;

Limitations

Rare in circulation;
Difficult and costly isolation;

Low concentrations and low sensitivity of detection;
Rapidly degraded in plasma with short half-life;
Lack of standardized preanalytical protocols;

Rapidly degraded in plasma with short half-life;Techniques in
early development;

Lack of standardized preanalytical protocols;

Techniques in early development;

Low sensitivity;
Low specificity;
Not suitable for population screening;
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Cancer type Targets Molecular mechanism Refs
Colorectal cancer ~ SREBP-1/FASN Is higher than that in non-cancerous tissues and regulates the binding on FASN promoters for (60,
cancer proliferation, invasion, and migration 62)
Colorectal cancer ~ SREBP-1/MMP-7/NF-xB p65 Promotes angiogenesis, invasion, and metastasis 61)
phosphorylation
Colorectal cancer SREBP-1/ACLY Enhances biological behaviors, including cell proliferation, DNA reproductions, apoptosis, invasion, (63)
and migration and regulates lipid production and related metabolic pathways
Colorectal cancer SREBP-1-mediated the alternation Decreases fatty acid levels to inhibit the initiation and tumor progression (64)
of cellular metabolism
Colorectal cancer SREBP-1/c-MYC/SNAIL Enhances the binding to the SNAIL promoter to increase its expression and promote epithelial- (65)
mesenchymal transition
Colorectal cancer SREBP-1/caspase-7 Regulates the chemosensitivity to gemcitabine or the resistance of 5-FU (60,
66)
Colorectal cancer SREBP-1/FASN Is increased by radiation stimuli and causes cholesterol accumulation, cell proliferation, and 67)
apoptosis
Colorectal cancer RAS protein activator like 1/SREBP-  Inhibits cell proliferation and tumor growth by directly binding SREBP-1c, LXRo, and SCD-1 (68)
1¢/LXRa/SCD-1 promoter
Colorectal cancer LncRNA ZFAS1/PABP-2/SREBP-1 Binds polyadenylate-binding protein 2 (PABP-2) to stabilize SREBP-1 at the mRNA level to regulate  (69)
lipid accumulation for malignant phenotype
Colorectal cancer Diacylglycerol kinase zeta/mTORC1/  Promotes mTORC1 activation to regulate diacylglycerol and phosphatidic acid metabolism for (70)
SREBP-1 maintaining tumor cell growth and survival
Prostate cancer SREBP-1a/SREBP-1c Are significantly greater than non-cancerous tissues and precastration and is decreased after (71)
hormone withdrawal therapy
Prostate cancer SREBP-1/FASN/ACC Are upregulated and associated with clinical Gleason grades, and castration-resistant progression (13,
72)
Prostate cancer SREBP-1/AR Promotes cell growth, migration, and progression by regulating metabolic and signaling networks, (13)
including AR, lipogenesis, and oxidative stress
Prostate cancer SREBP-1c/AR/HDACT Inhibits AR transactivation and is associated with the recruitment of histone deacetylase 1 for AR- (73)
dependent cancer growth
Prostate cancer AR/mTOR/SREBP-1 Binds the regulatory region of SREBP-1 to promote the cleavage and nuclear translocation for lipid (74)
metabolism reprogramming
Prostate cancer PLCe/AMPKo/SREBP-1 Is elevated and induce SREBP-1 nuclear translocation through the inhibition of AMPKo. (75)
phosphorylation for cancer lipid metabolism and malignant progression
Prostate cancer KLF5/SREBP-1/FASN Binds to SREBP-1 to enhance the promoter activity of FASN for androgen-dependent induction (76)
Prostate cancer Protein kinase D3/SREBP-1/FASN/  Interacts with SREBP-1 to regulate the levels of lipogenic genes, such as FASN and ACLY for de 77)
ACLY novo lipogenesis and cancer progression
Prostate cancer miRNA-21/IRS1/SREBP-1/FASN/ Downregulates insulin receptor substrate 1 (IRS1)-medicated transcription to decrease the levels of  (18)
ACC SREBP-1, FASN, and ACC for tumorigenesis
Prostate cancer miRNA-185/-342/SREBP-1/2 Blocks SREBP-1/2 and its downstream targets to inhibit tumorigenicity (78)
Prostate cancer IncRNA PCA3/miRNA-132-3p/ Is inversely correlated with the microRNA-132-3p level to interact SREBP-1 for antimony-induced (79)
SREBP-1 lipid metabolic disorder
Breast cancer SREBP-1 Is higher than paracancerous tissues and positively correlated with tumor differentiation, metastatic (14)
stage, and lymph node metastasis
Breast cancer SREBP-1/keration-80 Drives keration-80 upregulation to promote cytoskeletal arrangement and invasive characteristic for ~ (80)
aromatase inhibitor resistance
Breast cancer MAPK/PI3K/SREBP-1c/FASN Are upregulated and correlated with each other, and participate in the H-ras transformation and 81)
MAP kinase inhibition
Breast cancer miRNA-18a-5p/SREBP-1/Snail/ Modulates epithelia-mesenchymal transition and metastasis by regulating a complex formation of 82)
HDAC1/2 Snail and HDAC1/2
Breast cancer SREBP-1/autophagy Contributes to leptin-mediated fatty acid metabolic reprogramming (83)
Breast cancer GRP94/SREBP-1/LXRo/ACOT7 Regulates the protein levels of genes encoding fatty acid synthesis and degradation, such as (84)
SREBP-1, LXRo and ACOTY for brain metastasis
Breast cancer Nuclear protein p54(nrb)/Nono/ Is positively corelated with SREBP-1, and conserved Y267 residue is required for nuclear SREBP- (85)
SREBP-1 1a binding and protein stability for increased lipid demand of cancer growth
Glioblastoma EGFR/SREBP-1/Akt Induces SREBP-1 cleavage and nuclear translocation by Akt activation, which is independent in (40)
mTORCH for fatty acid synthesis and rapamycin’s poor efficacy
Glioblastoma EGFR activating mutation/SREBP-1/  Promotes the cleavage of SREBP-1 to increase the expression of the nuclear form for increased (15)
LDLR LDLR by activating the PI3K/Akt pathway
Glioblastoma EGFR/SCAP/SREBP-1/miRNA-29 Binds specific sites of microRNA-29 for its increased expression by upregulating SCAP/SREBP-1 (88)
Glioblastoma mMIRNA-29/SCAP/SREBP-1 Represses the levels of SCAP and SREBP-1 for the inhibition of de novo lipid metabolism (89)
Glioblastoma SREBP-1/Akt/mTORC1 Regulates endoplasmic reticulum stress and apoptosis by Akt/mTORC1 signaling (90)
Glioblastoma Sterol O-acyltransferase/SREBP-1 Controls cholesterol esterification and storage by upregulating SREBP-1 91)
Hepatocellular Hepatoma-derived growth factor/ Is coexpressed with and activates SREBP-1 by changing first amino acid or the type of PWWP (92)
carcinoma SREBP-1 domain for cancer development and prognosis
Hepatocellular Apoptosis-antagonizing transcription  Interacts with the SREBP-1c binding site to regulate cell proliferation and survival for driving (93)
carcinoma factor/SREBP-1 hepatocarcinogenesis
Hepatocellular Zinc fingers and homeoboxes 2/ Increases the microRNA-24-3p mRNA level to induce SREBP-1c degradation for suppressing (94)
carcinoma miRNA-24-3p/SREBP-1¢ cancer progression
Hepatocellular Acyl CoA synthetase 4/c-Myc/ Upregulates SREBP-1 and its downstreams by c-Myc for the regulation of de novo lipogenesis (95)
carcinoma SREBP-1
Hepatocellular Spindlin 1/SREBP-1¢ Coactivates and interacts SREBP-1c to increase the contents of intracellular triglycerides, (96)
carcinoma cholesterols, and lipid droplets for cancer growth
Hepatocellular Hepatitis B virus-encoded X protein/  Promotes cell proliferation and lipid accumulation by increasing C/EBPo, SREBP-1, FASN, and 97)
carcinoma C/EBPo/SREBP-1/FASN/ACC1 ACC1
Hepatocellular SREBP-1/HDAC8 Directly upregulates histone deacetylase 8 and are coexpressed in tumor models induced dietary (98)
carcinoma obesity
Hepatocellular Signal transducers and activators of ~ Regulates SREBP-1 and PPARYy signaling in 60% HCC by enhancing TNF-o,, ROS, c-Jun N- (99
carcinoma transcription 5 (STATS)/PPARY/ terminal kinase 1, and STAT3
JNK1/STAT3
Hepatocellular UBC12 neddylation/SREBP-1 Prolong SREBP-1 stability with decreased ubiquitination for the contribution of cancer (100)
carcinoma aggressiveness
Hepatocellular mTOR/SREBP-1/FADS2 Increase fatty acid desaturase 2 expression to upregulate sapienate metabolism in the cell and (101)
carcinoma xenograft models
Hepatocellular SREBP-1c Is higher in large tumor size, high histological grade, and stage of tumor-node metastasis, correlates (42,
carcinoma with overall and disease-free survival, and regulates cell proliferation, migration, and invasion 102)
Lung cancer Phosphoenolpyruvate carboxykinase Phosphorylates Insig1/2 to activate SREBP-1 signaling for lipid biosynthesis, which contributes to (103,
1/Insig1/2/SREBP-1 the stage of tumor-node metastasis and progression 104)
Lung cancer Protein arginine methyltransferase 5/  Catalyzes the symmetric dimethyl arginine modification of mature form of SREBP-1 to induce its (105)
SREBP-1/Akt activation, which is correlated with Akt phosphorylation at Ser473 for de novo lipogenesis and
cancer growth
Lung cancer B7-H3/SREBP-1/FASN Modulates the SREBP-1/FASN pathway to mediate abnormal lipid metabolism 106)
Lung cancer KRAS/MEK1/2/SREBP-1 Increases SREBP-1 expression partly by regulating MEK1/2 signaling for cell proliferation and (107)
mitochondrial metabolism
Lung cancer SREBP-1 Is an essential characteristic for acquired gefitinib resistance in EGFR-mutant cancer (108)
Lung cancer miRNA-29 Interacts with the 3’-UTR of SREBP-1 to reduce SREBP-1 expression for the inhibitions of cell (109)
proliferation, migration, and tumor growth
Melanomas SREBP-1/ACLY/FASN/SCD Binds to the transcription start sites of genes encoding de novo fatty acid biosynthesis in both 27)
BRAFi-sensitive and -resistant cells
Melanomas SREBP-1 Mediates the acquired resistance to BRAF-targeted therapy in the in vitro and in vivo models (110)
Melanomas PIBK/Akt/mTORC1/SREBP-1 Regulates SREBP-1 activity and subsequent cholesterogenesis for reactive oxygen species-induced  (111)
damage and lipid peroxidation
Squamous cell SREBP-1/tumor protein 63/KLF5 Links tumor protein 63/KLF5 to regulate fatty acid metabolism by binding hundreds of cis- (112)
carcinomas regulatory elements for cancer cell viability, migration, and poor survival of patients
Esophageal cancer  SREBP-1/SCD/Wnt/B-catenin Is overexpressed and correlated with worse overall survival of patients and regulates cell (113)
proliferation and metastasis by inducing epithelia-mesenchymal transition via SCD1-induced
activation of the Wnt/B-catenin pathway
Esophageal cancer  SREBP-1/miR-142-5p/ZEB1 Are targeted by miR-142-5p for the migration and sphere formation via the reduction of epithelial— (114)
mesenchymal transition markers
Esophageal cancer  Akt/PCK1/Insig1/2 and nuclear Are higher in cancer specimens and positively correlated with tumor, node and metastasis stage (115)
SREBP-1 and progression, and poor prognosis
Gastric cancer SREBP-1c¢/FASN/SCD-1 Is activated and promotes the expression of genes encoding fatty acid synthesis, such as SCD-1 (116)
and FASN for malignant phenotypes
Pancreatic cancer  Liver X receptors/SREBP-1 Are significantly reduced in tumor tissues and control the transcription of polynucleotide kinase/ (117)
phosphatase for regulating DNA repair and cell death
Pancreatic cancer  Transgelin-2/SREBP-1 Is expressed in cancer tissues and indicates poor survival of patients, which induces SREBP-1- (118)
mediated transcription under the stimulation of insulin
Pancreatic cancer  High glucose microenvironment/ Is associated with poor prognosis and regulates cancer proliferation, apoptosis, and autophagy by~ (119)
SREBP-1 enhancing SREBP-1 expression
Pancreatic cancer ~ TNF-0/SREBP-1/FASN/ACC Reduces cell migration and is associated with reduced SREBP-1, FASN, and ACC involved in (120)
lipogenesis, inflammation, and metastasis
Pancreatic cancer ~ SREBP-1/FASN/ACC/SCD-1 Is significantly higher in cancer tissues and predicts poor prognosis and regulates lipid metabolism 41)
and tumor growth by regulating its downstream targets, FASN, ACC, SCD-1
Endometrial cancer SREBP-1 Is significantly increased in cancer tissues and positively correlates with serum triglyceride (121)
Endometrial cancer  SREBP-1 Ten single-nucleotide polymorphisms are associated with increased risk and rs2297508 SNP with ~ (122)
the C allele serves as a genetic factor for early detection
Endometrial cancer  SIRT1/FoxO1/SREBP-1 Are changed in progestin-resistant cells and are involved in the development of progestin resistance  (123)
Endometrial cancer  FoxO1/SREBP-1 Inhibits cell migration and invasion abilities and tumorigenesis in vitro and in vivo by directly targeting (124)
SREBP-1
Ovarian cancer Salt-inducible kinase-2/SREBP-1c/  Promotes fatty acid synthesis by upregulating SREBP-1¢ expression and FASN, which is mediated ~ (125)
FASN by the PI3K/Akt pathway
Ovarian cancer SREBP-1 Is higher in cancer tissues compared to benign and borderline tumors and regulates cell growth, (126,
invasion, migration, and apoptosis in the cell and mouse xenograft models 127)
Clear cell renal cell  E2F transcription factor 1/SREBP-1  Is associated with poor prognosis and increases cell proliferation, epithelial-mesenchymal transition,  (128)
carcinoma and tumor progression by activating SREBP-1-mediated fatty acid biosynthesis
Bladder cancer Pyruvate kinase 2/Akt/mTOR/ Physically interacts with SREBP-1c¢ to regulate FASN transcription for tumor growth by regulating (129)
SREBP-1c/FASN AKt/mTOR signaling
Nasopharyngeal Long intergenic non-protein coding s upregulated in the late clinical stage and adsorbs microRNA-4649-3p to upregulate SREBP-1 (130)
carcinoma RNA 02570/miRNA-4649-3p/ and FASN for cancer progression
SREBP-1/FASN
Nasopharyngeal Epstein-Barr virus-encoded latent Is overexpressed in cancer tissues and increases the expression, maturation, and activation of (131)
carcinoma membrane protein 1/SREBP-1 SREBP-1 for inducing de novo lipid synthesis and is involved in cancer pathogenesis driven by
Epstein-Barr virus E
Oral squamous cell ~ Glutathione peroxidase 4/SREBP-1/ s higher in cancer cells, regulates cell proliferation and ferroptosis, and is correlated with p53 (132)
carcinoma ferroptosis immunoreactivity
Thyroid cancer SREBP-1 Is significantly higher in invasive cancer tissues and associated with advanced disease stage and (28)
short survival
Thyroid cancer SREBP-1/Hippo-YAP/CYR61/CTGF  Obviously increases oxygen consumption rate, invasion, and migration by upregulating the Hippo- (133)
YAP/CYR61/CTGF pathway
Sarcomas Nuclear form of SREBP-1/PKR/ Binds the promoter of protein kinase RNA(PKR)-like endoplasmic reticular kinase (PERK) to (134)
PERK augment its expression and phosphorylation for malignant phenotypes

GRP94, glucose-requilated protein 94; ACTO7, acyl-CoA thioesterase 7: SOAT, sterol O-acyltransferase.
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Fatostatin
Fatostatin
Fatostatin
Fatostatin
Fatostatin and
PF429242
Fatostatin combined
with tamoxifen
Nefinavir
Neifinavir
Nelfinavir and its
analogs, #6, #7,
and #8

Osimertinib

Sorafenib

ASC-J9

Proxalutamide

Leelamine

Valproic acid
Beta2-microglobulin
antibody
N-Arachidonoyl!
dopamine

SI-1
Docosahexaenoic
acid

Phytol and retinol

Platinum complexes,
C2, C6, C8

PB@LC/D/siR

6-Shogaol
llexgenin A
RA-XII
Berberine

Cinobufotalin

Emodin

Betulin

Theanaphthoquinone

Piperine

Vitexin and syringic
acid
Ginsenoside Rh2

a-Mangostin

Quercetin

Resveratrol
Timosaponin A3

Ethanol extract of
Ganoderma tsugae
Ethanol extract of
Davallia formosana
Cell suspension
culture extract from
Eriobotrya japonica
Astragalus
polysaccharides
TJOO1

CO2 supercritical
extract of Yarrow

Targets

SREBP-regulated metabolic
pathway and AR signaling
SREBP activity

Accumulation of
polyunsaturated fatty acids
SREBP-1/NF-xB pathway

SREBP-1 and its downstream
targets, FASN, SCD-1
PI3K/Akt/mTOR pathway

Intramembrane proteolysis of
SREBP-1 and ATF6
Intramembrane proteolysis of
SREBP-1 and ATF6

Intramembrane proteolysis of
SREBP-1 and ATF6

SREBP-1

ATP/AMPK/mTOR/
SREBP-1

AR/SREBP-1/FASN and
PIBK/Akt/SREBP-1/FASN
SREBP-1/ACL/ACC/FASN

SREBP-1, ACLY, FASN, and
SCD

C/EBPo/SREBP-1 pathway
(FASN, ACC1)

MAPK, SREBP-1 and AR

SREBP-1/ERK1/2 pathways
SREBP-1 activation

Precursor and mature
SREBP-1, FASN

SREBP-1, FASN, and
farnesyl-diphosphate
farnesyltransferase
SREBP-1-regulated metabolic
pathway (LDLR, FASN,
HMGCR)

SREBP-1 and SCD-1

Akt, p70S6K, and AMPK-
mediated SREBP-1 levels
HIF-10/SREBP-1 pathway

SREBP-1, FASN, and SCD
SCAP/SREBP-1 pathway

SREBP-1 expression and the
interaction with sterol
regulatory elements

SREBP-1 and its downstream
targets, ACLY, ACCa., FASN,
and SCD-1

SREBP-1

EGF-induced nuclear
translocation of SREBP-1 and
FASN expression

SREBP-1 and FASN
expression

GRP78/SREBP-1/SCD-1

SREBP-1 nuclear
translocation and FASN
AMPK activation and nuclear
SREBP-1 translocation
SREBP-1 and the interaction
with O-linked N-
acetylglucosamine transferase
SREBP-1

SREBP-1 and its downstream
targets, FASN, ACC

SREBP-1 and its downstream
genes, AR, PSA
SREBP-1/FASN/lipogenesis
and AR axis

SREBP-1/FASN and AR
signaling pathways

miR-138-5p/SIRT1/SREBP-1
pathway

ACC expression, SREBP-1
proteolytic cleavage,
SREBP-1, FASN, and SCD

Cancer type

Prostate cancer
Various cancers
Breast cancer

Endometrial
cancer
Pancreatic
cancer

Breast cancer

Liposarcoma

Prostate cancer

Prostate cancer

Non-small cell
lung cancer
Hepatocellular
carcinoma

Prostate cancer

Prostate cancer

Prostate cancer
Prostate cancer
Prostate cancer
Breast cancer

Hepatocellular
carcinoma
Breast cancer

Glioblastoma

Breast, liver,
and lung cancer

Bone metastatic
castration-
resistant PCa
Colorectal
cancer
Colorectal
cancer
Colorectal
cancer

Colon cancer

Hepatocellular
carcinoma

Hepatocellular
carcinoma

Hepatocellular
carcinoma
Breast cancer

HER2-
overexpressing
breast cancer
Breast cancer

Non-small cell
lung cancer
Gallbladder
cancer

Cervical cancer

Pancreatic
cancer
Pancreatic
cancer

Prostate cancer
Prostate cancer

Prostate cancer

Prostate cancer
Prostate cancer

Pancreatic
cancer

Molecular mechanism

Suppresses cell proliferation and colony formation and causes G2/M cell cycle arrest
and cell death in both androgen-responsive or insensitive cancer cells

Possesses antitumor anti-mitotic properties by inhibiting tubulin polymerization and
activating spindle assembly checkpoints

Induces cell cycle arrest and apoptosis through the accumulation of lipids in response
to ER stress, not by SREBP activity in estrogen receptor-positive cancer cells
Reverses progesterone resistance to inhibit proliferation and induces apoptosis both
in vitro and in vivo models

Inhibits cell viability and proliferation in a time- and dose-dependent manner

Significantly suppresses cell viability and invasion and regulates apoptosis and
autophagy in the cell and mouse xenograft models

Induces the increases of SREBP-1 and ATF6 resulted from S2P inhibition against ER
stress and caspase-mediated apoptosis

Inhibits androgen receptor activation and nuclear translocation of SREBP-1 to cause
unprocessed SREBP-1 and ATF6 accumulations for the inhibition of proliferation and
unfolded protein response

Induces the increases of SREBP-1 and ATF6 resulted from S2P inhibition against ER
stress and apoptosis

Facilitates SREBP-1 degradation, reduces the levels of its targets and lipogenesis to
overcome the acquired resistance of EGFR inhibitors

Suppresses ATP production to activate AMPK and reduce SREBP-1 and
phosphorated mTOR levels to disrupt SCD-1-mediated synthesis of
monounsaturated fatty acids

Suppresses cell growth and invasion in both AR-dependent and AR-independent
manner

Inhibits the proliferation and migration, induces the caspase-dependent apoptosis,
and diminishes the level of lipid droplets, which also overcome the resistance of AR-
targeted therapy by decreasing AR expression

Suppresses fatty acid synthesis in the cancer cells and tumor xenograft, not affected
by AR status

Inhibits cell viability and lipogenesis and induce apoptosis in the cancer cells

Decreases cell proliferation, induces apoptosis, and reduces AR expression to
suppress tumor growth and progression

Inhibits cell migration, EMT, and stemness and causes decreased cholesterol
biosynthesis

Enhances the sensitivity to radiofrequency ablation in cancer cells, xenograft tumors,
and the patients

Inhibits cancer cell proliferation induced by estradiol and insulin, which is dependent
on Akt phosphorylation, not ERK1/2 phosphorylations

Have cytotoxic effects in a dose-dependent manner and inhibit cholesterol and/or
fatty acid biosynthetic pathways

Inhibits invasion, migration, and cancer stem cell formation and induce apoptosis in
vitro

Shows the enhanced antitumor effects with the characteristics of deep tumor
penetration, high safety, and bone protection

Attenuates the effect of adipocyte-conditioned medium on 5-FU resistance

Inhibits azoxymethane/dextran sulfate sodium-induced inflammatory colitis and
reverses colorectal cancer-associated metabolites by reprogramed lipid metabolism
Decreases cell motility, tumor growth, and metastasis by restraining lipogenesis

Inhibits cell proliferation and induces Go/G cell cycle arrest and regulates the levels of
lipogenic enzymes in the in vitro and in vivo studies

Induces cell cycle G2-M arrest and apoptosis and inhibits cell proliferation via the
inhibition of de novo lipid synthesis

Triggers apoptosis and reduces mitochondrial membrane potential to play an
anticancer effect

Inhibits cellular glucose metabolism to prevent metastatic potential and facilitates the
inhibitory effect of sorafenib

Decreases cell viability and induces cell death by regulating ERK1/2 and Akt
phosphorylation and EGFR/ErbB-2 pathways

Inhibits proliferation, induces apoptosis, and enhances sensitization to paclitaxel by
regulating ERK1/2, p38 MAPK, and Akt signaling pathways

Inhibits cell proliferation and impairs tumor growth by regulating cellular membrane
and lipid droplet

Enhances the immune effect and has a synergistic antitumor effect with
cyclophosphamide

represses cell proliferation, clone formation ability, and de novo lipogenesis; induces
cell cycle arrest and apoptosis; and enhances gemcitabine sensitivity

In cervical carcinoma, quercetin, a naturally occurring dietary flavonoid, decreases cell
proliferation and induces cell death in Hela cells by reducing the O-GlcNAcylation of
AMPK

Induces gemcitabine chemosensitivity and suppresses sphere formation and the
markers of cancer stem cells in both in vitro and in vivo models

Inhibits cell viability and induces cell cycle arrest, apoptosis in the cancer cells and
xenograft model, which is independent in the Akt/GSK-3f pathway

Inhibits cancer growth and activates apoptosis by blocking the SREBP-1/AR axis

Suppresses cancer proliferation, migration, and invasion by inhibiting the levels of
SREBP-1, FASN, AR, and PSA in in vitro and in vivo experiments

Inhibits cell growth, migration, and invasion by decreasing the SREBP-1/FASN-
mediated lipid metabolism and AR signaling pathway in the cell and mouse models

Inhibits proliferation and invasion in a dose- and time-dependent manner and blocks
tumorigenesis and lipid metabolism by the miR-138-5p/SIRT1/SREBP-1 pathway
Has significant cytotoxicity, induces cell cycle arrest at the G+/S stage, and inhibits
lipid accumulation in D145 cells by regulating the AMPK/mTOR pathway

Induces cytotoxicity in cancer cells and diminishes tumor growth of the xenograft
mouse model

Refs
(136)
(137)
(138)
(139)
(17)
(140)
(141)

(142)

(143)

(144)

(145)

(146)

(147)

(148)
(149)
(150)
(151)
(152)
(153)

(154)

(155)

(156)

(157)
(158)
(159)
(160)

(161)
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(163)

(164)

(165)

(166)
(167)
(168)
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Author Year Cases CTC Blood Treatment Methodology Main findings
positive  source
Yin, L. 2020 36 100 Peripheral  Neoadjuvant ISET, rare cells, and ~ Tumor-related mutations can be detected by CTCs and
(100%)  blood chemoradiotherapy and  next-generation CtDNA. (70)
curative surgery sequencing
Xu, Y. 2017 40 36 Peripheral  Chemotherapy (Nab- NE-IFISH Riploid CTCs could be used to predict the response to the
(90%) blood paclitaxel and chemotherapy of PC patients. (71)
gemcitabine)
Okubo, 2017 65 21 Peripheral ~ Curative surgery, CellSearch system CTC numbers are a useful tool for predicting therapeutic
K. (32.3%) blood chemoradiotherapy, and responses to chemotherapy among patients with advanced ~ (61)
chemotherapy pancreatic cancer.
Tan,Z. 2021 155 127 Peripheral  Immunotherapy Pep@MNPs method ~ The group with PD-L1-positive CTCs had a higher disease
(82%) blood control rate (DCR). (66)
Franses, 2020 35 NA Peripheral  NA CTC-iChip and RNA-  Pancreatic circulating tumor cell profiling identifies LIN28B
J. blood sequencing as adrug target. (72)
Wei, T. 2019 100 76 Peripheral  NA CytoQuest™ CR Significantly reduced CTC counts were observed after
(76%) blood system chemotherapy in subjects that responded to treatment. (73)
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Author Year Cases CTC Blood Treatment Methodology Main findings Ref
positive source
Gao, Y. 2016 25 100 Peripheral Chemotherapy (100%) SE-iFISH platform  Higher CTC count is a strong indicator for worse OS.  (92)
(100%)  blood
Okubo, K. 2017 65 21 Peripheral Curative surgery (14%) CellSearch system The OS of CTC-negative inoperable patients was 61)
(32.3%) blood Chemoradiotherapy (15%) significantly lower.
Chemotherapy (46%)
Kulemann, 2017 58 39 Peripheral Curative surgery (64%) CellSearch system Patients with >3 CTC/ml had a trend for worse 93)
B. (67.3%) blood Chemotherapy (81%) median OS than patients with 0.3-3 CTC/ml.
Ankeny, J. 2018 100 78 Peripheral Curative surgery (53%) NanoVelcro CTC ~ CTCs showed promise as a prognostic biomarker for ~ (86)
(78%) blood Chemotherapy (50%) assay all stages of PDAC.
Effenberger, 2018 69 23 Peripheral Curative surgery (32%) MACS CTCs independently affect the PFS and OS of (94)
K. (33%) blood Chemotherapy (84%) Technology pancreatic cancer patients
Bebarova, 2018 165 136 Peripheral Curative surgery (48%) Epithelial tumor CTCs are a biomarker for 1-year disease recurrence  (95)
L (82%) blood Neoadjuvant cell assay (ISET; and mortality
chemotherapy (35%) Rare cells)
Zhao, X.-H. 2019 107 84 Peripheral Curative surgery (100%) CanPatrol CTC Both total CTC number and CTC (EMT) phenotype (96)
(79%) blood may act as potential biomarkers for PDAC prognosis.
Padillo-Ruiz, 2021 35 19 Central Pancreaticoduodenectomy  Isoflux system The number of free CTCs in portal vein would be 97)
J. (55%) venous and (100%) beneficial to determine the long-term prognosis
portal blood Chemotherapy (100%) before the therapeutic decision.
Zhang, Y. 2021 31 30 Portal blood NA Cyttel Detection High portal vein CTC and mesenchymal CTC (40)
(97%) and peripheral kit numbers were both associated with shorter OS.
blood
Wang, X. 2021 87 49 Peripheral Chemotherapy (100%) Immunomagnetic  In patients with advanced pancreatic cancer treated 98)
(66%)  blood microspheres with chemotherapy, CTC positivity was associated
with shorter PFS.
White, M. 2021 34 31 Portal blood  Curative surgery (100%) CellSearch system  Portal blood CTC count but not peripheral blood 99)
(91%) and peripheral CTC counts were significantly correlated with OS.

blood
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Reference

Sarode etal. (103)

Jose et al. (60)

Sarode and Sarode (47)

Jain (43)
Sarode, Sarode and
Chuodhari (104)

Sarode et al. (55)

Jain et al. (57)
Siddiqui et al. (45)

Tetikkurt et al. (105)

Almangush et al. (51)
Fan et al. (106)

Suwasini et al. (46)
Yamazaki et al. (107)

Main Points

CIC structures in all degeneration stages were found.

First report of complex cannibalism (a cell engulfed within another engulfed cell).

CIC structures found among TNM stages Il and IV cases.

Positive lymph node cases were found to have more CIC events.

Authors suggest as prognostic indicator the relation between size, stage, and frequency of CIC events as well as propensity for
metastasis.

Retrospective evaluation of OSCC cases for neutrophil-tumor cell cannibalism. Cases showed adjacent tissue invasion and poor
differentiation.

CIC events were found in different degeneration stages.

Mild to moderate cytoplasmic positivity for CD68 and lysozyme markers was found.

Review on cellular cannibalism focusing on OSCC.

Analysis of OSCC cases for phagocytic markers CD68 and lysozyme as predictors of cannibalism behavior.

OSCC samples with CIC structures were positive for both markers, suggesting their use as cannibalistic markers.

Identification of positive staining in cases without CIC structures were considered suggestive of cells with potential cannibal behavior.
First report of cell emperipolesis in OSCC.

Lack of signs of degeneration eliminated the possibility of cell cannibalism. Findings suggest that emperipolesis of NK cells enhance
tumor progression.

More CIC events found in metastatic cell lines compared to non-metastatic lines.

Authors consider cell cannibalism as a marker of aggressiveness in OSCC.

Cases showed evidence of cannibalism in several stages of degeneration. Authors propose that cancer cell cannibalism is linked to cell
de-evolution and retroversion of multicellularity

Case report of neutrophil emperipolesis by OSCC cells

Lack of degeneration evidence eliminated the possibility of cannibalism

Authors emphasize emperipolesis as predictor of cancer behavior and therapeutic target.

Association found between cell-in-cell structures and aggressive histopathological features in early OSCC.

Authors suggest cell-in-cell presence as a complementary prognostic indicator.

CIC structures found in 2D co-culture of OSCC cell line and neutrophils.

CIC presence negatively associated to prognosis and recurrence-free survival.

Cannibalistic cells were identified and linked to the aggressive nature of OSCC.

Case report of OSCC with tumor phagocytosis of neutrophils.

CIC structures by formed by neutrophil engulfment supports diagnosis of malignancy in tumor samples
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Sensitivity Ref

us 58%-78% (8-10)
EUS 80%-100% ©-17)
ERCP 84%-93% 9, 18)
Dynamic enhanced 50%-77% (11-
cT 17)
MRI 80%-87% (19-
21)
PET-CT 81%-100% (22—
25)

US, ultrasound; EUS, endoscopic ultrasonography; ERCP, endoscopic retrograde
cholangiopancreatography; CT, computed tomography; MRI, magnetic resonance
imaging; PET-CT, positron emission tomography-computed tomography.
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Term

Description

Supporting authors

Cannibalism

Entosis

Emperipolesis

Active engulfment of a cell by another, generally leading to the
internalized cell's destruction.
A cell engulfed within another cell with a crescent-shaped nucleus.

May occur in a homotypic and heterotypic manner.

Not exclusive to malignant tumors.

Active cell invasion mechanism resulting in non-apoptotic lysosome-
mediated death of the inner cell

One of the possible more specific mechanisms behind cell
cannibalism

Exclusively homotypical

Not exclusive to malignant tumors.

General movement of cells passing through and within each other.

Brings no damage or consequence to involved cells.
Exclusively heterotypical, and the inner cell is hematopoietic.
Overall definition for all cell-in-cell events formed by cannibalism
and entosis.

Brouwer et al. (38); Lugini et al. (39); Krajcovic and Overholtzer (40); Bartosh et
al. (14); Gottwald et al. (18).

Fais (30); Sharma and Dey (41); Barresi et al. (42); Jain et al. (43); Wang et al.
(44); Siddiqui et al. (45).

Cano et al. (17); Gupta et al. (1); Suwasini et al. (46)

Fernandez-Flores (19); Sarode and Sarode (47).

White (48); Sharma and Dey (41); Cano et al. (17); Barresi et al. (42); Siddiqui et
al. (45); Wang et al. (49).

Krajcovic and Overholtzer (40); Sun et al. (50); Schmid et al. (16); Tonnessen-
Murray et al. (39); Aimangush et al. (51).

Cano et al. (17); Jain (43); Gupta et al. (1).

Sarode and Sarode (52); Fais and Overholtzer (53).

Humble et al. (54); Chemnitz and Bichel (27); Sarode et al. (55); Siddiqui et al.
(45).

Brouwer et al. (38); Barresi et al. (42).

Sharma and Dey (41); Jain (43); Sarode et al. (55); Gupta et al. (1).

Overholtzer and Brugge (5).
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Chemokines

CCL2

CCL3/4/5

CCL15
CCL26
CX3CL1
CXCL1

CXCL2

CXCL5

CXCL8

CXCL12

Receptors

CCR2

CCR5

CCR1
CX3CR1
CX3CR1
CXCR2

CXCR2

CXCR2

CXCR1/2

CXCR4

Source

Pancreatic ductal adenocarcinoma
Lung cancer

Gastric cancer

Ret transgenic melanoma mice
Prostate cancer

Breast cancer

Colorectal cancer

Hepatocarcinoma cell cancer

Lewis lung cancer and spindle cell tumour

Colorectal cancer
Hepatocarcinoma cell cancer
Hepatocarcinoma cell cancer
Bladder cancer

Ovarian cancer

Colorectal cancer

Renal cell carcinoma
Bladder cancer

Gastric cancer

Breast cancer

Non-small cell lung cancer
Esophageal squamous cell carcinoma
Gastric cancer

Colorectal cancer

MDSC subsets

M-MDSCs
MDSCs
MDSCs
MDSCs
PMN-MDSCs
MDSCs
MDSCs
MDSCs
M-MDSCs
MDSCs
MDSCs
MDSCs
MDSCs
PMN-MDSCs
MDSCs
PMN-MDSCs
MDSCs
MDSCs
MDSCs
MDSCs
MDSCs
MDSCs
MDSCs

References

Gu (40)
Hartwig (41)
Zhou (42)
Blattner (43)
Hawila (44)
Luo (45)
Inamoto (46)
Chiu (38)
Okuma (47)
‘Wang (48)
Xia (49)

He (50)
Zhang (51)
Taki (52)
Chen (53)
Najjar (54)
Lin (55)
Zhou (42)
Yu (56)
Zadian (57)
Yue (58)
Zhou (42)
Yu (59)
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PMN-MDSCs(Human)

M-MDSCs(Human)

e-MDSCs(Human)
F-MDSCs(Human)
PMN-MDSCs(Mouse)
M-MDSCs(Mouse)
Eo-MDSCs(Mouse)

Phenotypes

CD11b+CD14-CD15+/CD11b+CD14-CD66b+
CD15+CD11b+CD33+HLA-DR-Lin—
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CD11b+SyglecF+CCR3lowlIL-5R0lowSSC- Ahigh

References

Pawelec (9)
Gabrilovich (3)
Pawelec (9)
Gabrilovich (3)
Gabrilovich (10)
Mazza (12)
Youn (7)

Youn (7)
Goldmann (8)
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Gene The function of Pseudogenes Expression level of mRNA
encoding proteins

Pathological Experimental conditions Tissue types Other
conditions
RPP30  Realize RNase P RNA No found DLBCt, PAADT, Rice infection 1 (6) The expression between Agel
binding activity and THYM?{ different tissues of human body ~ (10)
participate in the excision of is relatively stable
tRNA 5-precursor
B-actin  Participate in the movement,  Exist (102) Tumor? (103-105), Serum? (108), miR-644al (109), Unstable in different tissues of Agel
structure and integrity of cells Steatosis|, Alcoholic Hypoxiat (110), HSV-1| (111), human body and at the stage of ~ (117)
hepatitist (106), AD|  Exercise? (112), Fasting | (113), lymphocyte activation (115,
(107) Hyperglycemial (114) 116)
GAPDH Involved in glycolysis, DNA  Exist (118) Tumort (103, 104), Serum? (108), miR-644al (109), Agel
repair, tRNA output, Steatosis |, Alcoholic  Insulint (119), Hypoxiat (120), NOt (117)
membrane fusion and hepatitis 1 (106) (121)

transport

1 indicates that the expression level is higher than that of the normal control in this cell, | indicates that the expression level is lower than that of the normal control in this cell.
AD, Alzheimer’s disease, HSV-1, herpes simplex virus, NO, nitric oxide.
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Target gene Forward primers Reverse primers Product length (bp) Reference

RPP30 5-GATTTGGACCTGCGAGCG-3’ 5'-GCGGCTGTCTCCACAAGT-3' 62 (83, 96)
B-actin 5-CAGACATCAGGGTGTGATGG-3' 5'-TCAGGGGCTACTCTCAGCTC-3" 183 (13)
GAPDH 5-TGGGCAGATGCAGGTGCTGA-3’ 5-TGGTGCACGATGCATTGCTGAGA-3" 201
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Molecular biology Disease Disease-related Reference

technology genes

Multiple Dd-PCR Tumor disease Ovarian cancer BRCA1 (89)
Nanofluid digital PCR array Lung cancer EGFR (90)
Real-time quantitative PCR Breast cancer ERBB2 1)
Dd-PCR Childhood Severe combined immunodeficiency TREC 92)
Real-time fluorescence disease Spinal muscular atrophy SMN1 (93)
quantitative PCR

Dd-PCR Blood disease o-thalassemia Alpha globin gene (94)
Dd-PCR Inflammatory Psoriasis, Chronic obstructive Pulmonary disease, Crohn’s disease and B-defensin (95)

disease reproductive tract infections
Dd-PCR Others Pelizaeus-Merzbacher disease PLP1 (96)

Dd-PCR Hearing loss STRC 97)
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circRNA

circFNDC3B
circPPP1R12A
hsa_circ_0006401
cGGNBP2

circARHGAP35
circ-catenin
CircAXIN1
circMAPK14
circMAPK1
hsa_circ_0061137
circMRPS35

Peptides or proteins

circFNDC3B218aa
circPPP1R12A-73aa
Hsa_circ_0006401 peptide
CcGGNBP2-184aa

B-catenin
AXIN1-295aa
circMAPK14-175aa

DIDO1
circMRPS35-168aa

Length (aa)

218
73

184
370
295
175
109

168

Expression (Up/Down)

Down
Up
Up
Up

Up
Up
Up
Down
Down
Up
Up

Tumor

Colon cancer
Colorectal cancer
Colorectal cancer
Intrahepatic
cholangiocarcinoma
Liver cancer

Liver cancer
Gastric cancer
Colorectal cancer
Gastric cancer
Gastric cancer
Liver cancer

Effects

EMT

Proliferation and metastasis
Proliferation and metastasis
Proliferation and metastasis

Proliferation and metastasis
Proliferation and metastasis
proliferation and metastasis
Proliferation and metastasis
Proliferation and metastasis
Apoptosis

Tumor resistance

References

29)
13)
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Metabolism
Enzyme

GLUT 1

LDHA

PKM2

HK2

Canonical Function

Glucose transport

Convert pyruvate to lactate and NADH to NAD

Conversion phosphoenolpyruvate and adenosine diphosphate to
pyruvate

Conversion of glucose to glucose 6-phosphate

Mechanism of Radioresistance

High aerobic glycolysis
Lymph node metastasis,
Endogenous markers of hypoxia

Forming high lactic acid tumor
microenvironment,

High aerobic glycolysis

Regulate cell cycle,

Maintain stem cell characteristics.
Removal reactive oxygen species and free

radicals,
Promote glycolysis

GLUT1, glucose transporter 1; LDHA, dehydrogenase A; PKM2, pyruvate kinase type M2; HK2, hexokinase 2.

Reterence

(117, 118, 124,
125)

(139)

(147)

(152)
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Gene

RAD 51
Ku 7¢

Ku 80
MRN
DNA-PKes
PARP1
RIZ

P73
XAV939
P53

PXN

Function

DNA damage repair

DNA double strand break
identification and repair

DNA double strand break identification and repair
DNA double strand break repair

Add Poly ADP-Ribose to the damaged site of single stranded DNA to promote DNA repair.

DNA single-strand breaks repair

Induce apoptosis and DNA damage

Induce cell arrest and apoptosis

Inhibit WNT signaling pathway and promote apoptosis
Regulate cell cycle and DNA repair

Upregulation of bl-2 and inhibition of apoptosis

DNA Repair path

HR
NHE]

NHE]
NHE]
NHE]
NHE]

Reference

(47-50)
(s3)

{15, 54)
{56)
(57-60)
(61, 62)

MRN, MRE11-RADS0-NBS1 complex; DNA-PKcs, DNA-dependent protein kinase; PARP1, Poly (ADP-ribose) polymerase-1; RIZ, retinoblastoma protein-interacting zinc finger gene;
HR, homologous recombination; NHEJ, non-homologous end joining.
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Nanomedicine delivery carriers

PM-coated core-shell nanovehicle
PM-coated silica particle
PM-coated porous CS-PLGA
PM-coated PLGA

PM-coated PLGA

PM-coated liposome

RGD peptide-modified PM
Platelet

Liposome-coated platelet in situ
Platelet

Platelet

Nanodiamond-loaded platelet
Platelet

Therapeutic methods

Immunotherapy/chemotherapy
Immunotherapy
Chemotherapy
Chemotherapy
PTT/chemotherapy
PDT
PTT/chemotherapy
Immunotherapy
Immunotherapy

PTT
Immunotherapy/PTT
Chemotherapy
PTT/chemotherapy

Therapeutic agents

TRAIL/Dox
TRAIL
Bufalin
DTX
IR780/Dox
Ce6
MNPs/Dox
aPDL1
TRAIL
AuNRs
R837/NDI-BT
Dox

IR-820/PDA@Dox

Release condition

pH

pH

pH

NIR laser

NIR laser

Platelet activation
Platelet activation
Platelet activation
Platelet activation/pH
NIR laser

PM, platelet membrane; CS, chitosan oligosaccharide; PLGA, poly(lactic-co-glycolic acid); NIR, near-infrared; MNPs, melanin nanoparticles; PTT, photothermal tumor therapy;
PDT, photodynamic therapy; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; Dox, doxorubicin.
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Target Inhibitor Main Function Reference

DNA-PK Pepostertib Destroy NHE] and inhibit DNA repair (73)
AZD7648 Inhibit DNA double strand break repair (74)
XRCC5 Myrosin G Target XRCC5 and inhibit DNA repair (75)
p97 CB-5083 Prevents the decomposition of MRN complex from DNA damage site (76)
PARP Orapanib Destroying XRCC1 and NHE], aggravating S and G2/M block 77)
Rucaprib Inhibition of DNA repair and radiosensitization (78)
PI3K/mTOR NVP-BEZ235 G1 cell cycle arrest and apoptosis induction (79)
1,3,5-triazine derivatives G1 cell cycle arrest (80)
mTOR AZD8055 Inhibiting proliferation and glycolysis, inducing apoptosis (81)

DNA-PKcs, DNA-dependent protein kinase; XRCCS, X-ray repair cross complement protein 5; PARP, Poly (ADP-ribose) polymerase; NHE], non-homologous end joining.
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C

CAF
CAM
CXCL1
CXCL3
CXCL5
CXCL8
CXCR2
DC cell
EC
E-cadherin
EGR1
ELR
EMT
ENA-78
ERK
FOXD1
GAG
GSK-3b
HB-EGF
HCC
HNSCC
ICC
irAEs
LECs
MDSC
MMP2
MMP9
NF-kB
NK cell
NMIBC
NSCLC
pDC
PD-L1
PMN-MDSC
SC
shRNA
SOX9
STAT3
TADC
TAM
TME
TNF-a
VEGF-A
VEGFR-A

cysteine

cancer-associated fibroblast
cancer-associated mesothelial

C-X-C motif chemokine ligand 1
C-X-C motif chemokine ligand 3
C-X-C motif chemokine ligand 5
C-X-C motif chemokine ligand 8
C-X-C motif chemokinereceptor 2
dendritic cell

endothelial cell

epithelial-cadherin

early growth response protein 1

Glu Leu Arg sequence

epithelial mesenchymal transformation
neutrophil activating peptide 78
extracellular signal-regulated kinase
Forkhead Box D1

glycosaminoglycan

Glycogen synthase kinase-3
heparin-binding EGF-like growth factor
hepatocellular carcinoma

head and neck squamous cell carcinoma
intrahepatic cholangiocarcinoma
immune-related adverse events
lymphatic endothelial cells
myeloid-derived suppressor cell

matrix metalloprotein 2

matrix metalloprotein 9

nuclear factor-kappa B

natural killer cell

non-muscle invasive bladder cancer
non-small cell lung cancer
plasmacytoid dendritic cell
programmed death-ligand 1
polymorphonuclear myeloid-derived suppressor cell
Schwann cell

short hairpin RNA

Sex-determining region Y-box 9

signal transducer and activator of transcription 3
tumor associated dendritic cell
tumor-associated macrophage

tumor microenvironment

tumor necrosis factor-a

vascular endothelial growth factor A

vascular endothelial growth factor receptor A.
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Cancer type

Colorectal carcinoma

Breast cancer

Lung cancer
Cholangiocarcinoma
Gastric cancer

Nasopharyngeal carcinoma

Liver cancer

Osteosarcoma

Bladder cancer
Prostate cancer
Thyroid carcinoma

Renal carcinoma

Function

Angiogenesis

EMT and metastasis

Immunosuppression
Liver metastasis
Neutrophils recruitment
Progression
Progression
Metastasis
Proliferation
Metastasis
Neutrophils recruitment
Cellular metabolism
EMT

Metastasis

Metastasis

Migration

Cell growth
Migration

Migration

Drug resistance
MDSC recruitment
Migration and EMT
Metastatic phenotype

Proliferation

Endothelial cell proliferation and recruitment

Signaling molecules

AKT, NF-kB

ERK/EIk-1/Snail,
AKT/GSK3pB

PI3K/AKT

HSPC111, acetyl-CoA

Basic leucine zipper transcription factor ATF-like 3
TNFo.

ERK/EIk-1/snail

S100A14

MAPK/ERK1/2, PI3K/AKT
PI3K/AKT/GSK-3p/Snail-Twist
PI3K-Akt

ERK, B-Catenin, Snail, MMP2
ERK, p38

STAT3

ERK/GSK-3p/Snail

The activations of ERK1/2, MAPK and JNK pathways
Sox9, PI3K-AKT, ERK1/2

NA

PI3K, AKT, MMP2, MMP9
NEF-kB

Hippo-YAP

ERK, Egr-1, Snail

AKT, GSK-3, B-catenin

JNK, p38

AKT, NF-xB
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Cancer

Lung cancer

ESCC
GC

HCC

PC

Breast cancer

Ovarian cancer and endometrial
cancer

GBM

MM

ExRNA

circTP63
miR-411-5p
miR17-92
LINC00852

GLMI-NAA35 RNA
miR-551b-3p

LncRNA SMARCC2
circ-RanGAP1

miR-196, miR-92, miR-1307
has_circ_0025129

CircPTGR1
miR-21

miR-23a-3p
miR-21-5p, miR-200c-3p

Let-7a-5p
miR-106a
hsa_circ_001783
miR21

hsa_circ_0109046,
hsa_circ_0002577

circNTSE

LINC00461

Downstream
targets

FOXM1

S100A9/MAPK

TMPRSS4

miR-551b-3p
miR-877-3p/VEGFA

miR-34a, USP7/Cyclin
A2

miR449a-MET

PTEN, PTENpl,
TETs

PTEN-AKT, PD-L1

miR-200c-3p
APAF1

miR-422a, Akt,
Smad2

miR-15a/16, Bcl-2

Eftect or significance

Promotes cell proliferation and tumor growth in vitro and in vivo
Potential metastatic targets related to lung cancer biology
Enhanced lung cancer cell growth

Promote the progression and oncogenic ability of lung
adenocarcinoma SM

Potential biomarkers of esophageal cancer (saliva)

Inhibit the proliferation, migration and invasiveness of gastric cancer
cells

Enhanced the proliferation and migration of gastric cancer cells
Enhanced the migration and invasion potential of GC cells
Promote the dissemination of peritoneal tumor cells

Reduces the DNA damage and promotes tumor growth

Increase the migration and invasion ability of tumor cells

Promote hepatocellular carcinoma growth

Promote the escape of tumor cells from immune surveillance
Relatively better differentiating between prostate cancer and prostatic
hyperplasia

To distinguish prostate cancer patients with Gleason score 28 vs. <6
Potential biomarker for metastatic breast cancer

Enhanced the proliferation and metastasis of breast cancer cells
Endowing ovarian cancer cells with paclitaxel resistance

It may assist in predicting the occurrence and metastasis of
endometrial cancer

Promote glioblastoma tumorigenesis

Promoted multiple myeloma cell proliferation and inhibited cell
apoptosis
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Chemokines

CXCL1
CXCL2
CXCL3
CXCL4
CXCL4L1
CXCL5
CXCL6
CXCL7
CXCL8
CXCL9
CXCL10
CXCL11
CXCL12
CXCL13
CXCL14
CXCL16
CXCL17
CCL1
CCL2
CCL3
CCL4
CCL5
CCL7
CCL8
CCL11
CCL13
CCL14
CCL15

CCL16
CCL17
CCL18
CCL19
CCL20
CCL21
CCL22
CCL23
CCL24

CCL25

Other Names

GRO-0,, MGSA, mouse KC
GRO-B, MIP-20, mouse MIP2
GRO-y, MIP-2f
PF4

PF4V1

ENA78, SCYB5
GCP2

NAP-2

IL-8

MIG

1P-10

I-TAC

SDF-1

BLC, BCA-1

BRAK

SR-PSOX

DMC

1-309, mouse TCA3
MCP-1, mouse JE
MIP-10, LD780.
MIP-1B

RANTES

MCP-3

MCP-2

Eotaxin

MCP-4

HCC-1

HCC-2
Leukotactin-1

LEC, HCC-4
TARC

PARC, DC-CK1
MIP-3B, ELC
MIP-30, LARC
SLC, 6Ckine
MDC

MPIF-1

Eotaxin-2
MPIF-2

TECK

Chromosome

4q13.3
4q13.3
4q13.3
4q13.3
4q13.3
4q13.3
4q13.3
4q13.3
4q133
4q21.1
4q21.1
4q21.1
10q11.21
4q21.1
531.1
17p13.2
19q13.2
17q11.2
17q11.2
17q11.2
17q12
17q12
17q11.2
17q11.2
17q11.2
17q11.2
17q12
17q12

17q12
16q13
17q12
9p13.3
2q36.3
9p13.3
16q13
17q12
7q11.23

19p13.2

Category

CXC, ELR
CXC, ELR
CXC, ELR
CXC, non-ELR
CXC, non-ELR
CXC, ELR
CXC, ELR
CXC, I, ELR
CXC, ELR
CXC, non-ELR
CXC, non-ELR
CXC, non-ELR
CXC, non-ELR
CXC, non-ELR
CXC, non-ELR
CXC

CXC

cc

cc

cc

cc

cc

cc

cc

cc

cc

cc

cc

CcC
CcC
CcC
cc
cc
cc
cc
CcC
cc

cc

Recepter

CXCR2

CXCR2

CXCR2

CXCR3-B
CXCR3-B

CXCR2

CXCR1, CXCR2
CXCR1, CXCR2
CXCR1, CXCR2
CXCR3

CXCR3

CXCR3, CXCR7
CXCR4, CXCR7
CXCRS5, CXCR3
Unknown

CXCR6

Unknown

CCR8

CCR2

CCRI1, CCR5

CCR5

CCRI, CCR3, CCR5
CCRI, CCR2, CCR3
CCRI, CCR2, CCR5
CCR3, CCR5
CCR2, CCR3
CCRI, CCR3, CCR5
CCRI, CCR3

CCRI, CCR2, CCRS5, CCR8, H4
CCR4

PITPNM3

CCR7

CCR6

CCR7

CCR4

CCRI, FPRL-1

CCR3

CCR9
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Technical method of separation

Hypervelocity centrifugation [Ashley et al. Cell 2018]
Supercentrifugation combined with density-based
separation [Abramowicz et al. Mol Biosyst 2016]
Hypercentrifugation combined with iodoxanol
density gradient centrifugation and gel filtration
[Vanaja et al. Cell 2016]

Ultrafiltration centrifugation [Zhang et al. ] Hematol
Oncol 2015]

Separation method based on immune magnetic beads
[Song et al. Molecules 2020]

Affinity traceless separation technology

Microfluidic exosome analysis platform [He et al. Lab

Chip 2014]

Characteristics

Widely used, low cost

Simply method with improved exosome purity

Can yield a large number of exosomes with high purity

Exosome characteristics and quality are largely maintained

The high specificity of immunoaffinity can isolate high-
purity exosomes

The method is highly innovative and low in cost. It can
obtain high-specificity and high-purity exosomes and
minimize contamination

The immune capture efficiency of exosomes is high, and the
output of undesired exosomes is specifically inhibited

Disadvantages

Challenging method with low exosome purity

Method is tedious and time-consuming

Repeated complex procedures can alter exosome
quality

Low output rate is not conducive to a large
number of analytical experiments

Not all surface markers are clear, the reagent cost
is high, and the biological activity of exosomes
may be affected

This method requires special reagents, and
separation requires highly targeted conditions

The new method requires matching reagents and
instruments and has not been widely used
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HCC cell-derived exosomes
can regulate apoptosis,
growth, metastasis and
mvasion of tumor cells by
targeting the expression of
downstream genes through
miR-21. HCC cells can also
upregulate PD-L1 expression
i macrophages by releasing
exosomes contained specific
miRNAs, thereby inhibiting
the function of T cells and
leading to the escape of HCC
cells from the immune
monitoring system.

In HCC, patients with high fat rate will
release more exosomes containing
CIRC-BD, and the expression of USP7
and cyclin A2 can be mediated by the
adsorption of MiR-34a and Circ-BD,
thus promoting the occurrence of HCC
tumors.

Hepatocarcinoma (HCC) ——

Low-metastatic cell

<]\> Circ-PTGRI1
N

Non-metastatic cell

e —— %3 miR-23a-3p
PTEN-AKT 2

f

; O
O

%l SRSe

%G -
@ / Cancerous cell

Macrophages

Alcoholic liver
disease (ALD)

Macrophages

Release of exosomes

In mice with alcoholic liver disease,
hepatocytes can release exosomes carrying
Hsp90 and MiR-155, which act on
macrophages, downstream proteins LAMP,
mTRO and Rheb to interfere with cell
phagocytosis.
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NcRNA

miR214
iR 145
k151

iR 2005
k197

miR21-5p
miR.556-5p

iR 195

miR-155-5p

ADAMTSS.
a2

NEATI

st
HoTTIP
MEGS

st

GAss
RP1LSSFISS

Gsec
CireNHILS
CirePUMI

‘Cancer type

Corvcal cancer
Cenvcal cancer
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Expression
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1 upregulated

1 downregulaed

1 downregulaed
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T upregulated

1 downregulated
T upregulaed

1 downregulaed
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T upregulated
1 upregulaed
T upregulated

Target

NLRPS
GsoMD
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signaling
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“The AMPK signaling
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pyroptosis
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Function
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TECHNIQUE/METHOD

Takens’s theorem/Convergent Cross

Mapping
Lyapunov Exponents

Fractal Analysis
Fast-Fourier Transform

Entropy

Ising Model/Spin Glass
Cellular Automata (CA)
Recurrent Neural Networks
Stochastic Simulations
Differential Equations

Block Decomposition Method

Algorithmic Perturbation Analysis
(Graph Network Complexity)

TYPE OF
DATA

NUMBER OF
OBSERVATIONS

Individual ~ Rich

Individual  Rich

or Mean

Individual  Scarce or Rich
Individual  Scarce or Rich
or Mean

Individual  Scarce or Rich
or Mean

Mean Scarce or Rich
Individual  Scarce or Rich
Individual  Rich

Individual ~ Scarce

or Mean

Individual  Scarce

or Mean

Individual ~ Scarce or Rich
Individual  Scarce or Rich
or Mean

LONGITUDINAL OR
DISCRETE-TIME

Both
Longitudinal

Both (mainly Discrete)
Both

Both
Discrete
Discrete
Both
Discrete

Longitudinal

Discrete
Discrete

NUMBER OF PARAMETERS

Minimum 1 dimension for discrete-time and 3 dimensions for
longitudinal; and time-delay parameter
1-2 parameters (dynamical variable and time)

2 for Box counting technique
Minimum 2 dimensions (time and variable of interest)

1 or more; a priori assumption of statistical distribution for
Shannon entropy

1 or more; mean-field approach/a priori assumption of
statistical distribution

1 or more

Minimum 2 (time and dynamical variable)

Statistical Distributions (a priori assumed)

2 or more (time and variables); discretization or assumptions
are required for analytical solutions

1 or more

1 or more
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Breast cancer Lung adenocarcinoma Colon cancer

- AC005034.5, AC103858.2, AL606834.2, ~ AC023157.2, AC084125.2, AL137782.1,
LINCO1301,  LINCO1871,  OIP5-AS1, || - AC010980.2, AL034397.3, AL354836.1, CCDC183-AS1, LINC00174,
TBC1D8-AS1, TNFRSF14-AS1, Z68871.1 AL606489.1, FAMB3A-AS1, MYOSLID, SNHG26, TMEM147-AS1
AC104653.1, CTA-384D8.34, CTD-2357A8.3, GSEC :

GNG12-AS1, RP11-141M3.6, RP11-459E5.1, AC004704.1, AC004865.2, Gastric cancer
RP11-631N16.2, RP11-756J15.2, RP11- AC010999.2, AC012085.2, + AC005332.4, AC018752.1, AC147067.2,
817J15.3, RP11-1070N10.3 AC024075.2, AC026355.2, AC245041.2, ACTA2-AS1, AL121772.1,

AC004585.1, AL136368.1, AL606834.2, AC026368.1, AC090559.1, AL353804.1, AP001318.2, HAGLR,
DLGAP1-AS1, LINC01871, TNFRSF14-AS1, AP005137.2. LINC02178, RRN3P2, UBL7-AS1

e LINC02390
AC0050345, AC027307.2, AC121761.2, Hepatoceliular carginoma

AL451085.2, AL513477.2, LINCO1871, + LINC01224, LINC02614, MIR210HG,
U73166.1 MKLN1-AS, POLH-AS1

i
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U
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A technique for embedding the time-series signal in state-space using a time-delay in one of its coordinates. Convergent Cross Mapping is an
embedding algorithm implementing Takens’ theorem, applicable on complex networks. The technique has dimensionality limits and hence, should only
be limited to a few signals with predicted chaotic dynamics.

Any algorithm intended for noise reduction. Can range from filtering and preprocessing tools (interpolation, smoothening, etc.) to wavelet-analysis
methods. Imputation algorithms are emerging as popular candidates. Not discussed in detail since it consists of a wide range of algorithms, the
applicability of which depends on the type of dataset and system of interest.

Measures how fast two initially close points on a chaotic trajectory exponentially diverge apart in time. Positive Lyapunov exponent(s) are characteristic
signatures of chaos.

Fractals are the geometry of chaos. A fractal is a geometric pattern exhibiting statistical self-similarity (i.e., power law scaling) across many length and
time scales with a fractional (non-integer) dimension. It is used as a measure of iregularity, roughness, and complexity. Some algorithms to estimate
the Fractal Dimension include the Box-counting method, Fourier analysis-based approaches, and the sandbox method.

If more than one fractal dimension is required to describe the complexity of the system, multifractal analysis is required. These approaches are most
applicable for time-series analysis. The local Holder exponents and the Hurst index are pertinent measures. Wavelet Transform-based methods remain
the most popular tools for identifying these multifractal statistics.

The frequency and power spectra of time-series signals can be acquired using FFT. The FFT algorithm decomposes a time-series into its constituent
frequencies. Chaotic systems generally exhibit a broad frequency spectrum.

Power laws are indicators of critical dynamics, a state of hierarchical self-organization poised between regularity and chaos. When certain complex
systems surpass their critical point, they gravitate towards chaotic dynamics. The Ising model is discussed as a powerful tool to model criticality in
cancer gene expression and patterns of network dynamics.

Maximal entropy and a positive entropy rate are observed in dynamical systems exhibiting increased chaotic flows in phase-space. They could be
indicators of phase-transitions to chaotic dynamics and/or the birth of complex attractors. However, entropy is not a robust measure of network
(graph) complexity and may fail to distinguish randomness from chaoticity.

The pairing of simulations/computational modelling with data science is the central principle of complexity science. Herein stochastic simulations such
as the Monte Carlo methods and Gillespie algorithm were discussed for simulating chemical kinetics and molecular dynamics.

Reservoir Computing (RC) networks and liquid neural networks are the state-of-the-art Deep Learning Networks for time-series forecasting and
spatiotemporal prediction of chaotic dynamics from complex, multidimensional datasets.

Also known as the Kolmogorov complexity [K(s)], is a measure of the length of the shortest description of a dataset (e.g., a string, an array, a network,
or dynamical system) or the shortest program needed to generate the dataset.

Various algorithms exist for estimating the K-complexity. CTM and BDM (Block Decomposition Method) are alternatives to statistical compression
algorithms and are native to n-dimensional complexity.
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Year Cancer = Wavelength Irradiance Irradiation Dose (J/ Outcomes Molecular mechanism Reference
cells (nm) (mW/cm?) time cm?)
2013 Malignant 460-485 In vitro:164; Invitro: 1 h No Appropriate parameters of Light-induced the membrane 12)
glioma cells In vivo:170 (10 Hz, 50 ms); information blue light depolarization and Ca2+
(U87 and H4) (Subcutaneous  In vivo: 30 min precisely inhibited channels change mediated
glioma model); (2 weeks) proliferation and increased glioma cell death associated
1000 death of glioma cells h in with cell cycle arrest,
(Intracranial vitro and in vivo by mitochondria-mediated
glioma model) expressing the engineered apoptosis.
opsin gene ChETA.
2014  Epidermoid 400-500 in vitro: 500 30590s In vitro: 15, Blue light treatment reduced Blue light activated the phase (149)
carcinoma 45; viability of epidermoid 2 response (glutathione, the
cells In vivo: 45 carcinoma cells in a dosage-  peroxiredoxins, and heme
(A431) dependent manner, and oxygenase 1), suppressed
decreased tumor cell growth,  mitochondrial function.
proliferation, and oxidation
levels in xenograft model.
2014  Colon cancer 465 150r 30 mW 10 min/day, 5 No Blue LED irradiation inhibited The inhibitory effect of blue (145)
cells days information the proliferation and light on lymphoma cells was
(HT29 or promoted apoptosis of colon  associated with cell cycle
HCT116) cancer cells. arrest, inhibition of
autophagy and ERK
pathway, and activation of
external apoptosis pathway
and JNK pathway.
2015  Melanoma 450 In vitro: 15.6; Invitro: 1,2,3, No Blue light had anti- The inhibitory effects were (10)
cells In vivo: 0.6. 4h; information proliferative and pro- related to mitochondrial
(B16-F10) In vivo: 3 h apoptotic effects on melanoma membrane potential, cell
blue LED on cells, as well as reduce tumor  cycle arrest, caspase-3
and 5 h blue growth. activation, and ROS
LED off as one production.
cycle, a total of
39 cycles
2016  Mouse B-cell 450 In vitro: 6.3; In vitro: 1, 2,3, No Blue LED inhibited cell The anti-tumorigenic effects (13)
lymphoma In vivo: 4.1 4h; information growth and triggers apoptosis ~ were associated with
cells In vivo: 3 h/ by induction of autophagy in  formation of
(A20 and days, 3 days. lymphoma cells, while the autophagosomes,
RAMOS) survival rate of leukemia mice intracellular ROS production,
was improved. mitochondrial membrane
potential, and caspase-3
activation.
2017 Mouse colon 450 In vitro: 6.3; In vitro: 30,60 No Blue LED irradiation inhibited The anti-metastatic and anti- (14)
cancer (CT- In vivo: 823 min; information  the migration and invasion of  proliferative effects were
26); In vivo: 3 h/ solid tumor cells and associated with MMP-2,
Human days, 3 days decreased cellular proliferation  MMP-9, and P38 MAPK
fibrosarcoma of CT-26 and HT-1080 cells.  phosphorylation.
cells (HT-
1080)
2018  Human colon 465 30 30 min No Blue light reduced cell Autophagy Opn3 (144)
cancer cells information viability and suppressed the photoreceptor pathway could
(HT-29 or growth of colon cancer cells. be the mechanism of cell
HCT-116) growth inhibition.
2018  Colorectal 470 20 No 0,72, 144,  Blue LED irradiation inhibited The inhibited effects may be (152)
cancer cells information 216, and the growth, proliferation, related to increased ROS
(SW620 and 288 migration, and EMT process  accumulation and DNA
HT29) of CRC cells, and induced damage.
apoptosis.
2019 Human 400-500 No Every 24 h for 87,175 Combination Synergistic effect inhibited (151)
bladder cancer information 120 h culture therapy of blue light cell proliferation, diminished
cells time irradiation and chemotherapy  glucose consumption and
(5763) inhibited the bladder cancer
cell viability in a dose- lactate formation, and
dependent manner and arrested cell cycle
attenuated drug resistance.
2019 Osteosarcoma 470 100 30 min 180 The combination of blue LED  The synergistical antitumor (95)
cells irradiation and ATO effects were associated with
(U-208) suppressed cell proliferation,  accumulation of ROS, DNA
increased apoptotic, inhibited ~ damage, and p53 activation.
cell migration and invasion.
2020  Melanoma 460 84 Dark and blue  No This study provided a light-  The inhibitory effect of this (146)
cells light: 1 5:30 s information induced CRISPR-Cas9 system, ~blue light-induced system
(G361 and inhibited the progression of was associated with mutant
A375) melanoma cells. gene BRAF V600E,
restrained cell invasion,
inhibited the migration, and
promoted cell apoptosis.
2020 Human 460 In vitro: 5, 10;  In vitro: 3 or 5 Blue LED irradiation inhibited Blue light promoted (15)
pancreatic In vivo: 0 h/day for 5 In vivo:no  proliferation of pancreatic apoptosis by arresting the
cancer cells days; information cancer cells and tumor GO/G1 cell cycle and
(PaCa-2, In vivo: 2 h/ growth, but it did not affect regulating the related
PANC-1, and day for 5 weeks normal pancreatic cells. proteins of apoptosis (PARP,
BxPC-3) BAX and Bcl-2, p53) and
AKT/mTOR signaling
2020 Colorectal 465 3 x 10" lux 1,2,3,4,5, No The combination of blue LED  The anticancer effect of blue (153)
cancer cells and 6 h information irradiation and two anticancer LED combined with drugs
(HCT116 and drugs (AT406 and played a role by influencing
HT29) rocaglamide) causes apoptosis  the genes expression of
of colorectal cancer cells and  apoptosis, autophagy, and
had a stronger anticancer proliferation, as well as ROS
effect. production.
2020  Breast cancer 435 No Every 24 h for  17.5 Blue light irradiation The cytotoxicity effect of 1)
cells information 96 h culture diminished proliferation and  blue irradiation inhibited
(MCF7) time inhibited metabolic activation  glycolytic pathway and
of MCEF-7 cells glucose consumption, and
lactate formation was
decreased.
2021  Melanoma 457 Average Time: 100 min;  1.14 The effect of pulsed PBM on  The significant inhibitory (147)
cells irradiance: Frequency melanoma is proposed for the effect of pulse-PBM induced
(B16F10) 0.19 (Hz): 4 kHz first time. It is suggested that by activating Caspase-3,
Peak Duty cycle: the pulse PBM significantly causing parallel damage to
irradiance: 20% inhibit cell viability and cell mitochondria and lysosomes.
095 necrosis than CW group,
including anti proliferation
and cell necrosis.
2021  Epidermoid 465 0.84 12 h/day, 3 123 The combined treatment of The cytotoxic effects of (148)
carcinoma days blue light and cis-platinum combination were related to
cells (A431) was more effective in reducing S and G2/M cell cycle arrest
cell viability and increasing and the expression of
apoptotic of cells necroptosis—related proteins
(Casp-9, Casp-8, Casp-3,
Bid, Bax, Cyt ¢, p53, Aif) and
apoptotic pathway.
2021  Osteosarcoma 470 100 30 min, 1 h,2 180, 360, Blue LED irradiation The antitumor effects of blue (98)
cells h,3h 720, 1080  significantly suppressed the light on OS by triggering
(U-208, proliferation, migration and ROS and EGFR/Beclin-1-
143B) invasion of OS cells. mediated autophagy
signaling pathway.
2022  Leukemia cells 456 No 2h No Blue light irradiation The high suppression (150)
(Kasumi-1) information information decreased the proliferation efficiency was triggered by

and promoted the apoptosis
ratio of the Kasumi-1.

activating ROS, decreasing
MMP, increasing expression
level of caspase-3/9 and
attenuating AML1-ETO.

MMP2, matrix metalloproteinase 2; CRC, colorectal cancer cells; EMT, epithelial-mesenchymal transition; ATO, arsenic trioxide; PBM, photobiomodulation; Mtus1, tumor-suppressor
gene 1 associated with microtubules; CSCC, cutaneous squamous cell carcinoma; MMP, mitochondrial membrane potential; ROS, reactive oxygen species; AML1-ETO, the chromosome
translocation generates the fusion oncoprotein.
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The term

Diamond exhibited the

“Photodynamic” Phototoxicity of
was proposed by hematoporphyrin

Tappeiner and
Jesionek.

1903 1907

Finson obtained
Nobel Prize for
discovering the
therapeutic effect of
light on smallpox
and lupus.

inhibited glioma in vivo
and in vitro.

1967 1972

Endre Mester first discovered
the biological effects of low-
power lasers, was termed
“laser biostimulation”. He was
also known as the “Father of
Photobiomodulation™.

Coombe et al first explored Renno et al found the Yu et al reviewed
the effect of LLLT on OS stimulating effect of visible laser the application of
cells through heat shock irradiation on osteosarcoma cell PDT in

response and increase of proliferation and differentiation osteosarcoma in
intracellular calcium. in vitro firstly. recent years.

Kelly et al. First Hourigan firstly
observed the therapeutic evaluated the

effect of HPD PDT on 5 cytotoxicity of PDT
patients with bladder to osteosarcoma in
cancer vitro.

1975 1976 1993 1995 2001
Dr. Dougherty cured PDT was first approved
breast cancer tumors in in 1993 in Canada, using
experimental animals by the photosensitizer
using red light excited Photoftrin for the
hematoporphyrin prophylactic treatment of

derivatives (HPD).

bladder cancer.

Chen et al proposed that the
combination of laser (808 nm) and
indocyanine green chromophore
(780 nm) may selectively destroy
mammary tumor cells cells through
photothermal interaction.

Hirsch et al inspired by
magnetothermal therapy, and
reported the results of PTT produced
localized human blast carcinoma cell
death in vivo and in vitro firstly.

2003 2005 2006 2007

Kusuzaki et al first used AO-
PDT in the clinical treatment
of musculoskeletal sarcoma
patients, and believed that it
was a promising new limb
salvage modality.

Hamblin and Demidova
summarized the therapeutic
mechanism of LLLT in
reducing pain, inflammation
and edema, promoting healing
of wounds.

The term PBM was
identified and added to the
Medical Subject Headings
(MeSH) database for its
2016 version.

He et al found blue
LED PBM effectively
causes autophagic cell
death in human
osteosarcoma.

Xiong et al reported a systemic treatment
strategy of combining gold nanoparticle
with PDT/PTT of 808 nm laser, which
showed obvious tumor suppression
effects in an osteosarcoma mouse model.

2014 2015 2016 2017 2018 2021 2022

Liu et al synthesized a new
nanoparticles PTA, Cys CuS
NPs, which was first
reported to effectively
inhibited the growth of
osteosarcoma in vivo.

Tissue engineering scaffold
GO-TCP with photothermal
effect was first reported by
Ma et al and demonstrated in
osteosarcoma in vivo and in
vitro.

Sun et a.
summarized the
application progress
of PDT and PTT in
the treatment of
bone cancer.

Shoorche et al proved that
PBM treatment is a reliable
method to affect the
biomechanics, cytoskeletal
behavior and metastasis
behavior of osteosarcoma.
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Spatial heterogeneity

Cancer type Species Technology Highlights ST data access Ref.
BC human Visium, scRNA-seq  HER2+ BC patients have common spatial expression signatures. Defined high- EGA: (15)
resolution cell state colocalization patterns EGAD00001008031
BC human Spatial Developed 'spatial transcriptomics' technique and revealed spatial gene expression SRA: (39)
transcriptomics, heterogeneity PRJNA316587
scRNA-seq, ISH,
smFISH
BC human Visium, scRNA-seq, Heterogeneous spatial distribution of tumor cell, immune cell, and stromal cell https://doi.org/10.  (11)
CITE-seq subpopulations. 5281/zenodo.
4739739
BC human Visium, snRNA-seq ~ Tumor cell subclusters with different features and origins are mapped in distinct Not publicly
tissue regions. available (108)
TNBC human LCM Proved combining LCM and RNA-seq on archived FFPE blocks is feasible and Array Express
allows spatial transcriptional characterization of TME. database: E- (109)
MTAB-8760
BC and human Visium, scRNA-seq  Identified colocalization patterns of immune, stromal, and cancer cells in tumor GEO: GSE158803 (83)
oropharyngeal sections.
SCC metastasis
DCIS of the ~ human  Visium, target RNA- GATA3 dysfunction upregulates EMT and angiogenesis, followed by PgR DDBJ: (110)
breast seq, scDNA-seq, downregulation. JGAS00000000202
WES
DCIS of the human LCM Characterized spatial heterogeneity of DCIS using Smart-3SEQ. SRA: (111)
breast PRJNA413176
IMPC human Visium Characterized the spatial transcriptomic maps of IMPC and revealed extensive GSA: HRA001442
spatial heterogeneity associated with metabolic reprogramming. (112)
Liver cancer/ human smFISH, LCM, Characterized the spatial distribution and ligand-receptor interaction of cells in GEO: GSE146409 (113)
metastasis ScCRNA-seq TME.
Liver cancer human Visium, WES, The ligand-receptor interactions at the tumor interface contribute to maintaining GSA: HRA000437 (16)
scRNA-seq intratumor architecture.
ICC human stereo-seq, SCRNA-  Spatially characterized the immune microenvironment of tumor tissues, adjacent Not available (19)
seq, IF normal tissues, margin areas, and lymph nodes.
HCC human Visium Revealed spatial intratumor heterogeneity and gene expression patterns of HCC. Not available (114)
PDAC human LCM, scRNA-seq, Proposed subTME, which has regional relationships to tumor immunity, subtypes, EGA: (84)
MS differentiation, and treatment response. EGAS00001002543
PDAC human Visium, scRNA-seq, ~ Characterized the spatial distribution of cells in TME and identified colocalization of GEO: GSE111672 (52)
IF inflammatory fibroblasts and cancer cells expressing a stress-response gene module.
PDAC mouse Visium, IHC, IF The hypoxia group and the control group showed different positional characteristics ~ Not available (53)
and gene signatures.
GC human DSP, RNAScope, The expression level of KLF2 in the tumor epithelial cell depends on its spatial Not available (58)
SCRNA-seq, bulk location.
RNA-seq
GC human RNAscope, sSc(RNA-  Revealed the spatial distribution of the major cell types and CCL2-expressing Not available (91)
seq endothelial cells and fibroblasts, indicating tumor invasion.
GC human DSP, targeted DNA-  Superficial subregion profiles were significantly different compared with matched Not publicly (115)
seq deep subregions and LNM. available
Skin SCC human Visium, scRNA-seq,  Characterized the TSK population, which localized to a fibrovascular niche and GEO: GSE144240 (92)
MIBI, WES served as a hub for intercellular communication. Tregs colocalized with CD8 T cells

in compartmentalized tumor stroma.

Melanoma human DSP, PickSeq, CyCIF  Recurrent cellular neighborhoods change significantly along a progression axis. GEO: GSE171888 (55)
PC human Visium, WGS Investigated tissue-wide spatial gene expression heterogeneity and identified gene EGA: (82)
expression gradients in stroma adjacent to tumor regions. EGAS0000100300
Neuroblastoma mouse, Visium, scRNA-seq, CD4+ and myeloid populations colocalized within the tumor parenchyma, while SRA: (81)
human TCR repertoire CD8+ T cells and B cells were peripherally dispersed. PRJNA662418
GBM human Visium, MALDI, Proposed five spatially distinct transcriptional programs. Immunosuppressive tumor-  https://doi.org/10. (56)
IMC, scRNA-seq, myeloid cell interactions are enhanced in segregated niches. 5061/dryad.
methylation array h70rxwdmj
Gliomas human, ISH, scRNA-seq, Characterized the spatial locations of TAMs and microglia. http://glioblastoma. ~ (54)
mouse WES alleninstitute.org/
Bladder cancer human Visium, CODEX, CDHI12-enriched cells express PD-L1 and PD-L2 and co-localize with exhausted T GEO: GSE171351 (57)
snRNA-seq cells.
CRC human Visium, scRNA-seq,  Tumor-specific FAP+ fibroblasts and SPP1+ macrophages were colocalized. Their GSA: HRA000979  (90)
IF interaction may contribute to desmoplastic TME. Tumor-specific FAP+ fibroblasts
are associated with colorectal cancer progression.
Cervical SCC human stereo-seq, snRNA-  Characterized the spatial distribution of immune cells in cervical SCC. Certain CNSA: (93)
seq, IF tumors were surrounded by myofibroblasts, which was associated with growth and ~ CNP0002543
metastasis of tumors.
Colorectal human Visium, scRNA-seq  Present a spatial atlas of colorectal liver metastasis and found the highly http://www.
cancer liver metabolically activated MRCI+ CCL18+ M2-like macrophages in metastatic sites. cancerdiversity. (116)
metastasis asia/scCRLM/

Metastatic PC human DSP, bulk RNA-seq ~ Found a high level of intra-patient homogeneity with respect to tumor phenotype. Supplementary of (95)
the original paper.

Melanoma human  Visium Revealed a complex spatial intratumoral composition of melanoma metastases that ~ Not available 117)
LNM was not evident through morphologic annotation.

Special spatial area

BC human Visium, snRNA-seq ~ The ERBB4+ LumA cells scarcely existed in the tumor interface, whereas LumB cells  Not publicly (108)
were scattered throughout the tumor. available
BC human Visium, scRNA-seq  Proposed a method to identify putative TLSs. EGA: (15)
EGAD00001008031
TNBC human LCM CD8+ T cells of a patient are not located at the tumor core but rather at tumor Array Express (109)
margin. database: E-
MTAB-8760
Liver cancer human Visium, WES, Proposed a TLS-50 signature to locate TLSs. GSA: HRA000437 (16)
ScRNA-seq
ICC human stereo-seq, scCRNA-  Enrichment of immune cells, suppressive immune microenvironment and metabolic ~ Not available (19)
seq, IF reprogramming of tumor cells were identified in the invasive fronts of tumor.
Liver cancer/ human smFISH, LCM, Higher abundance of immune cell types, specifically T cells and SAMs, in the tumor ~ GEO: GSE146409  (113)
metastasis SCRNA-seq border.
Melanoma human DSP, PickSeq, CyCIF A spatially restricted suppressive environment forms along the tumor-stromal GEO: GSE171888 (55)
boundary when tumors are locally invasive.
Melanoma zebrafish, ~ Visium, scRNA-seq, Identified a distinct interface cell state where the tumor contacts neighboring tissues. GEO: GSE159709  (107)
human snRNA-seq, IF
Skin SCC human Visium, scRNA-seq,  Tumor leading edges were enriched with tumor-specific TSK cells and basal tumor ~ GEO: GSE144240 (92)
MIBI, WES cells.
PDAC mouse Visium, THC, IF A cell subgroup located at the invasive front showed a higher proliferative ability Not available (53)
under hypoxia.
GBM human Visium, scRMA-seq. A HMOXI+ myeloid cell subpopulation, spatially located at the TME interface, https://osf.io/ 97)
Bulk RNA-seq, IF contributes to immunosuppressive TME. 4q32e/
RCC human Visium, IHC,IF, bulk = In situ B cell maturation toward plasma cells in TLSs. Tumor cells are labeled by GEO: GSE175540 (17)
RNA-seq locally produced IgG.
Cancer treatment response
PDAC mouse Visium, IF Identified a potential treatment target for PDAC. Not available (53)
PDAC human LCM, scRNA-seq, SubTMEs execute distinct tumor-promoting and chemoprotective functions. EGA: (84)
MS EGAS00001002543
PDAC human DSP, snRNA-seq In the increasingly-adopted NAT context, classical-like phenotypes in malignant Controlled access  (118)
cells were depleted.
GBM human RNAscope, targeted  Inhibitory molecules and infiltration increased after CART-EGFRVIII infusion, Not publicly (119)
DNA-seq compared to pre-CART-EGFRVIII infusion tumor specimens. available
RCC human Visium, THC, TF, Patients with IgG-labeled tumor cells have high response rate to ICI and prolonged ~ GEO: GSE175540 (17)
bulk RNA-seq PFS.
BC human,  Visium, scRNA-seq  Neutralization of TGF-f leads to remodeling of CAF dynamics, greatly reducing the ~ Not publicly (120)
mouse frequency and activity of the myofibroblast subset. available
Head and neck human RNAscope PD-L1 and PD-L2 positivity significantly predicted clinical response to Not available (121)
SCC pembrolizumab on combined tumor, stromal and immune cells.
Lung cancer mouse Visium, Perturb- Tgfbr2 KO on cancer cells promotes TME remodeling and immune exclusion; Socsl = GEO: GSE193460 (89)
map, IMC, CyTOF KO made the tumors more responsive to PD-L1 blockade.
CRC human Visium, scRNA-seq, ~ High infiltration of FAP+ fibroblasts and SPP1+ macrophages correlated with GSA: HRA000979  (90)
IF immunotherapy resistance.
Colorectal human Visium, scRNA-seq  Observed fundamental remodeling of cellular compartment after NAC treatment. http://www. (116)
cancer liver PD/SD tumors and PR tumors had different immune cell changes after NAC. cancerdiversity.
metastasis asia/scCRLM/
Bladder cancer human  Visium, CODEX, ~ CDHI2-enriched tumors define patients with poor outcome following surgery with ~ GEO: GSE171351  (57)
snRNA-seq or without NAC, whereas they exhibit superior response to ICI treatment.
Ovarian human Visium Excellent and poor responders show different spatial composition of TME. GEO: GSE189843  (122)
carcinoma
PC human Visium, scRNA-seq, ~ Treatment-persistent cells with high metastatic potential interspersed within the EGA: (123)
ScATAC-seq, primary tumors before treatment. EGAS00001000526
FAIRE-seq
Clinical application
Diagnosis
BC human Visium, scRNA-seq, ~ Developed scSubtype for BC subtype classification using scRNA-seq data. https://doi.org/10. (1)
CITE-seq 5281/zenodo.
4739739
BC human 1SS OncoMap could spatially reveal intratumoral heterogeneity with regard to tumor Not available
subtype, which supports the identification of novel therapeutical targets and refine (124)
tumor diagnostics.
BC human Visium ST-based annotation showed high coincidence with the expert pathologist No raw ST data
annotation for DCIS and IDC. (125)
DCIS of the human Visium, targeted Propose a critical marker for a new DCIS classification approach. DDBJ:
breast RNA-seq, scDNA- JGAS00000000202  (110)
seq, WES
IMPC human Visium The pathologists and ST data were consistent in their annotation of the tumor GSA: HRA001442
tissues. (112)
PC human Visium, scRNA-seq,  Identified benign epithelium and adenocarcinoma using ST data. EGA:
SCATAC-seq, EGAS00001000526 ~ (123)
FAIRE-seq
PC human Visium, WGS Compared to pathologist annotations, ST-based annotation delineates the extent of ~ EGA: (82)
cancer foci more accurately. EGAS0000100300
Prognosis factors
Liver cancer human Visium, WES, Higher TLS-50 score was significantly associated with a better prognosis. GSA: HRA000437  (16)
scRNA-seq
ICC human stereo-seq, SCRNA-  The damaged states of hepatocytes with overexpression of SAA in invasive fronts Not available (19)
seq, IF were associated with worse prognosis.
HCC human Visium High expression of CCL15 and CD163 respectively predicts poor prognosis of HCC ~ Not available
patients. CCL19 and CCL21, sharing similar spatial expression patterns, indicate a (114)
good prognosis.
Bladder cancer ~ human ST, CODEX, Patients stratification by tumor CDHI2 enrichment offers better prediction of GEO: GSE171351 (57)
snRNA-seq outcome than currently established bladder cancer subtypes.
GC human DSP, RNAScope, INHBA and FAP were coexpressed. CAFs with high expression of INHBA-FAP were  Not available (58)
scRNA-seq, bulk associated with poor prognosis.
RNA-seq
GC human RNAscope, scRNA-  Deep-layer endothelial cells and fibroblasts contributed to poor clinical outcomes. Not available (91)
seq
GC human,  LCM A stromal gene signature was associated with poor disease outcome, and HSF1 GEO: GSE162301,  (126)
mouse regulated the signature. GSE165211
IMPC human Visium The high expression levels of the SREBFI and FASN indicated a poor prognosis. GSA: HRA001442  (112)
PC human Visium, scRNA-seq,  High PROSGenesis score was associated with good prognosis. EGA: (123)
scATAC-seq, EGAS00001000526
FAIRE-seq
Skin SCC human Visium, scRNA-seq,  High expression of TSK-specific genes ITGBI and PLAU correlated with GEO: GSE144240 (92)
MIBI, WES significantly reduced PFS.
Cervical SCC ~ human stereo-seq, snRNA-  Myofibroblasts were associated with poor survival. CNSA: (93)
seq, IF CNP0002543
CRC human Visium, scRNA-seq,  High infiltration of FAP+ fibroblasts and SPP1+ macrophages correlated with worse ~ GSA: HRA000979  (90)
1F prognosis.
PDAC mouse Visium, IF Identified genes associated with good or poor prognosis. Not available (53)

SRA, Short Read Archive. GSA, Genome Sequence Archive. CNSA, China National GeneBank Sequence Archive. EGA, European Genome-Phenome Archive. DDBJ, the DNA Data Bank
of Japan. IDC, invasive ductal carcinoma. DCIS, ductal carcinoma in situ. IMC, imaging mass cytometry. MS, Mass spectrometry. SCC, squamous cell carcinoma. IMPC, invasive
micropapillary carcinoma. BC, breast cancer. TNBC, triple-negative breast cancer. GC, gastric cancer. GBM, glioblastoma. CRC, colorectal cancer. PDAC, pancreatic ductal
adenocarcinomas. PC, prostatic cancer. LNM, lymph node metastasis. HCC, hepatocellular carcinoma. ICC, intrahepatic cholangiocarcinoma. RCC, renal cell carcinoma. ISS, in situ
sequencing. ISH, in situ hybridization. LCM, laser capture microdissection. IF, immunofluorescence. smFISH, single-molecule RNA fluorescence in situ hybridization. MIBI, multiplexed
ion beam imaging. CODEX, co-detection by indexing. CyTOF, cytometry by time of flight. WES, whole-exome sequencing. WGS, whole-genome sequencing. DSP, digital spatial profiling.
[HC, immunohistochemistry. TCR, T cell receptor. FFPE, formalin fixed paraffin-embedded. TSK, tumor-specific keratinocyte. TAMs, tumor-associated macrophages. TLSs, tertiary
lymphoid structures. SAMs, scar-associated macrophages. CAFs, cancer-associated fibroblasts. NAT, neoadjuvant treatment. ICI, immune checkpoint inhibitor. NAC, neoadjuvant
chemotherapy. PES, progression free survival. KO, knockout. PD, progressive disease. SD, stable disease, PR, partial response.
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ST method

LCM-seq

TIVA

tomo-seq

Geo-seq

NICHE-seq

PIC

immuno-LCM-
RNAseq

par-seqFISH

smFISH

seqFISH

MERFISH

smHCR

RollFISH

osmFISH

RNAscope

seqFISH+

SABER

Split-FISH

DNA microscopy

GeoMX WTA
BOLORAMIS
ISS using barcode

padlock probes
FISSEQ

BaristaSeq

STARmap

INSTA-Seq

BARseq

HybISS

peiSeq

sci-Space

ExSeq

10x Genomics
Visium
Slide-seq
HDST
Slide-seqV2
PIXEL-seq
Seq-Scope

XYZeq

Stereo-seq

ZipSeq

Nanostring DSP

APEX-seq

Category Sample type Resolution

LCM

LCM

LCM

LCM

LCM

LCM

LCM

ISH

ISH

ISH

ISH

ISH

ISH

ISH

ISH

ISH

ISH

ISH

ISH

ISH

ISH

1SS

1SS

1SS

1SS

1SS

1SS

1SS

1SS

1SS

1SS

ISB

ISB

ISB

ISB

ISB

ISB

ISB

ISB

ISB

ISB

ISB

Fresh-frozen

Live cells

Fresh-frozen

Fresh-frozen

Live cells

Fresh-frozen/
FFPE

Snap-frozen/
RNAlater
preserved
Cell cultures
FFPE/Fresh-
frozen

Fresh-frozen

Fresh-frozen

Fresh-frozen

FFPE

Snap-frozen

FFPE

Fresh-frozen

Frozen

Fresh-frozen

Cell cultures

FFPE
Fresh-frozen
FFPE/Fresh-
frozen
FFPE/Fresh-

frozen

Cell cultures

FFPE/Fresh-
frozen

FFPE/Fresh-
frozen

Fresh-frozen
Fresh-frozen
Fresh-frozen

Fresh-frozen

FFPE/Fresh-
frozen

FFPE/Fresh-
frozen
Fresh-frozen
Fresh-frozen
Frozen
Frozen
Fresh-frozen

Fresh-frozen

FFPE/Fresh-
frozen

Live cells

FFPE/Fresh-
frozen

Live cells

Cellular

Cellular

Anatomical
features

Multicellular

Cellular/
multicellular

Subcellular

Multicellular

Cellular

Subcellular

Subcellular

Subcellular

Subcellular

Subcellular

Subcellular

Subcellular

Subcellular

Subcellular

Subcellular

Cellular

Cellular

Subcellular

Subcellular

Subcellular

Subcellular

Subcellular

Subcellular

Cellular

Subcellular

Cellular

200 pm

Subcellular

55 um

10 um

2 um

10 pm

1 um

0.5-0.8 pm

Cellular

0.22 um

Cellular

Cellular

Subcellular

Approach*
WT, >16,000 genes in total

WT, >16,000 genes per cell

WT, ~23,000 gene in total

WT, >8000 genes/20 cells

WT, thousands of UMIs per
cell

WT, ~8000 genes/cell

WT, >15,000 genes in total

Targeted, 105 genes
Targeted, several genes
Targeted, 249 genes

Targeted, 135 genes

Targeted, 40 probes
Targeted, several genes
Targeted, 33 genes
Targeted, 4 genes
Targeted, 10,000 genes
Targeted, 18,000 probes
Targeted, 317 genes

Targeted, 10° UMIs

Targeted, 18,190 genes
Targeted, 96 genes
Targeted, 31 transcripts

WT, 8102 genes in total

Targeted, several probes

Targeted, 1020 genes
Targeted, >820 genes
Targeted, 1.5 million barcodes
Targeted, 119 genes

Targeted, 99 genes

WT, 1231 genes per cell

WT/targeted, 3039/297 genes

WT, >20000 genes in total

WT, a median of 59 UMIs
per cell

WT, 63.5 UMISs per cell

WT, a median of 550 UMIs
per cell

WT, >1100 UMIs per cell
WT, ~4700 UMIs per cell
WT, a median of 1596 UMIs
(629 genes) per cell

WT, 1910 UMIs (792 genes)
per cell

WT, 3550 genes per cell
Targeted, 1412 genes or 44

proteins + 96 genes per cell

WT, >25,000 transcripts in
total

Advantages (+)/drawbacks (-)

(+) Robust; full-length mRNA capture
() Low throughput

(+) Full-length mRNA capture from single live cells
() Low throughput and limited analysis of clinical

samples

(+) Robust and high sensitivity; construction of 3D
profiles

(-) Limited applicability to clinical samples

(+) Full-length mRNA capture; construction of 3D profiles

(-) Low throughput
(+) High throughput

(-) Limited to genetically engineered model organisms, so

that not applicable for clinical samples currently.

(+) Relatively lower cost; Subcellular resolution

(-) Limited field of view; Require manual choice of regions

(+) Compatible with low-quality samples; full-length RNA

capture.

(-) Low throughput

(+) Applicable to bacteria.

(-) Cannot be applied to human samples

(+) High sensitivity

(=) Low throughput

(+) Subcellular resolution

(-) Need costly equipment; Limited field of view
(+) Highly multiplex; combined with IF for protein
detection

(-) Need costly equipment; Limited field of view
(+) mRNAs detection in thick (0.5mm) slices.

(-) Low throughput; Limited field of view

(+) Applicable to FFPE samples

(-) Low throughput

(+) Large range of detectable gene expression levels
(-) Relatively low throughput

(+) High sensitivity. Applicable to FFPE samples
(-) Low throughput

(+) Ultrahigh multiplex; Subcellular resolution

(-) Limited field of view

(+) High sensitivity. Relatively low cost.

(-) Limited field of view

(+) High specificity.

(-) Low throughput

(+) Relatively low cost.

() Low throughput; Limited applicability to clinical
samples

(+) Ultrahigh multiplex

(-) Limited field of view; Require manual choice of regions

(+) High sensitivity.
(-) Low throughput

(+) Subcellular resolution; ability to detect SNVs
(-) Limited number of target genes; low throughput

(+) Subcellular resolution; Applicable to FFPE samples

(-) Low sensitivity; limited field of view; low experimental

throughput

(+) Relatively high amplification efficiency

(-) Limited field of view; low experimental throughput
(+) High sensitivity. Applicable to FFPE samples

(-) Limited field of view; low experimental throughput
(+) High resolution; cDNA length up to 4750 nt

(-) Limited field of view, low experimental throughput
(+) High sensitivity and specificity

(-) Limited field of view

(+) Robust. High specificity.

(-) Limited number of target genes

(+) low misdetection rates. Relatively large field of view.
(-) Limited number of target genes

(+) larges field of view.

(-) Low resolution.

(+) Support targeted and WT sequencing; multi-scale
resolution; allow for AS detection.

(-) Relatively low sensitivity

(+) Robust; matched tools for downstream data analysis
(-) multicellular resolution

(+) Cellular resolution

(-) Limited field of view; low sensitivity

(+) Ultrahigh resolution; high throughput

(-) Limited field of view; low sensitivity

(+) Higher sensitivity than Slide-seq and HDST

(-) Limited field of view

(+) Ultrahigh resolution; high sensitivity

(-) Limited field of view; not accessible currently

(+) Ultrahigh resolution; ultrahigh sensitivity

(-) Limited field of view

(+) Centimeter-scale field of view.

(-) Relatively low sensitivity; Customized array

(+) Ultrahigh resolution; ultrahigh sensitivity; multi-scale

field of views (from 0.5 to 174.24 cm?)

(-) Customized array

(+) Single-cell resolution; high sensitivity

(-) Costly reagents; Limited applicability to clinical
samples

(+) FFPE compatible; multiomics spatial sequencing
(-) Require manual choice of regions; Limited field of
view;

(+) Ultrahigh resolution; allow for AS detection.

(-) Cannot be applied to human clinical samples; low
throughput

Ref.

(59)

(35)

(60)

(34)

(36)

(61)

(62)

(29,
64)

(66)

(67)

(68)

(69)

(23)

(70)

©8)

1)

(72)

(73)

(30)

(33)

@1

(32)

(74)

(75)

(76)

(78)

79)

(17,
39)
(40)
(42)
@1
(8)
(46)

(80)

(43)

(45)

(44)

(47)

“The number of genes/transcripts/probes/UMIs that can be detected. LCM, laser capture microdissection. ISH, in situ hybridization. ISS, in situ sequencing. ISB, in situ barcoding. W',
whole transcriptome. FFPE, formalin fixed paraffin-embedded. UMI, unique molecular identifier. IF, immunofluorescence. AS, alternative splicing.
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Disease miRNA  Calcium  Animal & Human Cell Line Target & Pathway Conclusion Ref
Binding Study
Pr.
Endornetrial miR-24 S100A8  46parsof ECand  HEC-1A,293T, HEC-1A/ - miR-24 by targeted silencing of the $100A8 gene could act as a tumor-
Carcinoma (EC) adjacent normal Pax suppressing gene and increase chemotherapy sensitivty of EC cellsto (36)
samples paciitaxel.
Chronic Sepsis miR-21, mR-  S100A9 C57BL/6N S100a9 Gr1+CD11b+ STAT3, C/EBPD, IL-10 S$100A9 by inducing both miR-181b and miR-21 could maintain myeloid-
181b knockout mice derived suppressor cels in chronic sepss. @)
Gastric Cancer ~ miR-6884-5p  S100A16 30 pairsof GCand  AGS, MKN45, BGC-823,  E-cadherin, N-cadherin, miR-6884-5p by targeting S100A16 could regulate proferation, invasion,
(GC) adjacent normal SGC-7901, MGC-803, Vimentin, MMP-2/9, TIMP-1 and EMT of GC cells. (38)
samples FTE187
Glomeruonephritis miR-17-5p  SMOC2  ~ ABB/13 NF-xB, TGFp1, Fibronectin-1, miR-17-5p by suppressing SMOG2 via the NF-xB and TGFp signaling
could restrain the dysfunction of Ang-Il induced podocytes. (29)

Collagen-I/ll, a-SMA, SMAD-
2/3
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Disease IncRNA Calcium Animal & Human Study Cell Line Target & Pathway Conclusion Ref

Binding Pr.
Hepatocelular LINCOO174 S100A10 45 pairs of HCC and Hep3B, Huh7, SMMC-7721,  miR-320 LINCO0174 via targeting regulates miR-320/S100A10 axis could
Carcinoma (HCC) adjacent normal samples  L02 increase malignant phenotypes. (0)
Ovarian Cancer (OC) SNHG8 S100A11 Mice, 19 pairs of OC and IOSE, A2780, HOSE 11-12, miR-1270 SNHG8 via serving as a sponge for miR-1270 to regulate S100A11

adjacent normal samples  SKOV3, HO8910, OVCAR3 could promote OC progression. @)

Non-small cell lung CASC9 S100A14 43 pairs of NSCLC and A549, H1299, BEAS-2B miR-335-3p, MMP-2/9, Upregulation of CASC via inhibiting miR-835-3p and activating
cancer (NSCLC) adjacent normal samples N-cadherin, E-cadherin  S100A14 could contribute to the progression of NSCLC. @2
NSCLC GNAS-AST NECAB3 ~ 50parsof NSCLCand PG, SPCAT, H388, A549,  miR-4319, IL-10, Aig-1  GNAS-AS1/miR-4319/NECABS axis by altering macrophage

‘adjacent normal samples H1299, 16HBE polarization could promote migration and invasion of NSCLC cells.  (43)
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Disease miRNA Animal & Human Study Cell Line Target & Pathway Conclusion Ref
Ovarian Cancer (0C) ~ miR-330-5p 40 EOC tissues and 10 normal  Caov, SKOV3, E-cadherin, N-cadherin, P38, P27, Oycin-  S100A7 via MAPK signaling could regulate OC cell metastasis
epithelial ovarian tissues Caova/Cis, SKOV3/Cis D1, MMP, JNK, ERK1/2, MAPK and chemoresistance. @6)
Intrahepatic miR-26b-5p 20 pairs of ICC and adjacent RBE, HCCC-9810 - miR-26b-5p by targeting S100A7 could regulate cell
Cholangiocarcinoma normal samples proliferation, invasion, and metastasis in human ICC. @

(cC)
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Disease IncRNA Animal & Human Study Cell Line Target & Pathway Conclusion Ref

Breast Cancer FOXD2-AS1  BALB/C nude mice, Dataset MCF-10A, MCF-7, BT-549, Cyclin-E1, CDK2, p21, MMP2/9,  FOXD2-AS1 via the S100A1/Hippo signaling pathway could
(BCa) MDA-MB-468, MDA-MB-453  YAD, LATS1, MST1/2, Hippo  reguiate the tumorigenesis and progression of BCa. @9)
Nasophayngeal ~ FOXD2-AS1 BALB/c nude mice, 50 pairs of NPG  SUNE-1, CNE-1-2, HNE-1, MiR-363-5p FOXD2-AS1, by modulating miR-363-5p/S100A1 pathway,

Carcinoma (NPC) and adjacent normal samples C666-1, HONE-1 could participate in NPC carcinogenesis. (30)





OPS/images/fonc.2022.848376/table7.jpg
Disease

Pancreatic
Cancer
Pancreatic
Cancer

miRNA/
circRNA

miR-495

circ_0092314

Animal & Human
Study

GEO dataset

Nude mice, PAAD
tissues

Cell Line

HPDEBc7, 293T, Sw1990, Bxpc-3

AsPC-1, BXPC-3, SW-1990, PaCa-2,
HPDEB-C7

Target & Pathway

miR-671, E-cadherin,
Vimentin, AKT

Conclusion

miR-495 by targeting S100P could perform suppressive roles in pancreatic
adenocarcinoma.

Circ_0092314 via elevating S100P expression by sponging miR-671 could
induce EMT.

Ref

(34)

(35)
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Channel

Cav3.2 (1)

KCal.1 (1)

KCal.1 (1)

TRPC6 (1)

TRPMS (1)

TRPM7 (1)

VGCC a3l (1)

VGCC 131 (1)

L-type VGCC (1)
TRPV2 (1)

TRPC5 ()
TRPC5 (1)

Expression

GBM

GBM
PC
oC

HCC

PC

PC

HCC

HCC

ocC
GBM

HCC

CRC
CRC

Modulation in Chemo-resistance

Tumor microenvironment

Cancer stem cell

Tumor microenvironment

Cancer stem cell

Cancer stem cell

Tumor microenvironment

Tumor microenvironment

Tumor microenvironment

Cancer stem cell

Cancer stem cell

Cancer stem cell

Cancer stem cell

Cancer stem cell

Cancer cell metabolism

Cancer cell metabolism

Biological Roles

Cell proliferation (-)
Apoptosis (+)
Chemo-resistance (-)
Cell proliferation (-)
GSC differentiation (-)
Cell migration (+)
Chemo-resistance (+)
Chemo-resistance (-)
CSC growth (-)

EMT (+)
Chemo-resistance (+)
Fibronectin adhesion (+)
Cell proliferation (+)
Invasion (+)

Cell migration (-)
Invasion (-)
Chemo-resistance (-)

Self-renewal (-)

Tumor formation capacities (-)

Apoptosis (+)
Self-renewal (+)

Cell proliferation (+)
Chemo-resistance (+)
CSC growth (-)

CSC growth (-)

GSC differentiation (+)
Autophagy (+)

GSC proliferation (-)
Self-renewal (-)
Apoptosis (+)
Chemo-resistance (-)
Cell growth (-)

Cell death (+)
Chemo-resistance (-)

Chemo-resistance (+)

Signaling Pathways

AKT/mTOR
BAX/Caspase-9/PARP

n.d.

nd.
MRP5/MDM2/AR
‘Wnt/B-catenin

STAT3/AKT/ERK1/2

nd.

RACKI1/HSP90

ERK1/2/Caspase-3, -8, -9

CXCL11/ERK1/2

Wnt/B-catenin
AML-1/PI3K/AKT

AKT/p38/JNK1

‘Wnt/B-catenin
GLUT1/c-Myc

References

(73, 112-114)
(73, 112-114)
(76)

(76)

(79)
(79)
(79)
(80)
(80)
(80)
(120)
(120)
(120)
(122)
(122)
(122)
(124)
(127)
(127)
(127)
(127)
(127)
(127)
(127)
(129)
(129)
(136)
(152)

1, activation; , inhibition; +, increase; -, decrease. AKT, protein kinase B; mTOR, mammalian target of rapamycin; ERK1/2, extracellular regulated protein kinases1/2; STAT3, signal
transducer and activator of transcription 3; PARP, poly ADP-ribose polymerase; MDM2, murine double minute 2; AR, androgen receptors; MRP, multidrug-associated protein; RACKL,
Receptor of activated protein kinase C1; HSP, Heat Shock Protein; CXCL11, Chemokine Ligand 11; Wnt/B-catenin, Canonical Wnt/B-catenin pathway; AML, Acute myeloid leukemia;
JNK, c-Jun N-terminal kinase; GLUT, glucose transporter; Glioblastoma (GBM); Prostate cancer (PC); Ovarian Cancer (OC); Hepatocellular carcinoma (HCC); Colorectal Cancer (CRC);

n.d., not determined.





OPS/images/fonc.2022.1014949/fonc-12-1014949-g003.jpg
©S EHSEdS &S
Q‘SN“GD (‘m@ @‘1-'\9 e asi) 6«1159 D
(“C"’ & “'m’ € Q"C"Q |

&5 L

ng\ @m‘“"m@w@ G‘“"‘“& D)

l—_‘—T_'—‘l T
[E— €D
L QAIWS’ ,__‘]. HI9 (MALATI






OPS/images/fonc.2022.945896/fonc-12-945896-g003.jpg
MDR1 TRPCS

Ca?t Glucose

Plasma Membrane @ m__>

> | ATP+NADH

.

Aerobic Glycolysis |F—

= |nhibition

—» Promotion

Chemo-resistance
Nucleus n





OPS/images/fonc.2022.1014949/fonc-12-1014949-g002.jpg
Early-sorting Late-sorting
endosome endosome / Lysosome

Surface protem Protem
Nucleic acid

Endocytosis @ Exosomes

Clathrin-dependent
endocytosis

Phagocytosis Macropinocytosis @

°c — O

Endosome

Signaling Clathrin

Direct
membrane
fusion

l Ribosome

@
@0
Short peptides






OPS/images/fonc.2022.945896/fonc-12-945896-g002.jpg
\( -

C

OO

L/N-type Ca L-type Ca
1B50-1

mmnmmnmmmw@

IIIHM

Plasma Membr@“

I
I
4

—_—> Chemo-resistance





OPS/images/fonc.2022.1014949/fonc-12-1014949-g001.jpg
RPHH1
TU339

Macrophage

M2 type
Macrophage

Cancer cells & Exosomes

¢ SNHG16 @

Regulatory
T cell

D o
o @

D ®®
Cp®
-AS]@

- 2
< I - % &«
<
S 5 S48
o|3 Z —Z|=a
= a ZEn] [
== <zlEz
NZ|g &
=) > @
Ce D o>
Vein endothelial Lymphatic endothelial Cancer cell
cell cell

Cancer proliferation

@D

o>
== Cancer metastasis
Lymphangiogenesis

)N

Cancer resistance

Angiogensis





OPS/images/fonc.2022.945896/fonc-12-945896-g001.jpg
Mibefradil

\\\

TRPMS TRPC6

o/

_— 7

Cav3.2 Cav3.2

Ca?* .[ Agonist

hypoxia —» /

Caz* ©©®

Plasma
Membrane

Cytoplasm

- |nhibition

Chemo-resistance — Promotion






OPS/images/fonc.2022.1014949/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.945896/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.985457/table3.jpg
Type of
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Alzheimer’s
disease (AD)

Diabetic Foot
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Myocardial
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Myocardium
Infarction
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Chronic
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reperfusion
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Tuberculosis
(TB)

Multiple
sclerosis
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ExpressionPattern

Up

Up

Up

Up
Up

Up

Up (in propofol-
preconditioned
HUVECS)

Down

Up (upon natalizumab
treatment)

Samples

10 control patients and 10
diabetes patients

Retinal proliferative fibrovascular
membranes from seven
proliferative DR patients,
Epiretinal membranes from six
patients with idiopathic
epiretinal membrane

10 T2DM patients, and 10
normal individuals

21 men with normal glucose
tolerance, 16 men with impaired
glucose tolerance, 21 men with
type 2 diabetes

30 serum samples from acute
myocardium infarction patients
and 26

samples from normal persons

liver puncture tissue in CHB
patients complicated with Non-
alcoholic fatty liver disease
(NAFLD), and non-alcoholic
steatohepatitis (NASH)

72 TB patients and 60 normal
volunteers

17 patients with RR-MS

Cell
line/
Animal
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U373MG/
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SH

PCI2 cells/
Animals
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and control
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C57BL/6
mice
Sprague
—Dawley
rats

HUVECs/
Male
C57BL/6
mice
HEK293
cells,
HepG2
cells

C57BL/6]
mice

H9c2 cells
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Male
C57BL/6
mice

Forty adult
male
C57BL/6
mice
female SJL/
] mice
(n=5)

Downstream
targets

APP
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VEGFA

BAMBI, TGF

BR2, TCF7L2,

PTEN, CDKN1A,

BMPR2, ZBTB4

Wnt9b

STATS3, AKTIP,
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GINMI, CFL2

ATG7
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ULK1
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NLRP3
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Pathway

APP-
mediated
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catenin
AKT

NF-kB-
P65
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hsa-miR-
20b-5p/
TXNIP
axis

NLRP3/
caspase-1/
L-1B
pathway
NE-kB/
MAPK

Function

miR-20b suppresses APP by targeting
the APP 3'-UTR. Increased miR-20b
level results in loss of neuronal
function.

miR-20b-5p, via targeting RhoC gene,
could disrupt AD progression by
regulating the cell apoptosis, and cell
viability.

miR-20b-5p suppresses wound repair
by inhibiting the expression of
VEGFA.

In diabetic conditions, upregulation of
miR-20b-5p promoted HRMECs
proliferation and migration, which
result in formation of abnormal new
vessels.

miR-20b-5p suppresses HUVEC
angiogenesis via inhibition of the
‘Wnt9b/B-catenin signaling pathway,
therefore attenuates wound healing.
Up-regulation of miR-20b-5p
increased basal

glycogen synthesis, and reduced
AKTIP and insulin-stimulated
glycogen accumulation.

miR-20b-5p suppresses autophagy
and apoptosis of cardiomyocytes
under hypoxia/reoxygenation
conditions, therefore decrease the
apoptotic

death of cardiomyocytes.
miR-20b-5p induces cardiomyocytes
apoptosis under hypoxia conditions.

‘miR-20b-5p/TXNIP axis may cause
inflammatory damage in chronic HBV
infection with NAFLD, and lead to
the activation of NLRP3 inflammatory
bodies and other inflammatory
responses.

Up-regulation of miR-20b-5p has a
protective effect against hypoxia-
reoxygenation (HR) injury, increasing
cell viability and repressing autophagy
and apoptosis.

miR-20b-5p is sponged by HOTAIR,
which attenuate its inhibitory effect on
ATG7 expression, result in alleviating
autophagy.

miR-20b-5p alleviates the
inflammatory responses via negatively
regulation of NLRP3.

miR-20b has contributed in
autoimmune demyelination in vivo.
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Classifier

Moorman risk criteria
(UKALL2003) (34)

Hamadeh L et al. (38)

IKZF1 P (STANULLA M
et al.)

(81)

MRplus
(40)

Moorman Revised
(UKALL14)
(36)

Group

CNV Good Risk
(CNV-GR)

CNV Poor Risk
(CNV-PR)

CNV Intermediate
Risk (CNV-IR)

Gen-VGR

Gen-GR
Gen-IR
Gen-PR
IKZF1P" present

IKZF1P" absent

Good-risk

Intermediate- risk

Poor-risk

Very high risk
(VHR)

High risk
(HR)
Standard risk
(SR)

Tyrosine kinase
activating
(TKA)

Content

Isolated allelic losses of ETV6, PAX5, BTG1
ETV6 deletions with a single additional loss of BTG1, PAX5, CDKN2A/B; Absence of
any deletion of IKZF1/CDKN2A/B/PAX5/ETV6/BTG1/EBF1/RB1/PARI.

Any single deletion in IKZFI, RBI, PARI or EBFI; the combined loss of IKZF1/PAX5/
CDKN2A/B.
Patients with none of those and/or another alteration profile.

Cyto-GR+ CNV-GR

Cyto-IR+CNV-GR; Cyto- GR+ CNV- IR
Cyto-IR+CNV-IR/CNV-PR; Cyto-GR+CNV-PR

Cyto-HR, regardless of CNV

IKZF1 deletion + any deletion of CDKN2A, CDKN2B, PAX5 or PARI(score IKplusl)

IKZF1P™ absent (score IKplus0)

MRplus0= score M0 + score IKplus0

MRplusl= scoreM1+score IKplus0

MRplus2= score M1+ score TKplusl
CK, HoTr or JAK-STAT abnormalities

KMT?2A fusions (KMT2A-AFFI1)

BCR-ABLI and ABL class fusion

All other patients

Survival

MIGICCL Study (37)
DFS (82% vs. 33% vs.
38%, p <0.0001)

OS (65% vs. 5% vs. 44%,
P =0.005)

EFS (91% vs. 81% vs.
73% vs. 54%, P < 0.001)

S-year EFS (53 + 6% vs.
79 + 5%, P < 0.001)

Adult GIMEMA
LAL2116 protocol (82)
DFS (84.5% vs. 54.5%, P
=0.026)

Adult GIMEMA
LAL1509 protocol (43)
DFS (0% vs. 60% P =
0.0008);

OS (20% vs. 69.5%, P =
0.0068)

Post-induction remission
response

(90.7% vs. 77.8% vs.
73.9%, p = 0.004)

EFS (56% vs. 34% vs.
19%, p < 0.001)

[eN

VHR vs. SR 27% vs.64%,
P<0.001

HR vs. SR 45% vs.64%, P
=0.013

TKA vs. SR 57% vs. 64%,
P=0.107

EFS

VHR vs. SR 23% vs.58%,
P<0.001

HR vs. SR 37% vs.58%, P
= 0.008

TKA vs. SR 47% vs. 58%,
P =0.005

Annotation: Cyto-GR includes ETV6-RUNXI and high hyperdiploidy (51-65 chromosomes); Cyto-PR includes 1(9:22)(q34q11.2)/BCR-ABL1, MLL translocations, near haploidy (<30
chromosomes), low hypodiploidy (30-39 chromosomes), intrachromosomal amplification of chromosome 21 (iIAMP21), or t(17;19)(q23;p13)/HLF-TCF3; Cyto-IR includes all other cases
with abnormal or normal cytogenetics.

VER, very early relapsed; HR, Hazard Ratio.
The definition of CNV-GR, CNV-IR and CNV-PR was equal to the Moorman risk criteria content respectively. Gen-VGR, Gene very good risk; Gen-GR, gene good risk; Gen-IR, gene. Cyto
GR, cytogenetic good risk; Cyto IR, cytogenetic intermediate risk; Cyto PR, cytogenetic poor risk.
The definition of score MO in MRplus refers to the Low genetic risk in Moorman risk criteria score. Score M1 refers to the High genetic risk and Intermediate genetic risk in Moorman risk

criteria score.

The definition of score IKplus0 and IKplus1 in MRplus refers to the IKZF1 P'** absent and IKZF1 P absent respectively. In Moorman Revised UKALL14, HoTr, low hypodiploidy/near
triploidy; CK, complex karyotype =5 chromosomal abnormalities.
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Type of disease

Non-Small cell
Lung Cancer (NSCLC)

Renal Cell Carcinoma (RCC)

Esophageal Squamous Cell
Carcinoma (ESCC)

Number of samples

Peripheral blood specimens from 276 NSCLC
patients and 282 healthy subjects
Serum from
RCC patients (n=110) and
healthy controls (n=110)

Serum from ESCC patients (n=102)
and healthy controls (n=60)

Distinguish between

NSCLC patients vs. healthy
controls

RCC patients vs. HC for
testing set (n=140)

RCC patients vs. HC for
validation set (n=80)

ESCC patients vs. healthy
controls

Area
undercurve

0.818

0.807
0.780

0.859

Sensitivity Specificity Ref

(%)

76.3%

(%)

87.1%

(26)





OPS/images/fonc.2022.981036/table1.jpg
Author/ Subtype Patient B-ALL IKZF1 CDKN2A/ PAX5 IKZF1  No  Reference

Group number status N (%) 2B N (%) N (%) P(%) Del(%)

Pediatrics ALL IC-BFM Whole 88 ND 16(18.2%) 23(26.1%) (30.7%)  (12.5%) (35%) (18)
2009 series (25%)

UKALL14 Whole 437 ND 170 162(37.1%) 93 - 167 (36)
series (38.9%) (21.2%) (38%)

MIGICCL study ~ Whole 63 ND 17(27%) 20(31.7%) 10 - 25 37)
series 18(28.6%) (15.9%) (39.7%)

Hamadeh L etal.  Whole 3239 ND 12% 30% 20% - 42% (38)
series

NOPHO Ph- 116 ND 19(16%) 47(41%) 40 (35%) - - (39)

protocols

Gupta SK et al. Ph” 320 ND 47(14.7%) 103(32.2%) 82 32(10%) 141 (40)

(25.6%) (44%)

Adult Pfeifer H et al. Ph+ 97 ND 72(74%) 41(42%) 39(40%) - - (41)
GIMEMA Ph+ 116 ND 97(84%) 30(32%) 43 45 - (42)
protocols (36.2%)  (46.4%)

Chiaretti S et al. Ph+ 60 ND 84.6% 33.3% 38.5% = 21% (43)
Fang Q et al. Ph+ 85 ND 65.9% 28.2% 27.1% 30.5% 17.6% (5)
Ph- 126 ND 20.6% 42.1% 23.8% 15.08% 41.3%
Dirse V et al. Whole 66 ND 4(6%) 19(29%) 4(6%) - - (44)
series 18(27%)
Roberts KG etal.  Ph like 165 ND 120(73%) 84(51%) 62(38%) 14% (45)
GIMEMA Non-Ph 48 ND 12(25%) 23(47.9%) 11 7(14.6%) - (46)
LAL1913 like (22.9%)
Ph like 22 ND 14(63.6%) 7(31.8%) 7(31.8%) 10 -
(45.5%)

Annotation: ND, newly diagnosis.
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Type of
cancer

Colon Cancer

Colorectal
Cancer (CRC)

Colorectal
Cancer (CRC)

Colorectal
Cancer (CRC)

Colorectal
Cancer (CRC)

Non-small Cell
Lung Cancer
(NSCLC)

Non-small Cell
Lung Cancer
(NSCLC)

Non-small Cell
Lung Cancer
(NSCLC)

Renal Cell
Carcinoma
(RCC)

Renal Cell
Carcinoma
(RCC)

Prostate
Cancer

Breast Cancer

Esophageal
Squamous Cell
Carcinoma
(ESCC)

Chronic
Lymphocytic
Leukemia
(CLL)
Laryngeal
Squamous Cell
Carcinomas

(LSCC)

T-cell Acute
Lymphoblastic
Leukemia (T-
ALL)

Hepatocellular
Carcinoma
(HCC)

Hepatocellular
Carcinoma
(HCC)

Osteosarcoma

Osteosarcoma

Papillary
Thyroid
Carcinoma
(PTC)
Papillary
Thyroid
Carcinoma
(PTC)

ExpressionPattern

Down

Down

Up (upon bevacizumab-
based treatment)

Down

Up (in SW480/5-FU
cells compared with in
SW480/WT cells)

Down

Down

Down

Down

Down

Up

Did not differ
significantly (between
previously treated and
untreated patient)

Up

Up

Up

Down

Down

Down

Down

Cervical cancer Up

Gastric cancer
(GO)

Esophageal
cancer (EC)

Up

Up

Samples

CRC patients
peripheral blood
samples (n=52)

55 pairs of CRC
tumor tissues
and adjacent
normal tissues

BALB/c nude
mice

Peripheral
blood of 276
patients

and 282
controls

GEO dataset

113 pairs of
tumor tissue
and adjacent
normal tissue
samples

Serum samples
of 110 RCC
patients and
110 healthy
controls, TCGA
dataset (503
RCC patients)
48 pairs of fresh
RCC and
adjacent normal
tissue samples

GEO dataset
(GSE68271)

92 pairs of
frozen

ESCC tissue and
adjacent normal
tissue

samples/

serum of ESCC
patients
(n=102) and
healthy controls
(n=60)

88 CLL patients

Cancerous
laryngeal tissue
specimens
(n=105)

Pediatric T-ALL
cases (n=66),
healthy
unrelated bone
marrow donors
(n=5)

40 pairs of HCC
tissues and
adjacent non-
tumor samples

TCGA-LIHC
dataset (normal:
n = 50, tumor:
n = 375)

46 pairs of OS
tissue and
matched normal
tissue samples
35 pairs of
cancer tissues
and adjacent
normal tissues

60 pairs of
tumor tissues
and the adjacent
normal tissues

47 pairs of PTC
and normal
tissue samples

10 paired
(normal/
diseased)
samples with
CIN1, 2, 3 and
in

situ carcinoma
(CIS), and

22 pairs of
CIN2-3 and
nearby
normal tissues

Cell line

HCT-116, SW480,
and HT29, HIEC,
293 T cells, and
3T3 cells/female
Balb/c nude mice

NCM460,
COLO205, HCT-
116, LoVo, HT26,
and SW480/nude
Balb/c mice
(n=24)

T84, SW480, HT-
29,

LOVO,

NCM460

SW480/5-FU

16HBE,
A549,
H1299

7860, ACHN, and
HEK293T

PC3, LNCaP,
DU145, VCaP,
and 22RV1/Male
BALB/c nude
mice, human
(n=30)

MCEF-7, T47D/15
nude

mice

TEL,

EC109, KYSE30,
KYSE150,
KYSE180,
KYSE450,
KYSE510, and
HEK293T

U-937

HEK293T DND-
41, CCRE-CEM,
Jurkat, BE-13,
P12-Ichikawa and
MOLT-4

THLE-3
HepG2, LM3,
Hep3B, Huh7,
MHCC97H

L-02,

Huh-7, SK-Hep-1,
HepG2,
MHCC97H

HOS (TCHul167),
MG-63
(TCHul24),
hFOB1.19

U208, MG-63,
Saos-2,

hFOB1.19

CGTH W-3,
TPC1,
Nthy-ori 3-1

K1, TPC1

AGS, MKN28

KYSE-150R,
KYSE-150 cells

Downstream Pathway
targets

CCND1 MAPK,
p53, VEGF

Oct4, GLUT1, =

LDHB,

HK2, and PKM2

RBLI

HIF1A -

= JNK/ERK

HMGA2, E2F7 -

BTG3 -

ITGA4, NRP2 MAPK,
Ras

VEGFA, PAR-1, -

MAP3KS, CREB1L

TGFBR2 TGF-bl

CCND1, E2F1, -

MAPK, STAT3,

R2b23b,

RABSBR,

RABEP1,

TAOK3,

PPARDR and

XIAP

RBI1, TP53INP1 AXL/HIF-
la

HIF1A, STAT3 -

PTEN, JAK-

BIM STAT,
RAS

- TGE-B

CPEB3 -

BAMBI -

KIF23 -

DUXAPS, SOS1 MAPK/
ERK

SOS1, ERK2 MAPK/
ERK

EREG, FAT4, -

IRF1, TXNIP,

PTEN

PTEN PTEN/
PI3K/Akt

Function

miR-20b-5p acted as a
tumor-suppressor miRNA,
and

inhibited the cell cycle,
migration, and invasion in
HCT116 cells, through
down-regulating CCND1

miR-20b-5p-attenuates
self-renewal ability,
reduced CSCs, and affected
the stem cell-like
properties of CRC cells.

Circulating basal levels of
hsa-miR-20b-5p predict
clinical outcome of
metastatic CRC treated
with bevacizumab.
miR-20b-5p is down-
regulated by COL4A2-AS1
in CRC cells.

Interplay between miR-
20b-5p and SDC2 induces
proliferation of SW480/5-
FU cells

and their invasion.

miR-20b-5p has a tumor
suppressive role during the
development

of NSCLC and could be
used as a biomarker for
the diagnosis of early-stage
NSCLC.

miR-20b-5p has a tumor
suppressive effect by
regulating cell cycle and
promoting apoptosis.

miR-20b-5p promotes cell
proliferation and
migration via targeting
BTG3.

miR-20b-5p inhibits cell
proliferation, suppresses
cell migration and

promotes cell apoptosis.

miR-20b-5p act as a tumor
suppressor.

miR-20b-5p suppressed
migration and invasion of
prostate cancer cells by
increasing E-cadherin and
decreasing vimentin.

miR-20b-5p acts as an
oncogene.

miR-20b-5p is an
oncogene in ESCC.

miR-20b-5p
overexpression has a
significant prognostic role.

Down-regulation of miR-
20b-5p predicts risk of
disease recurrence.

miR-20b-5p acts as an
oncomiR in T-ALL.

Up-regulated WWOX-
ASlhas sponged miR-20b-
5p, thus decreased cell
proliferation, migration,
and increased cell
apoptosis.

miR-20b-5p enhances
proliferation, migration
and invasion.

miR-20b-5p upregulation
inhibits cell proliferation.

miR-20b-5p inhibit the
proliferation and
migration in vitro, via
targeting KIF23.
miR-20b-5p acted as a
tumor suppressor in PTC
and inhibits the
progression of the disease.

miR 20b displays tumor
suppressor functions in
PTC, by inhibiting the
activity of MAPK/ERK.
miR-20b-5p could serve as
a stratification biomarker
to differentiate neoplastic
and non-tumorous cases.

miR-20b-5p is a promising
biomarker.

miR-20b-5p negatively
regulates PTEN, and
decreases apoptosis in
radioresistant KYSE-150R
cells.

Kaplan-  Ref

Meier

Over-expression  (11)
of CCND1 has

been associated

with worse

survival.

= (12)

Longer (13)
progression-free
and overall

survival

- (14)

- 15)

Patients with
lower expression
levels of miR-
20b-5p

tend to have
worse OS in
both lung
adenocarcinomas
and lung
squamous cell

(16)

carcinoma.

a7)

Worse 5-years
[e

(22)

|
©
S

(24)

- (25)

Poor OS and
prognosis

(26)

Low miR-20b-5p  (27)

expression
predicts poor OS

in CLL.

Low (28)
intratumoral
miR-20b-5p

expression has

been associated

with longer OS.

- (29)
- (30)
= (31)
= (32)
- (33)
= (34)
- (20)
= (35)
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Cancer type

Breast cancer

Non-small-cell lung cancer

Adult T-cell leukemia/lymphoma

Glioma tumor

Prostate cancer

Colon cancer

colorectal carcinoma
Endometrial Cancer

Colon cancer

glioblastoma

colon adenocarcinoma
Thyroid cancer

Acute promyelocytic leukemia
Esophageal squamous cell carcinoma
Small cell lung cancer

Liver cancer

Pancreatic ductal adenocarcinoma

pancreatic ductal adenocarcinoma

hepatocellular carcinoma

DDX5/17

DDX5/17

DDX5/DDX17
DDX17/DDX5

DDX5/DDX17

DDX5
DDX5
DDX5
DDX5
DDX5
DDX5
DDX5
DDX5
DDX5
DDX5
DDX5
DDX5
DDX5

DDX17
DDX17

DDX5/17expression

mechanisms/signaling

DDX5/DDX17 are auxiliary activators of ERo.
DDX17 is a transcriptional coactivator of Sox2 and MDM2
DDX5 participates in B-catenin signaling pathway

Participate in B-catenin signaling pathway

DDX17 participates in NF-xB signaling pathway
and alternative splicing of CD44
DDX5 participates in Notch signaling pathway

DDXS5 participates in NF-kB signaling pathway;
DDXI17 inhibits glioma cell autophagy

DDXS5 is a transcriptional coactivator of AR
Participate in B-catenin and NF-B signaling pathway
Participate in B-catenin signaling pathway

Participate in B-catenin signaling pathway

Participate in B-catenin signaling pathway

Participate in NF-kB signaling pathway

Participate in NF-kB signaling pathway

Stimulate DNA DSB signaling cascade

Inhibiting ROS production

Regulating cell autophagy

Promote respiratory metabolism

Regulating cell autophagy

Low expression of DDX5 is associated with

poor prognosis in patients

Participate in the alternative splicing of Caspase 9, mH2A1

DDXI17 is a cosuppressor of KIf4 and
promote the generation of the PXN-AS1-IR3 transcript
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Disease miRNA  Animal & Human Study Cell Line Target & Pathway Conclusion Ref
Carotid Artery Balloon  miR-124  SD rat smooth muscle cell line A10 Bax, Bcl-2, ERK miR-124 by targeting S100A4 could inhibit vascular smooth muscle
injury cell prolferation. (0)
Prolferative Diabetic ~ miR-20a/b  — HRMECs. Notch2, vascular miR-29a/b cluster by targeting Notch2/S100A4 couid suppress high
Retinopathy (PDR) endothelial cadherin glucose-induced EMT in human retinal microvascular endothelial 1)
cels.

Hepatocelluar miR-187-8p  nude mice, 120 pairs of HOG MHCC97H, HepG2, SMMC7721, Huh7,  E-cadherin, Vimentin,  miR-187-3p by targeting S100A4 could inhibit the metastasis and
Carcinoma (HCC) and adjacent normal samples  Hep3B, LO2 EMT EMT of HCC. (14)
Ovarian Cancer (OC) ~ miR-206  Human tissue microarray ~ SKOV-3, HOB910, HOB910-PM, OVCAR-  E-cadherin, Vimentin, By inducing EMT, the deregulated miR-206/S100A4 axis could

(0v809) 3, Caov-3 N-cadherin, Snail1, ~ promote tumor invasion in human OC. (15)

MMP9
Bladder Cancer miR-149-3p  BALB/C nude mice UM-UC-3 E-cadherin, Vimentin, miR-149-3p by targeting S100A4 could inhibit proliferation,
migration, and invasion of bladder cancer. (16)

Anaplastic Thyroid mR-1% - FTC-133, 8505c, Ki Caspase-8/7/9 miR-19a could be involved in the progression and malignancy of
Cancer (ATC) ATC cells. @2
Colorectal Cancer miR-8258p - Bone marrow, CT-26, 203T - MiR-325-3p via targeting S100A4 could act as a regulator of
(CRC) osteociastogenesis in osteolysis of CRC. 7
CRC miR-520¢ Mice, 59 pairs of CRC and 8W480, Rko, WiDr, DLD-1, HCT116, = Epigenetic silencing of miR-520¢ could induce S100A4 and its

adjacent normal samples SW620, HT-29, Colo320DM, Caco-2, mediated CRC progression. (18)

HCT-15

CRC miR-296 90 pairs of CRC and HCT116, Caco-2, HT29, SW620, E-cadherin, Vimentin,  miR-296 by targeting S100A4 could inhibit the metastasis and EMT

adjacent normal samples 8W480, HEC of CRC. (19)
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Disease

Papillary Thyroid
Cancer (PTC)
Acute Myeloid
Leukemia (AML)
Lung
Adenocarcinoma
(LUAD)

IncRNA
HOXA-AS2
HOXA-AS2

Linc01833

Animal & Human Study

BALBY/c nude mice, 128 pairs of PTC,
and adjacent normal samples
nude mice, 48 AML patients

Cell Line

BHP5-16, TPC, K1,
BHP2-7, Nthy-ori 3-1
U937, THP-1, U937/
ADR, THP-1/ADR
1A549, HCC4006

Target & Pathway

miR-520c-3p, Vimentin, N-
cadherin, E-cadherin
miR-520c-3p

miR-519e-3p, Vimentin, E-
cadherin, Cytokeratin

Conclusion Ref

HOXA-AS2 by regulating miR-520c-3p/S100A4 pathway could promote

PTC progression. @)
Knockdown of HOXA-AS2 via the miR-520c-3p/S100A4 axis could
suppress adriamycin-based chemotherapy resistance of AML. @4
Linc01833 via the miR-519e-3p/S100A4 axis could enhance LUAD
progression. @)
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Disease miRNA Animal & Human Study Cell Line Target & Pathway Conclusion Ref

Cardiotoxicity miR-451 C57BL/6 mice H9c2 AMPK/mTOR miR-451 silencing via activating CAB39 and AMPK could inhibit doxorubicin @)
exposure-induced cardiotoxicity in mice.

Osteoblasts miR-107 - 0B-6 Nrf2, AMPK Inhibiting miR-107 via upregulating CAB39 and activating the AMPK-Nrf2 axis could ©)

Cytotoxicity act against oxidative injury and cytotoxicity induced by dexamethasone in osteoblasts.

Acute Lung Injury  miR-31-5p  C57BL/6 mice alveolar macrophage cell AMPKo, NLRP3, p65,  miR-31-5p via inactivating CAB39/AMPK« axis could exacerbate lipopolysaccharide-  (6)

(MH-S) Nif2 induced acute lung injury.
Gastric Cancer ~ miR-1265  nude mice, 63 pairs of GG GES-1, MKN45, SGC7901, Beclin-1, LC3, p62, miR-1265 by targeting CAB39 could regulate and apoptosis in GC and impair )
(GO) and adjacent normal AGS, MGC803, HGC27, AMPK/mTOR autophagy.
samples. BGC823

Colorectal Cancer miR-107  BALB/c nude mice HCT-8, LoVo, 208T, HCT-116, AMPK/mTOR miR-107 by targeting CAB39 could confer chemoresistance. ®

(CRC) HCT-116/L-OHP

Lung Cancer miR-451 - H460, A549, LK2, HBE GLUTY, PIBK/AKT  HPV16 EB/ET via the PISK/AKT pathway by relieving miR-451 inhibitory eflect on ©
GABS39 could promote glucose uptake of GLUTT in lung cancer cells.

- miR-34a-8p — dental pulp stem cells (OPSCs) 53, p21, p16, AMPK/  Metformin-induced miR-34a-3p downregulation by targeting CABAO via the AMPK/

mToR mTOR pathway could alleviate senescence in human DPSCs. (10)
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Disease

Hepatocellular
Carcinoma (HCC)

Myocardial I/R Injury

IncRNA/  Animal &
circRNA  Human
Study

CircGSK3B -

HOTAIR C57BL/6
mice

Cell Line

Hep-G2, LO2,
SMMC-7721,
Hep3B, Huh7
H9c2

Target & Pathway

miR-1265, E-cadherin,
N-cadherin, Vimentin,
ERK

AMPKo, BRD4, Bax,
Bcl-2, SIRT1, MnSOD,
Catalase, AKT

Conclusion

Circular RNA circGSK3B by sponging miR-1265 and regulating
CABB39 could promote cell proliferation, migration, and invasion in
HCC.

HOTAIR could activate AMPKo. via regulating the EZH2/miR-451/
CABB39 axis, therefore, it is involved in regulation of oxidative stress
and cardiac myocyte apoptosis during I/R injury.

Ref

(11)

(12)
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Anticancer drugs

Simvastatin
Resveratrol

DRD2

2F5
Endoxifen/Fulvestrant

RX-5902

Targeting DDX

DDX5
DDX5
DDX5
DDX5
DDX5/17
DDX5

Cancer types

Renal cell carcinoma

Prostate cancer

Breast cancer

Acute promyelocytic leukemia
Breast cancer

Triple-negative breast cancer

References

(153)
(136)
(154)
(144)
(155)
(156-158)
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IncRNA

SRA

MeXis
CCAT1

NEAT1
Mrhl

LOC284454
NHEG1

SLC26A4-
AS1
LINCO1116

PWRN2

TINCR
Linc00473

DLEU1L

MIAT

RMRP
LINC01207

FGD5-AS1

PSCA

SNHG14

MSC-AS1

PRADX
SUNO1

Platr22
CPhar
MeXis
SNHG20

DDX5/
DDX17

DDX5/
DDX17

DDX17
DDX5

DDX5
DDX5

DDX5
DDX5

DDX5

DDX5

DDX5

DDX5
DDX5

DDX5

DDX5

DDX5
DDX5

DDX5

DDX5

DDX5

DDX5

DDX5
DDX5

DDX5

DDX17
DDX17
DDX17

Function

SRA exerts a partial synergistic effect with DDX5/DDX17, such as interactions with ERc, AR, Notchl and MyoD; And
DDX5 promotes SRA to selectively interact with TrxG complex.

MeXis combines with Abcal promoter to increase Abcal expression and cholesterol efflux in macrophages.

CCAT], as a scaffold linking DDX5 and AR transcription complex, promotes the development of castration-resistant
prostate cancer.

NEAT! indirectly activates the Wnt/pB-catenin signaling pathway through DDXS5 to promotes colorectal cancer progression.

In mouse spermatogonia, the downregulation of Mrhl promotes the cytoplasmic translocation of tyrosine-phosphorylated
DDX5 and promotes the Wnt/B-catenin signaling pathway.

LOC284454 aftects the overexpression of the micro RNAs miR-23a, miR-27a and miR-24-2.

NHEG! inhibits the degradation of DDXS5 through the ubiquitin-proteasome pathway to promote neuroblastoma
progression.

SLC26A4 promotes the degradation of DDX5 through the ubiquitin-proteasome pathway to inhibit thyroid cancer
metastasis.

LINCO1116 recruits DDX5 to the IL-1B promoter and activates IL-1B expression to promote neutrophil recruitment and
glioma proliferation.

PWRN2 sponges miR-325, to prevent miR-325 from targeting DDXS5, thus promoting the progression of papillary thyroid
carcinoma.

TINCR sponges miR-218-5p to prevent miR-218-5p from targeting DDX5, thus promoting the progression of liver cancer.

Linc00473 sponges miR-506, preventing miR-506 from targeting DDX5, thus promoting the progression of
cholangiocarcinoma.

DLEU1 sponges miR-671-5p, making it impossible for miR-671-5p to target DDX5, thus promoting the progression of
osteosarcoma.

MIAT sponges miR-141, making it impossible for miR-141 to target DDXS5, thus promoting the progression of gastric
cancer.

Promote the development of treatment-naive relapsing-remitting multiple sclerosis.

LINC01207 sponges miR-671-5p, inhibiting miR-671-5p targeting of DDX5 and promoting the development of gastric
cancer.

FGD5-AS1 sponges miR-493-5p, rendering miR-493-5p incapable of targeting DDX5 and promoting the development of
non-small cell lung cancer.

PSCA interacts with DDX5 and promotes DDX5 degradation through ubiquitination to inhibit the progression of gastric
cancer.

SNHG14 sponges miR-519b-3p, rendering it unable to target DDX5 for degradation and promoting colorectal cell
proliferation and invasion.

MSC-ASI sponges miR-142-5p, rendering it unable to target DDX5 for degradation and promoting the development of
gastric carcinoma.

PRADX recruits the PRC2/DDX5 complex to promote glioblastoma and colon cancer.

SUNOI affects DDXS5 to regulate the recruitment of RNA polymerase II to a the WTIP cis promoter, enhancing the
transcription of WTIP, and promoting the development of colon cancer.

LncRNA Platr22 binds to DDX5 to promote superenhancer activity and stem cell pluripotency.
CPhar regulates exercise-induced cardioprotection.

MeXis interacts with DDX17 to facilitate cholesterol efflux in macrophages.

SNHG20, as a competing endogenous RNA, upregulates DDX17 expression to promote the development of prostate cancer.

References

(67,78, 101)

(102)
(73)

(103)
99)

(104)
(90)

97)

(81)

(88)

(89)
(90)

)

1)

(105)
©2)

(93)

(98)

(94)

(95)

(106)
(107)

(108)
(109, 110)
(102)
(15)
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DDX5/ Coactivation Transcription Physiological or pathological function References
DDX17  (1)/Corepression factor
W)

DDX5/ T SMAD Initiate EMT and myogenesis in the differentiation of epithelial cells and myoblasts (32)
DDX17
DDX5/ 1 NFATS Enhance the transcription of NFATS5 target genes, but negatively regulate NFAT5 mRNA, (20)
DDX17 then involve in precise regulation of breast cancer cell migration.
DDX5/ 1 MyoD Promote the transformation of fibroblasts in skeletal muscle cells. 67)
DDX17
DDX5/ 1 ERo Play important roles in the development of breast cancer. (16, 19, 68)
DDX17
DDX5/ 1 p53 Involved in cell cycle arrest and DNA damage. (69-71)
DDX17
DDX17 ) Sox2 Increase the stemness of estrogen receptor-positive breast cancer cells. (16)
DDX5 1 Runx2 Control osteoblast specification and maturation. (72)
DDX5 1 AR Play important roles in the development of prostate cancer. (5, 73)
DDX5 1 TFEB Spermatogenesis. (74)
DDX5 1 PLZF Spermatogenesis. (74)
DDX5 1 VDR Stimulate the transcription of vitamin D receptor target genes. (75)
DDX5 ) B-Catenin Participate in Wnt/B-catenin signaling pathway and promote tumorigenesis. (27)
DDX5 1 NEF-xB p50 Participate in the NF-kB signaling pathway and promote tumorigenesis. (76)
DDX5 1 Stat3 Participate in the Stat3 signaling pathway and promote colon cancer progression. (77)
DDX5 ) NOTCHI1/RBP-J Participate in the NOTCH signaling pathway and promote tumorigenesis. (78)
DDX5 1 Fra-1 Promote Fral-mediated cell proliferation and promote the progression of triple-negative (79)
breast cancer.
DDX5 1 E2F Directly regulate the expression of DNA replication factors. (80)
DDX5 1 IL-1B Promote glioma proliferation and neutrophil recruitment. (81)
DDX5 1 Fabp1 Involved in the formation of intestinal tumors and inflammation. (82)
DDX5/ 1 REST Inhibit the transcription of REST target genes and negatively regulate the REST complex, (83)
DD17 participating in neuronal differentiation.
DDX5 1 Pkd1l DDX5 and p53 corepress Pkdl transcription, causing renal cyst progression and fibrosis (84)

in autosomal dominant polycystic kidney disease.

DDX17 1 kifa Promote the progression of hepatocellular carcinoma. (18)
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Cancer type

Ovarian cancer
Gastric cancer

Esophageal
squamous cell
carcinoma

Hepatocellular
cancer

Prostate cancer

Glioblastoma
Endometrial cancer

Breast cancer

Non-small cell lung
cancer

Aberrant
expression

Up
Up

Up

Up

Up

Down

Role

Oncogenic

Oncogenic

Oncogenic

Oncogenic

Oncogenic

Tumor
suppressor

Associated clinical feature

0s

OS, DFS, Depth of invasion, Lymph node
metastasis, pPTNM, Vessel invasion
lymph node metastasis, pathological

stage, tumor recurrence, outcome, OS

Tumor number, OS, AFP, TNM stage

Recurrence

Biological function

viability, invasion and migration,
EMT

viability

proliferation, apoptosis, invasion,
migration, angiogenesis

proliferation, angiogenesis

proliferation

proliferation, migration, invasion,
apoptosis

proliferation

trastuzumab resistance,
proliferation, apoptosis, invasion,
migration

cell cycle, apoptosis, proliferation

Target

miR-34c

eIF4G, TFN/IFI27, miR-21-5p,
CXCL10

AGO2, miR-183, miR-124,
SNHG14, PTEN/PI3K/Akt, PTEN/
VEGF

AR

IncRNA-BDNF-AS/RAX2/DLGS,
Hippo

IGF2BP1, PEG10
IncRNA-SNHG14, Nfr2, HO-1

MKRNS3, eIF4G, CCNB1
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Gene
name

PABPC1

PABPC3
PABPC4
PABPC5

PABPCIL
(ePAB)

PABPC4L
PABPN1

PABPNIL
(ePAB2)

Expression

Ubiquitous

Testis specific

T Cells & Other Tissues

Fetal Brain & Other Adult Tissues
Ovaries, Testes & Other Adult Tissues

Brain

Ubiquitous

oocytes, early development, and in adult ovarian
tissues & Other Tissues

Known functions

mRNA Translation, mRNA Decay, miRNA-mediated Repression, NMD, L1 Retrotransposition,
mRNA Localization, Local Translation

Spermatid mRNA Translation

Erythroid Differentiation, Upregulated upon T Cell Activation, PABPC1 Compensation
PABPC1 Compensation

Oocyte mRNA Translation

PABPCI1 Compensation

Post-Transcriptional Processing of RNA, Polyadenylation, Poly (A) Tail Length,Poly(A) RNA
Export

oocyte and preimplantation embryo mRNA degradation and Translation
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HCC
LUAD
LUSC
mCRPC
MM

PC

PSA

PSC
qRT-PCR
RBP
RBCEVs
RT-PCR
RT-gPCR
SEG-NchiRNA
SM

antisense oligonucleotide

body fat rate

benign prostatic hyperplasia
cancer-associated adipocytes
cancer-associated fibroblasts

esophageal squamous cell carcinoma
extracellular vesicles

extracellular vesicle long RNA

extracellular vesicle long RNAs

extracellular RNA

fragment antigen binding

glioblastoma

gastric cancer

hepatocellular carcinoma

lung adenocarcinoma

lung squamous cell carcinoma

metastatic castration-resistant prostate cancer
multiple myeloma

prostate cancer

prostate-specific antigen

primary sclerosing cholangitis

quantitative reverse-transcription polymerase chain reaction
RNA-binding protein

red blood cell extracellular vesicles

reverse transcription-PCR

real-time quantitative reverse-transcription PCR
salivary exosome G-NchiRNA

spinal metastases
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Reference

Kyzas et al. 2006

Nakanishi et al. 2004

Aoki etal. 2003

FE Model
RE Model

Reference

Shimada et al.

Shimada et al.

FE Model
RE Model

2004
2004

Cancer

HNSCC
oTSCcC

adCC

Cancer

ESCC
GC

N (tot) Fixed Random Hazard ratio [95% CI]
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T
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Hazard ratio
Weights

N (tot) Fixed Random Risk ratio [95% CI]
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CircRNA

circITGA7
circ-ITCH
circFBLIM1
circ. MMP2
circp-
catenin
circGFRA1
circFBXW7
circ-TFF1
circYY1
circFECR1
circ-
DNMT1
circ-HuR
circ-
NOTCH1
circ-sirtl
circ-
VANGLI
circTFRC
circ-
MAPK4

circSMO742
circ-SHPRH

circ-
EPB41L5
circ-AKT3
circ-PTEN
circ-ENO1
circ-XPO1
circ_LARP4
circ-CCND1

circ-MMP9

circAmotll

circPABPN1

circ-AKT1

circSPI1

circ-Foxo3

Tumor type

colorectal cancer
colorectal cancer

hepatocellular
cancer

hepatocellular
cancer

liver cancer

triple-negative
breast cancer

triple-negative
breast cancer
breast cancer

breast cancer

breast cancer

breast cancer
gastric cancer
gastric cancer
gastric cancer
bladder cancer
bladder cancer
glioma

glioma

glioma
glioblastoma
glioblastoma

non-small cell lung
cancer

lung
adenocarcinoma

osteosarcoma
ovarian cancer

laryngeal squamous
cell carcinoma

oral squamous cell
carcinoma

cervical cancer

cervical cancer
cervical cancer

acute myeloid
leukemia

acute myeloid
leukemia

Dysregulation

down/tumor
suppressor

up/oncogene
up/oncogene
up/oncogene
up/oncogene
up/oncogene

down/tumor
suppressor

up/oncogene
up/oncogene

up/oncogene

up/oncogene

down/tumor
suppressor

up/oncogene

down/tumor
suppressor

up/oncogene
up/oncogene
up/oncogene

up/oncogene

down/tumor
suppressor

down/tumor
suppressor

down/tumor
suppressor

down/tumor
suppressor

up/oncogene
up/oncogene
down/tumor
suppressor

up/oncogene

up/oncogene

up/oncogene

down/tumor
suppressor

up/oncogene

up/oncogene

down/tumor
suppressor

Kaplan-Meier analysis and
clinicopathological features

tumor size, lymph metastasis, distant
metastasis and TNM

/

poor survival

tumor size, TNM, lymph node metastasis,
histological grade and poor survival

tumor size, lymph node metastasis and
favorable prognosis

/

TNM, lymph node metastasis and poor
survival

/
/

poor survival

tumor stage, lymph node metastasis and
poor survival

tumor grade, lymphatic metastasis and poor

survival

TNM

age, number of lesions, necrosis change,
recurrence and poor survival

favorable prognosis

small tumor size and early TNM and
favorable prognosis

/

poor survival

larger tumor size, poor differentiation,
advanced TNM and poor survival

TNM, lymphatic metastasis and poor
survival

poor survival

/

poor survival

Biological function in vitro

proliferation, migration and invasion

proliferation and Wnt/f-catenin
signalling pathway

proliferation, migration, invasion and
apoptosis

promote cells migration and invasion
proliferation, migration and invasion
proliferation and apoptosis

proliferation, migration and invasion
proliferation, migration, invasion and

EMT

proliferation, migration, invasion and
glycolysis
invasion

proliferation and autophagy
proliferation, migration and invasion
migration, invasion, tumor spheroids
number and side population ratio
proliferation, migration and invasion
proliferation, migration, invasion and
cell cycle

proliferation, migration and invasion

proliferation, migration and apoptosis

proliferation, migration and apoptosis

proliferation

proliferation, migration and invasion
proliferation and radiation resistance
proliferation

proliferation, migration, EMT, glycolysis

and apoptosis

proliferation, migration, and inhibit
apoptosis

proliferation, migration and invasion
proliferation and cell cycle

migration and invasion

proliferation, migration and invasion

proliferation

proliferation, migration, invasion and
EMT

Animal model

growth

growth

growth and lung
metastasis
growth

growth and lung
metastasis

growth

growth

growth and lung
metastasis

growth and lung
metastasis

growth

growth

growth

growth and the brain
tumors formation

growth

growth
growth
growth
growth
growth and lung

metastasis

/

growth

lung metastasis

growth
/

growth

proliferation, myeloid differentiation and /

apoptosis

/
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Mechanistic classification

Transcriptional regulation

ceRNA

Translational regulation

encode peptides

ranscription factor.

circRNA

circITGA7
circ-HuR
circFECR1
circ-NOTCH1
circ-AKT1
circFBLIM1
circ-MAPK4
circ-VANGLI
circTFRC
circ-TFF1
circ. MMP2
circ-ENO1
circYYl
circGFRA1
circ-EPB41L5
circ_LARP4
circ-PTEN
circ-ITCH
circ-XPO1
circAmotll
circ-sirtl
circSMO742
circ-CCND1
circ-MMP9
circPABPN1
circ-DNMT1
circSPI1
circ-SHPRH
circFBXW7
circB-catenin

circ-AKT3

Location

12q13.2
19p132
11q24.3
9q34.3
149323
1p36.21
18q21.1-q21.2
1p13.1
3q29
21q22.3
16q12.2
1p36.23
14q32.2
10q25.3
2ql4.2
12q13.12
1092331
20q11.22
2pl5
1121
10q21.3
7q32.1
11q13.3
20q13.12
14q11.2
19p13.2
11pl12
6q24.3
4g31.3
3p22.1
1q43-q44

Mechanism

interact with TF RREB1

interact with TF CNBP

promote promoter demethylation
interact with TF myc

miR-942-5p sponge

miR-346 sponge

miR-125a-3p sponge

miR-605-3p sponge

miR-107 sponge

miR-326 sponge

miR-136-5p sponge

miR-22-3p sponge

miR-769-3p sponge

miR-34a sponge

miR-19a sponge

miR-513b-5p sponge
miR-155/miR-330-3p sponge
miR-7/miR-20a sponge
miR-23a-3p/miR-23b-3p/miR-23¢/miR-130a-5p
miR-485-5p sponge
miR-132-3p/miR-212-3p sponge
miR-338-3p sponge

regulate parental gene mRNA stability
regulate parental gene mRNA stability
regulate parental gene mRNA stability
regulate parental gene mRNA stability
interact with translation initiation factor eIF4AIIT
encodes the SHPRH-146aa protein
encodes the FBXW7-185aa protein
encodes the -catenin-370aa protein

encodes the AKT3-174aa protein
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Inclusion Criteria

Exclusion Criteria

Records included

Original articles (in vivo and in vitro studies)
Meeting abstracts

Full-text articles included

Original studies must be about DLBCL

Original studies must be about exosomal miRNAs

Original studies that evaluated the impact of exosomal mIRNAs in DLBCL as diagnosis or prognosis biomarkers,
or biomarkers that predicted treatment response

Original studies that evaluated the molecular pathway that exosomal miRNAs are involved

Records excluded

Duplicated articles
Reviews
Systematic reviews
Editorials

Full-text articles excluded

Duplicate reports

EBV+ DLBCL

Disease other than DLBCL

No analysis on exosomes

No analysis on exosomal miRNA

No analysis on diagnosis, prognosis, or
prediction of treatment response
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Study Exosomal miRNAs Sample Source Exosome isolation miRNA Profiling Result
Exosomal miRNAS with significant differential expressed
Rinaldi et al., 2021 (12), miR-22 27 DLBOL vs. 10 controls serum o] - Upregulation
Liu et al., 2021 (13), miR-485-3p 42 DLBCL vs. 31 controls plasma ExoEasy Maxi GRT-PCR Upregulation
miR-375-3p Downregulation
miR-107
Cao et al..2021 (14) miR-135a-3p 10 DLBCL vs. 5 controls serum ExoQuick microarray Upregulation
miR-379-5p (Screening stage) GRT-PCR
miR-4476 24 DLBOL vs. 24 controls
miR-483-3p (Training stage) Downreguiation
miR-451a 99 DLBCL vs. 65 controls
(Testing stage)
123 DLBCL vs. 89 controls
(External testing stage)
Caner et ., 2021 (11), 33 miANAS 20 DLBCL vs. 20 controls plasma [o'ed microarray Downregulation
MiR-3960 GRT-PCR
miR-6089
miR-939-5p
others™*
Xiao et al,, 2019 (15), miR-451a 89 DLBOL vs. 48 controls serum ExoQuick GRT-PCR Downregulation
Khare et al., 2017 (16), miR-124 14 DLBCL vs.20 controls plasma [o'ed RNA seq Upregulation
MiR-532-5p
miR-425 Downregulation
miR-145
others™*
inada et al,, 2015 (17), miR-21-5p 33 DLBOL vs.22 controls Serum [ GRT-PCR Upregulation
miR-15a-3p
miR-181a-5p Downreguiation
miR-210-5p
Exosomal miRNAS with insignificant diferential expression
Zare et al., 2019 (18), miR-146a 48 DLBCL vs. 6 controls plasma Exospin GRT-PCR NS

“Also, a mesting abstract (19) publish these results with this diference; sample size include: 99 DLBCL vs. 94 controls.
‘miR-181b-5p, miR-181d-5p, MiR-197-5p, miR-432-5p, miR-595, MiR-623, iR-937-5p, miR-1207-5p, miR-1268a, miR-1268b, miR-1307-3p, miR-1587, miR-2861, miR-3656, MiR-4481, MiR-4632-5p, miR-4701-3p, miR-4707-5p,

miR-4721, miR-4725-3p, MiR-4741, miR-4763-3p, miR-6127, miR-6724-5p, miR-6803-5p, miR-6840-3p, miR-7108-5p, miR-7845-5p, miR-8069, -miR-8071.

*“miR-122, miR-128, miR-141, miR-197, miR-345, miR-424, miR-101, let-7e, miR-222, miR-29¢, miR-375, miR-324-5P, miR-135a, miR-379, miR-32, let-7i (Sample size in let-7i analysis: 20 patients vs. 20 controls).

DLBCL, Difiuse large B-cell lymphoma; miR, microRNA; DC, Differential centrifugation; GRT-PCR, quantitative-Real time polymerase chain reaction; RNA seq, ANA sequencing; NS, Non-Significant.

No information i aveiable.
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Study Exosomal miRNAs Sample Source Exosome isolation miRNA Profiling Result
Liu et al,, 2021 (1), miR-107 42 DLBOL vs. 31 controls plasma ExoEasy Maxi GRT-PCR Downregulation:
L PFS
Cao et al,, 2021 (14), miR-451a 220 DLBCL seum ExoQuick microarray Downregulation:
(109 DLBCL analyzed for PFS GRT-PCR 1 PFS and 0S
vs.
111 DLBCL analyzed for OS)
Feng et al., 2019 (20), miR-125b-5p. 116 DLBCL serum ExoQuick RNA seq, gRT-PCR Upregulation:
miR-99a-5p 1PFS

DLBCL. Difuse large B-cell Mmphoma: iR, microBNA; RT-PCR, quantitaiise-Real time pofymerase chain reaction; PFS, Progression-free survive

0S, Overal survival: |, Decreased.
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Exosomal Sample

miRNAs

Study

Exosomal miRNAs with significant differential expressed

Fengetal,  miR-125b-5p 116 DLBCL patients (33 chemoresistant group vs. 83
2019 (20,  miR-99a-5p chemosensitive group)
Zareetal,  miR-155 48 DLBCL patients (16 refractory/relapsed patients vs. 32
2019 (21), responsive/receiving R-CHOP patients)

miR-let-7g
Xaoetal,  miR-451a 89 DLBCL patients treated with the R-CHOP regimen vs. 48
2019 (15), controls

Exosomal miRNAs with insignificant differential expressed

Fengetal,  miR-10a-5p 116 DLBCL patients (33 chemoresistant group vs. 83
2019 (20,  mR-10b5p  chemosensitive group)

Zawetal,  miRdet7i 48 DLBCL patients (16 refractory/relapsed patients vs. 32
2019 (21), responsive/receiving R-CHOP patients)

Zareetal,  miR-146a 48 DLBCL patients (16 refractory patients vs. 32 responsive/
2019 (18), receiving R-CHOP patients)

Source

serum

plasma

serum

serum
plasma

plasma

Exosome
isolation

ExoQuick

ExoSpin

ExoQuick

ExoQuick
ExoSpin

Exospin

miRNA
Profiling

RNA seq
GRT-PCR
GRT-PCR

GRT-PCR

RNA seq
GRT-PCR
GRT-PCR

GRT-PCR

Result

Upregulation in chemoresistant group versus chemosensitive group: 1 R-
CHOP resistance

Upregulation i refractory/relapsed patients versus responsive/receiving R-
CHOP patients: | response to R-CHOP therapy

Downregulation in patients receiving R-CHOP versus refractory/relapsed
patients: | response to R-CHOP therapy

Upregulation after treatment: biomarkers for prediiction response to R-CHOP'
regimen

No significant difference between the two groups
No significant difference between the two groups

No significant difference between the two groups

DLBCL, Difuse lerge B-cell lymphoma; miR, microRNA; GRT-PCR, quantitative-Real time polymerase chain reaction; RNA seq, RNA sequencing; R-CHOP, Cyclophospharide, adriamycin, vincristine, and prednisone, combined with

Increased: |. Decreased,
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(Exosomal miRNA OR
exosomal microRNA OR
exosomal miR)

AND
(Diffuse large B-cell lymphoma
ORDLECL)
AND
(prognosis OR survival OR
diagnosis OR treatment)

PubMed: 19
Scopus: 10
Wos:8

Duplicate articles removed
(n=141)
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Terms

Search strategy terms

Term 1

Term 2

Term 3

Term 4

(Secretome) AND

(Diffuse large B-cell lymphoma OR DLBCL) AND
(Prognosis OR survival OR diagnosis OR treatment)
(Extracellular vesicles OR EVs) AND

(Diffuse large B-cell lymphoma OR DLBCL) AND
(Prognosis OR survival OR diagnosis OR treatment)
(Exosome OR exosomes) AND

(Diffuse large B-cell ymphoma OR DLBCL) AND
(Prognosis OR survival OR diagnosis OR treatment)
(exosomal miRNA OR exosomal microRNA OR exosomal miR) AND
(Diffuse large B-cell ymphoma OR DLBCL) AND
(Prognosis OR survival OR diagnosis OR treatment)
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Cell line

AGS, MKN45

GES-1, SGC-7901, BGC-823

AGS, HGC-27, GES-1

MKN?74, NCI-N87, MKN-45, HGC-27, AGS

GES-1, MKN28, SGC7901, BGC823

BGC-823, MGC-803, SGC-7901, MKN-28, GES-
1

MGC-803, SGC-7901, MKN-28, MKN-45, AGS,
BGC-823, HGC-27, KATO III, HS-746T, SNU-
5, GES-1

MGC803, BGC823, SGC7901, AGS, GES-1

AGS, KATO III, NCI-N87, Hs 746 T

AGS, SNU-1, HS-746T, KATO III, NCI-N87,
HGC-27, MKN45, GES-1

GES-1

BGC-823, MGC-803, MKN-45, GES-1

AGS, MGC-803, BGC-823

MKN45, MGC-803

HPDE, PDAC, SW1990, Capanl, PATU8988,
HS766T, BXPC3, Pancl

PANC-1
hTERT-HPNE, Panc-1, MiaPaCa-2, BxPC-3

PANC-1, BxPC-3, SW1990, Capan-2, THP-1
BxPC-3, Capan-1, Hs 766 T
PANC-1, MIA PaCa-2, BxPC-3, Aspc-1,

Sw1990, HEK293T

HPDE6-C7, PANC-1, BxPC-3, MIA PaCa-2,
Capan-2

HPDE6-C7, PANC-1, AsPCl1, SW1990, HS766T
CCC-HPE-2, PANC-1, AsPC-1, MIA-PACA-2,
CFPAC-1, BxPC-3, HEK293T, 3T3-L1

CFPAC-1, AsPC-1, Panc-1, SW1990, HPDE

AsPC-1, BxPC-3, CFPAC-1, MIAPaCa-2,
PANC-1, HPNE, HEK-293T

HCT116, SW480

HCT116, HT29, LoVo
HCT116, SW480 SW620, HT-29, LoVo, FHC

NCM460, HT-29, SW480, HCT-116, SW620,
LoVo, SW48, DLD-1, Caco2, HT-15

LoVo, HCT-8, SW620, SW480

FHC, HEK-293T, SW480, SW1463, HT-29,
CT26

SW480, NK92-MI

HCT116, SW620, LoVo, HT29, SW480,
SW1116, Caco2

HCnEpC, LoVo, RKO, SW48, HCT116
DLD-1, SW480, HT29, HCT116, SW1116,
LOVO, FHC, HEK293T

LOVO, SW48
HCT116, DLD1, SW480, RKO, HT-29,

HCoEpiC, 293T

HCTS8, SW620, HT29, 293T

HCT116, DLD-1, SW480, LOVO, SW1116
SW480, HCT116, HEK293T

DLD-1, SW480, HT29, HCT116, SW1116,
LOVO

HCT-8, HCT-116, FHC

SW480-7
LoVo, 293 T, THP-1

SW480, HCT116
HUVEC, NCM460, HCT116, SW480, T84

HCT 116, HT-29, HEK293T

HCT116, LoVo

EC9706, Ecal09, TE-13, TE-1, TTN

TEL, TE6, TES, TTn, KYSE-450

KYSE450, TE12, Het-1a

PBMC, KYSE410

ECI18, Kysel40

ESC

KYSE30, KYSE70, KYSE140, KYSE150,
KYSE180, KYSE410, KYSE450, KYSE510,
COLO680N

EC109, KYSE30, KYSE150

ECA109, TE-1, KYSE150, KYSE-410, HET-1A,
HUVEC

TE-1, KYSE-150, KYSE-510, HEEC, THP-1
TCA8113

HSC-3

SCC-4, HSC-3, TSCC1, SCC090, HN-4, NHOK
SCC-4, CAL-27

HepG2.2.15, LO2, Huh7, HepG2, SMMC-7721

THP-1, U937, HL-7702
HUVECs, Huh7, Sk-Hep

HepG2, Hep3B, SNU398, SNU449, SNU182,
SNU475, PLC/PRF5, Huh-7

HepGz2, PLC-PRF5

HepG2, Huh7, HCCLM3, SMMC7721, THLE-2

HL-7702, SMMC-7721, MHCC97L, HuH7,
Hep3b

SK-Hep-1, HepG2

SMMC-7721, HepG2, HL-7702, THP-1

HUVEC, Huh-7, Hep3B

HepG2, SMMC7721, LO2

Hep3B, BEL7404

HepG2, Hep3B, SNU-423, PLC/PRF/5

HepG2, Hep3B, SNU-423, PLC/PRE/S

Huh-7

Huh-7, HepG2

HepG2

Hep3B, HepG2, PLC/PRE/5

Sample
(type/

number)

Serum/81

Serum/63
Serum/43

Plasma/281,
tissue/40

Serum/109

Tissue/21

Serum/126
Tissue/80

Tissue,
serum/68

Tissue,
serum/94

Tissue,
serum/826

Plasma/60,
tissue/20

Plasma/10

Tissue/60,
blood/68

Plasma/79

Tissue,
serum/16

Tissue/84
Tissue/67
Tissue/~

Serum/42

Blood/61
Serum/46

Tissue,
serum/93

Serum/—

Serum/48
Tissue/32

Tissue/133,
serum/73
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Plasma/50

Tissue/10

Tissue,
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Tissue/50,
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Tissue/45
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Tissue,
blood/95

Tissue,
blood/75

Tissue,
blood/40
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blood/68
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Tissue/110
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Tissue/109,
serum/130

Serum/232
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Serum/18

Tissue/105

Tissue,
plasma/50

Tissue,
serum/40

Tissue/150,
serum/45

Tissue/136
Serum/79
Blood/78

Tissue/20,
blood/317

Tissue/15,
plasma/30

Tissue/137

Tissue,
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plasma/6
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Tissue/145
Tissue/140

Tissue/40

Tissue,
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Tissue/60,
serum/14

Tissue/364
Tissue/70
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Tissue/40
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Tissue/82
Blood/200
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Tissue,
serum/30
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Plasma/77

Tissue/23,
plasma/10
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Tissue/120

Serum/60
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Disease MicroRNA Effect Target Model Cell line Ref
Gastric cancer miR-501-5p Increased proliferation and migration of GC cells by LPAR1 down-regulation LPAR1 In BGC823, 64]
vitro,  MKN28,
Human MGC803,
SGC790
Ovarian miR-30c-2-3p LPA increased the expression of both ATF3 mRNA and miR-30c-2-3p in ovarian ~ ATF3/ Invitro SKOV-3, 65,
cancer and renal cancer cells. However, miR-30¢-2-3p binds to ATF3 mRNA and inhibits BCL9 OVCAR-3/ 66]
its translation./LPA upregulated miR-30c-2-3p, which suppressed BCL9 OVCAR-3,
expression and inhibited proliferation. SKOV-3, HeyA8
Osteosarcoma miR-340-5p MiR-340-5p targeted 3’ end of LPAATB. Reduction of miR-340-5p increased the  LPAATB  Invitro MG-63, Saos-2  [67]
expression of LPAATB.
Kaposi miR-K10a, miRNAs of KHSV targeted ROCK2 and thus decreased the expression of ICAM1  ROCK2 In vitro  Primary human 68]
Sarcoma miR-K4-3p (miRs mediated by LPA. umbilical vein
encoded by Kaposi endothelial cells
sarcoma-associated (HUVECSs)
herpesvirus)
Breast Cancer miR-21 LPA upregulated miR-21 via LPAR1/PI3K/ZEB1 pathway. PTEN, Invitro . MDA-MB-231, 69]
PDCD4, Hs578T
SPRY2
Malignant miR-489-3p MiR-489-3p inhibited MEK1 and proliferation. In the presence of Autotaxin, this MEK1 In vivo 70]
tumors effect was reversed, and miR-489-3p increased the MEK1 level.
Cancer miR-101-3p miR-101-3p targeted ATX mRNA and inhibited ATX expression ATX Invitro  HT29, HCT116 71
Gastric cancer miR-146a NF-xB activation via LPA signaling is inhibited by miR-146a. miR-146a reduced CARD10, In vivo, 72]
cytokines and growth factors involved in tumor progression and monocyte COPs8 Human
attraction.
Osteosarcoma miR-24 miR-24 targeted LPAATP, and reduced proliferation. LPAATB  Invitro MGB3, 143B, 73]
Human hFOB1.19
Ovarian miR-15b miR-15b represses the proliferation and drives the senescence and apoptosis of ~ LPAR3, Invitro  ES-2, Caov-4,
cancer ovarian cancer cells through the suppression of LPAR3 and the PIK/Akt Bcl-2 Human SKOV-3,
pathway OVCAR-3,0V-

1063
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Mechanism

Apoptosis

Proliferation

Metastasis

Tumor cell/tissue type

NCI-H460

NSCLC

MCF-7 and MDA-MB-231
Caski and HelLa

Calu-6

MCF-7, HTC116, and Hela

SGC-7901

ue37

U937 and HL60
MDA-MB-231

ES2 and OV90
SGC-7901

[e)VieTo]

HepG2

SK-Hep-1 and HepG2
AGS

AGS

SiHa

MDA-MB-231

A549

Kidney tissue

COLO 320DM

U266

H22

Rat aortic microvessels
Alveolar epithelial cell
MIA-PaCa-2 and BXPC-3
PC-3 and DU-145
MCF-7 and MDA-MB-231

Dosage/ concentrations

200 uM

200 uM

196.28 + 4.45 uM(ECs0)
20 pmol/L

13 uM
2.5 pg/ml
20 uM
>20 uM
30-90 uM
50 pg/mlL

50 pg/mL
70 pmol/L.
123.12 3,51 tM and 140 + 4.21 uM(ICs0)
100 pg/ml

30-90 uM
10 mg/ml
20 mg/kg bw
20 mg/kg bw

50 mg/kg bw

4.34 +1.64 pg/ml
1-10 pg/mL

250 uM/L

120 UM(ICgo)

60 uM(ICs0)

Signaling pathways

P53, pSer15-p53, and p21
Trx/TrxR1
PI3K/Akt/mTOR

p53 mRNA and HPV E6
P53

P53 mRNA

P-ERK1/2 and Bcl-2
Caspase-3 and Bcl-2
Bcl-2 and PI3K/Akt
Bax/Bcl-2

Bax and Bak

Bal-2/Bax

ROS

Bcl-2
AMPK
P53

CyclinD1 and CDK4
TGF-B/Smad2/3/c-Myc
MAPK

PCNA

VEGF

VEGF and IFN-y
VEGF

TGF-B1/Snail
AKT/GSK-3B

CDH1

CDH1
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Derivatives/compound types

-sitosterol-assisted silver
nanoparticles
7a-hydroxy-B-Sitosterol

B-sitosterol-glucoside

B-sitosterol-3-O-glucoside
Liposomal B-sitosterol
Heparin-B-sitosterol micelles
B-Sit-PLGA and B-Sit-PEG-PLA
B-sitosterol-loaded PEGylated
niosomes
B-Sitosterol-d-glucoside

Dosage/
concentrations

7 ng/mL(ICs0)
16.0 + 3.6 uM(ICs0)

464 +0.48 pg/mL
(ICs0)

251 pg/mL(Cso)

4 mmol/mouse/d
0.5 mg/mL
26.5-53.08 pg/mL
10 pg/mL(Glso)

120 mg/kg bw

Tumor cells type

HepG2 and HT-29
MCF-7

Huh7, HepG2, and Ehrlich ascites
carcinoma cell

Caco-2

B16BL6

Hela

MCF-7 and MDA-MB-231

HepG2

MCF7 and MDA-MB-231

Signaling pathways

Bax, p53, Bel-2, caspase-9, and
-3
Bax/Bcl-2 and ERK1/2

Caspase-9, caspase-3, p53, and
p21

Bcl-2 and caspase-3

IL-18 and IL-12

VEGF

Caspase-3 and caspase-9

PI3K, p-Akt, and Bcl-2

Mechanism

apoptosis

cell cycle
arrest
apoptosis

apoptosis
metastasis
metastasis
proliferation
apoptosis

apoptosis

REF
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Standard anti-cancer drugs Dosage/ Tumor cell type Signaling pathways Mechanism REF
concentrations
PLX4720 20 mg/kg bw Melanoma cell proliferation 81)
Cisplatin 50 pg/mL ES2 and OV90 PI3K and MAPK proliferation (28)
Taxol 50 pg/mL ES2, OV90 PIBK, MAPK proliferation (28)
Cyclophosphamide 100 mg/kg bw HepG2 IL-2 and IL-10 Improved immunity (80)
Oxaliplatin 100 mg/kg bw CRC P53/NF-kB/BCRP Expression of drug-resistant protein was inhibited (85)
Tamoxifen 16 UM MCF-7 and MDA-MB-231  CER proliferation (86)
Gemcitabine 80 mg/kg bw MIAPaCa-2 and BXPC-3 NF-xB, Bax, and Bcl-2  Induced cell cycle arrest and apoptosis (87)
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Study

Exosomal miRNAs

Origin of exosome

Recipient cells

Exosome isolation

miRNA Profiling

Result

Zare et al,, 2020 (22),

Zare et al., 2020 (22),

Feng et al., 2019 (20),

Feng et al., 2019 (20),

miR-155-5p

let-7g-5p

37miRNAS
miR-125b-2-3p
miR-99a-5p
miR-10b-5p
miR-125b-5p
miR-1460-3p
miR-23a-3p.
miR-1269a
let-7c-5p
miR-24-3p

miR-novel-chr19 26407

17 miRNAS
miR-122-5p
miR-421
miR-144-5p
miR-144-3p
miR-98-5p
miR-677

DLBCL patients
(Responsive and R/R)

DLBCL patients
(Responsive)
SU-DHL-2 cell
SU-DHL-2/R cell

SU-DHL-2 cell
SU-DHL-2/R cell

miR-novel-chr4 51772
miR-novel-chrX 72977
miR-novel-chr20 33917
miR-novel-chrX 73668

NK cells
(Healthy donor)

NK cells
(Healthy donor)

Exospin

Exospin

ExoQuick

ExoQuick

QRT-PCR

QqRT-PCR

NGS

NGS

Upregulation in NK cells:
1 prolferation and cytotoxicity

Upregulation in NK cells

Upregulation in DLBCL cell ines

Downregulation in DLBCL cell lines

SUD, LY8 and DUL cells, Difuuse large B-cell lymphoma cell lines; A20 cels, Mouse lymphoma cell ine; miR, microRNA; RUR, Refractory/Relapsed; Next generation sequencing; GRT-PCR, quantitative-Real time polymerase chain reaction;

|, Decreased.
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Study

Exosomal miRNAs

Molecular pathways

Result

Liu et al., 2021 (13),
Zare et al., 2020 (22),

Feng et al., 2019 (20),

Feng et al., 2019 (20),

miR-107
miR-155-5P

37miRNAs
miR-125b-2-3p
miR-99a-5p
miR-10b-5p
miR-125b-5p
miR-146b-3p
miR-23a-3p
miR-1269a

let-7¢c-5p

miR-24-3p
miR-novel-chr19 26407
17 miRNAs
miR-122-5p

miR-421

miR-144-5p
miR-144-3p
miR-98-5p

miR-5677
miR-novel-chr4 51772
miR-novel-chrX 72977
miR-novel-chr20 33917
miR-novel-chrX 73668

Targeting 14-3-3 1
Targeting INPP5D and SOCS-1

AMPK signaling*

Signaling pathways-regulating pluripotency of stem cells
Cellular senescence

MicroRNAs in cancer

Ras signaling

EGFR tyrosine kinase inhibitor resistance

mTOR signaling

p53 signaling

Longevity regulating

Autophagy — animal

Signaling pathways- regulating pluripotency- of stem cells*
TGF-beta signaling

mTOR signaling

Oocyte meiosis

P53 signaling

Proteoglycans in cancer

Pathways in cancer

MicroRNAs in cancer

Transcriptional- misregulation in cancer

CcGMP-PKG signaling

Downregulation in DLBCL patients:
| PFS

Upregulation in NK cells:

| proliferation and cytotoxicity
Upregulation in DLBCL cell lines

Downregulation in DLBCL cell lines

*In the first pathway, all five miRNAs are involved and, in another pathway, some of them are involved.

miR, microRNA; PFS, Progression-free survival: |, Decreased.
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Type of Sites Biological functions Ret.
PTMs

Phosphorylation ~ Ser61 DNA damage induces CHK2-mediated FOXK2 phosphorylation and traps FOXK2 in the cytoplasm through binding with 14-3-3y. (19)

Ser368  Promotes apoptosis and FOXK2 s linked to the cell cycle regulatory machinery. 37)
Ser423  Translocation of FOXK2 transcription factors from cytoplasm to nucleus, and modulated in a ligand-dependent and receptor- (38)
Ser4l5  dependent manner.
Ser419

Deubiquitination K119 FOXK2 binds to the SIN3A and PR-DUB complexes, which contains the deubiquitinase BAP1. FOXK2 recruits BAP1 to DNA, (39)

promotes local histone deubiquitination and causes changes in target gene activity.

Sumoylation Lys527 ~ SUMOylation might act to enhance FOXK2 transcriptional activity and mediate the cytotoxic response to paclitaxel through the (40)
Lys633 tumour suppressor FOXO3 in breast cancer.

deacetylation K223 SIRT1 mediated the deacetylation of FOXK2. (41)
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Cancer types

Esophageal squamous cell carcinoma

Hepatocellular carcinoma

Non-small-cell lung cancer

Cervical cancer

Clear cell renal cell carcinoma

ncRNA

miR-602
miR-1271-5p
LncRNA SNHG7
miR-122-5p
miR-1271
Circ-ITCH
miR-93-5p
CircUBAP2
miR-148a-3p

Function

Promoted the proliferation, metastasis and regulated cell cycles.
FOXK2 expression was reversely connected with miR-1271-5p in clinical samples.

Promoted the cell growth and metastasis.
Inhibited the cell growth and metastasis.

FOXK2 was negatively targeted by miR-1271 in cells.

Inhibited the proliferation, migration, and invasion of cells.
Promoted the proliferation, migration, and invasion of cells.
Inhibited the proliferation, migration, and invasion of cells.
Promoted the proliferation, migration, and invasion of cells.
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AS Inhibitors

Pladienolide analogs

FR901464, Spliceostatin A, and Sudemycin
Isoginkgetin

Compound 21b

T-025

CC-671

SRPIN340

SPHINX

Assayed cancers

Gastric cancer, Cervical cancer

Cervical cancer, Rhabdomyosarcoma

Thyroid cancer, Fibrosarcoma, Breast carcinoma, Melanoma
Bladder cancer, Breast cancer, Monocytic leukemia

Breast cancer

Triple-negative breast cancer

Melanoma, Leukemia

Prostate cancer

Target proteins

SF3b

SF3b

U4/U5/UB tri-snRNP

CLK1, CLK4, Dyrk1A

CLK1, CLK2, CLK3, CLK4, DYRK1, DYRK1B
CLK2

SRPK1, SRPK2

SRPK1

References

67-71)
(72-76)
(77-79)
(80)
(81)
(82, 83)
(84-86)
(87, 88)





OPS/images/fonc.2022.967625/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.869706/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.985897/table4.jpg
expression

Low

High

Distant
metastasis

Lymph node involvement

Stage

Differential grade

Type of Cancer

Breast cancer

Non-small cell lung cancer

Oral cancer

Melanoma

Esophageal squamous cell carcinoma
Pancreatic adenocarcinoma

Liver cancer

Gastric cancer

Ovarian cancer

Renal cell carcinoma

Prostate cancer

References

(41, 43,

@
(
(1

53, 60, 64)

(58)

4, 55)
6, 54)
7, 62)
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Non-coding RNA

LncRNA CASC15'
LncRNA TTN-AS1*
LncRNA OIP5-AS1
LncRNA CDKN2BAS

LncRNA LINC00858
LncRNA-XIST

LncRNA HIFIA-AS2
LncRNA FGD5-AS1
LncRNA LINC00152
LncRNA NEAT1®

LncRNA SNHG15

LncRNA LINC00511
LncRNA KCNQIOT1
LncRNA OIP5-AS1
Lnc-RNA FGD5-AS1
T-UCR' ncRNA Uc.416 + A

CircRBMS3®
CircRNA-0084043
Hsa-Circ-0008537
Has-Circ-0014359
CircPCNXL2
Circ-0005576
CircPAN3

!Cancer suscept

Target

miR-153-3p/KLE5 axis
miR-153-3p/ZNRE2 axis
miR-153-3p/ZBTB2 axis

-miR-153-5p/ARHGAP18/axis
-Downregulation of KLFB

miR-153-3p/Rabl3 axis
miR-153-5p/SNATI axis
miR-153-5p/S100A14 axis
miR-153-3p/MCLI axis
miR-153-3p/FYN axis
miR-153-3p/Wnt signaling axis
miR-153-5p/VEGFA, cdc42 axis
miR-153-5p/HIF1/ LINC00511 (Positive feedback)
miR-153-3p/HIF1
miR-153-5p/ATG5
miR-153-3p/CITED2

-Upregulation of Vimentin, Snail
-Downregulation of E-cadherin (CDH1)

miR-153-5p/SNAI1 axis
miR-153-3p/Snail axis
miR-153-3p/Snail,Mcl-1 axis
miR-153-5p/PI3K signaling axis
miR-153-5p/ZEB2 axis
miR-153-5p/KIF20A axis
miR-153-5p/XTAP axis

Tumorigenicity activity

Proliferation
Proliferation
Proliferation and metastasis

Migration, Invasion, Metastasis

Migration, Invasion, Metastasis
Migration, Invasion, Metastasis
Migration, Invasion, Metastasis
Migration, Invasion, Metastasis
Metastasis

Migration, Invasion, Metastasis
Angiogenesis

Angiogenesis

Angiogenesis

Angiogenesis and autophagy
Chemotherapy resistance

EMT

Migration, Invasion, Metastasis
Migration, Invasion, Metastasis
Migration, Invasion, Metastasis
Migration, Invasion, Metastasis
Migration, Invasion, Metastasis
Migration, Invasion, Metastasis

Chemotherapy resistance

Type of cancer

Breast cancer
Papillary thyroid cancer
Gastric cancer

Hepatocellular carcinoma

Hepatocellular carcinoma
Osteosarcoma

Non-small cell lung cancer
Oral cancer

Esophageal carcinoma
Non-small cell lung cancer
Glioma

Colorectal cancer
Retinoblastoma
Osteosarcoma

Gastric cancer

Renal carcinoma

Gastric cancer
Melanoma

Liver cancer
Glioma

Renal carcinoma
Cervical cancer

AML

References

(98)
(29)
(33)
(51)

(52)
(8)
(58)
(59)
(©2)
(79)
(68)
(80)
(1)
(40)

(99)
(54)
(57)
(65)
(100)
(61)
(39)

ty candidate 15; 2LncRNA TTN antisense RNA 1; *Nuclear enriched abundant transcript; “Transcribed ultraconserved region; *Circular RNA BMS3.
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Cancer feature

Proliferation

Metastasis

Drug resistance

Type of miR-153 transcript

miR-153-5p
miR-153-5p
miR-153-5p
miR-153-5p
miR-153-5p
miR-153-5p

miR-153 expression

Increased

Increased

Increased

Target gene/protein

AGO1
PTEN
WWOX
PTEN
AGO1
FOXO03a

Type of cancer

Renal cell carcinoma
Prostate cancer
Hepatocellular carcinoma
Prostate cancer

Renal cell carcinoma

Colorectal

Reference

(16)
(17, 87)
(86) (88),
17)
(16)
(18)
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Cancer
types

Breast cancer

Non-small cell
lung cancer

Glioma

Glioma
Gastric cancer

Clear-cell renal
cell carcinoma

Hepatocellular
Carcinoma

Colorectal
cancer

Thyroid
carcinoma

Function

FOXK2 suppress ERa-mediated proliferation of cells. FOXK2 inhibited the transcriptional activity of Era via a mechanism
that involved BRCA1/BARD1.

SUMOylation positively regulates FOXK2 transcriptional activity and has a role in mediating the cytotoxic response to
paclitaxel through the tumour suppressor FOXO3.

FOXK?2 suppresses EMT and invasion by targeting N-cadherin and Snail, suppresses the activity of PI3K/AKT/mTOR
signaling pathway to inhibit cell tumorigenicity.

FOXK2 inhibits the proliferation and invasion of cells and suppresses the growth and metastasis of breast cancer. FOXK2 is
transactivated by ERa and trans-repressed via reciprocal successive feedback by HIFIb/EZH2.

FOXK2 inhibits tumor proliferation, migration, and invasion and EMT process.

FOXK2 inhibits the proliferation, migration and invasion of cells and induced early apoptosis.

FOXK2 suppressed the capabilities of proliferation and motility and promoted apoptosis via suppression of EGER.
FOXK2 are independent prognostic factors for patients with ccRCC.

FOXK2 promoted cell growth indicates unfavorable prognosis.

FOXK2 downregulation could inhibit cell proliferation and colony formation and suppress migration and invasion.
Suppressed the EMT through inhibition of the Akt signaling pathway.

FOXK2-mediated DVL nuclear translocation in Wnt signaling

FOXK2 overexpression promoted cell migration, invasion and promoted metastasis by EGFR and ZEBI, and it was induced
by EGF/ ERK/NF-KB signaling.

FOXK2 promoted cell growth and could be transcriptionally activated by SOX9.
FOXK2 downregulation could inhibite cell proliferation, increase the ratio of LC3-II/LC3-1, and reduce p62 expression,

whereas overexpression of FOXK2 showed the opposite effects
FOXK2 was upregulated in ATC tissues, and the expression of FOXK2 was associated with tumor size, it promoted
angiogenesis by inducing the transcription of VEGFA.

Oncogeneor
Suppressor

Suppressor

Suppressor
Suppressor

Suppressor

Suppressor

Oncogene

Oncogene

Oncogene

Ret.

(10)

(45)
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Cancer type Function Mechanisms

Osteosarcoma Oncogene DNA damage repair
Papillary thyroid cancer Oncogene Promotes the Warburg effect
Decreases E-cadherin expression
Bladder cancer Suppressor Decreases GLUT1 and PDK1 to inhibit glycolysis
Nasopharyngeal carcinoma Suppressor Decreases Bcl-2 levels

Increases Bax and cleaved caspase-3 levels
Inhibits NF-kB signaling
Glioma Suppressor Suppresses expression of PCBP2
Inhibits JAK2/STAT3 signaling
Inhibits the Warburg effect

Skin cancer Oncogene Promotes COX-2 expression
Protects cell cycle progression
Suppressor Inhibits IGF-AKT signaling
Breast cancer Oncogene Enhances oxidative phosphorylation
Suppresses FoxO3 activity
Suppressor Suppresses glucose metabolism
Lung cancer Oncogene Increases p-ERK1/2 and activates MMP9

Protects cell cycle progression
Suppresses KLF4 expression

Suppressor Inhibits Twist1 expression
Inhibits glycolysis
Pancreatic Cancer Oncogene Enhances Ca®* responses
Suppressor Inhibits Lin28b and downstream let-7 target genes
Hepatocellular Carcinoma Oncogene Promotes EMT by stimulating autophagic degradation of E-cadherin

Suppresses Bax expression
Increases phosphorylation and activity of AKT
Prevents DNA damage and cell senescence

Suppressor Suppresses nuclear localization of PKM2
Activates NF-xB and inhibits survivin
Prostate cancer Oncogene Protects cell cycle progression

Promotes Bcl2 expression
Protects Notch signaling pathway

Suppressor Inhibits glycolysis
colon cancer Oncogene Reads Snail and suppresses TET1 transcription to promote EMT
Suppressor Promotes the expression of PIP2 and PTEN
Inhibits c-Myc transcription
Leukemia Oncogene Protects cell cycle progression
Repairs DNA damage through DNA-PKc/CtIP and ERK2/p90RSK signaling
Suppressor Inhibits MAPK signaling pathway
Ovarian cancer Oncogene Promotes EMT

Suppressor Downregulates Notch 3 expression
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Aging

Immunity

Cancer

Substrates

PARP1 K521

DDB2 K35 and DDB2 K77

H3K56ac at DNA damage sites

H3K9ac in the promotor of NF-xB
H3K18ac in pericentric chromatin

KAP1

H3K9ac in the promoter of NF-xB
Enhancer of Zeste homolog 2

FOXO1

Pyruvate kinase muscle isozyme

H3K9ac in the promoters of /-6 and Mcp-1
GATA3

H3K9ac in promoters of HIF-10. target genes
FOXO1

TNF-o. K19 and TNF-o. K20

H3K9ac in the promoter of PCBP2 gene
H3K56ac at the IGFBP2 locus

H3K9ac in the promoters of a cluster of glycolysis-associated genes
Snail

H3K9ac, H3K56ac

H3K9ac in the promoter of Bax

Beclin-1

AKT

PKM2

H3K9ac in the promoter of survivin
H3K9ac in the promoter of Erk2

H3K56ac at DNA damage sites

R-Ras2

Enzymatic activity

Mono-ADP-ribosylation
Deacetylation
Deacetylation
Deacetylation
Deacetylation
Mono-ADP-ribosylation
Deacetylation
Deacetylation
Deacetylation
Deacetylation
Deacetylation
Deacetylation
Deacetylation
Deacetylation
Defatty-acylation
Deacetylation
Deacetylation
Deacetylation
Deacetylation
Deacetylation
Deacetylation
Deacetylation
Deacetylation
Deacetylation
Deacetylation
Deacetylation
Deacetylation
Defatty-acylation
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CircRNAs:
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LncRNAs: - XIST - Circ0084043

- HIF1A-AS2 || *T-UCR: - Circ0008537
- CASC15 - FGD5-AS1 - Circ0014359
- TTN-AS1 - LINC00152 || - Uc.416 +A | - CircPCNXL2
- OIP5-AS1 - NEAT1 - Circ0005576
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1

AKT, Cyclin B, CDK1, Irsz, TGFBR?2, Jagged 1& Notch1, ZEB2, SNAI1,
RPS6KB1, ZNRF2, KLFS5, E2F3 | | ARHGAP18, Rabl3, ROCK1, Snail, S100A14,
, Ki67, TGFB, ZBTB2, AGO1, MCL-1, ZBTB2, RUNX2, KIF20A, FYN,
PTEN, WWOX ADAM19, MTDH, p-Akt, AGO1, PTEN,
Proliferation Migration, Metastasis

Invasion, EMT

LncRNAs:

- SNHG15
- LINC00511
- KCNQ10T1

- OIP5-AS1

IDO1, HIF1a, ANGT,
VEGFA, cdc42,

IGF-1R

Angiogenesis

LncRNA:
- FGD5-AS1
*CircRNA:
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ABCE1, MDR1,
CITED2, NRF2, XIAP,

BCL2, FOX0O3a
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Cancer type

Colorecal

Colon cancer

Colorectsl

Pancretic ducal
adenocarcinoma

Gastric cancer

Exahepatic
cholangiocarcinoma

Esophageal
squamous cel

Renal cancer
Ovarian cancer

Scrous ovarian

Ovarian cancer

Cervcal squamous
el carcinoma

Endometrsl cancer

Tongue cancer

Head and neck
squamous cel
Head and neck

Head and neck
squamous cel

Thyrod carinoma

Total sample
‘number (for
prognosis)
s2HC

455TCGA

105 HC

s HC

6 1HC

1551HC.

n7mHe

525 TCGA, GEO

s72TCGA

6 mRNAL 39
microaray, 15
THC, 1341 TCGA,
curatedOvarianData

58 IHC, 655 TCGA

206 IHC, 20 mRNA

52 mRNA, 332
Tc6a

simHe

108 HC

astHC

256 TCGA, GEO

s2mC

EGect on prognosis (survival) and statistical method

High protin level predicts poor overll (mulivariate HR 350, 95% CI 103-11.85, p 0044) and recurrence-free
(multivaiate HR 252,95% C1 106-595, p 0036) survival. Kaplan-eier, log-rank, Cox egression.

High mRNA exprssion prdicts poor overall (uniariate HR 1.76,95% C1 118:262) and progressionfree
(univariate HR 169, 95% CI 117-2.44) survival. Kaplan-Meer, o rank, Cox. egression.

High protin level prdicts poor oversl] (mulivarite HR 386, 95% CI 1.70579) and recurrencefrce
(multivaiate HR 257, 95% C1 105-631) survival i stage 1111 patents. Kaplan-Meie,log:rank, Cox
regression

High protin leve prdicts poor overallsurvival (mulivarite HR 217, 95% C1 1.14-4.
>51%). Kaplan-Meir, log-rank, Cos regrsson.

0019, 20% v

High protin leve prdicts poor overall survival (univarite og-rank p 0.002, Wicoxon p 0001). Kaplan-
Meer, log rank, Wilconon, Cox regression.

High protin level prdicts poor overall surivl (univariate HR 3.2, 95% C1 20795102, p 0000; multvaiae
HR 209, 95% CI 125:351, p 0005). Kaplan-Meie,log ank. Cor regression.

High protin leve prdicts poor overall surival (univariate p 0003, multiariate RR 2.5, 95% CI L.
P 0003). Kaplan-Mele, o ank, Cos regresion.

As part of  seven gene set, high mRNA expression of which predics poor overallsurvial (unvarste HR 4
95% CI 3.09-591, p<0.01; mulivariate HR 378, 95% C1 2.56.5.59, pe0.001. Cox rgression.

High mRNA expression predicts poor overal survival (univariate log-rank p 0.000, mlivariate HR 116
P 0020). Kaplan-Mele,log ank. Cox regression.

High mRNA exprssion (univariate HR 209, 95% CI 119-369, p 0011; multivariate 193, 95% C1 108-3.45,
P 0025) and proten lvel (uniariate HR 257, 95% C1124-5.32,p 0011; maltivariate 230,95% CI 110-4.80,
P 0026) predicts poor overal sursiva. High mRNA expression (univariate HR 197, 95% C1 116-3.3, p 001
mlivariate HR 192, 95% CI 113-325, p 0.016) and high protin lesl (univariate HR 2.18, 95% CI 115-4.14,
P 001 mulivariate HR 2.1, 95% C1 111-4.02, p 0,023 predits poor progesson-fee survval. Kaplan
Mier, Cos regresion.

High mRNA expression predicts poor overall (univariate HR 1.59,95% C1 1.26-200,p 0000, relapse-rec
(univariste HR 169, 95% CI 1.37-208, p 0.000) and postprogression (univariate H 158, 95% C1 124201,
P 000018) survival Kaplan-Meier, log-rank.

High protin leve prdicts poor overall surival (univariate log rank p 0.04). Kaplan-Aeer log-rank, Cox
regression.

As pat of  four gene panel, high mRNA expression predicts poor overall survival (unvarate HR 2.0, 95%
105417, p 0018), Kaplan-Meir, log-rank.

High protin level prdicts poor overallsurvival (mulivariate HR 268, 95% CI 140-15.13,p 0003). Kaplan-
Meer, log rank, o regression.

High protin level prdicts poor overllsurivl (univariate HR 434, 95% C1 195-1199, pe0001: muliariae
392,95% C1 1461051 p 0.006). Kaplan-Mele,log rank, Cos regresion.

(No sgnificant corrltion o DFS). Kaplan-Meier, gencralized Wilcoson.

High mRNA exprssion prdicts poor overall survival (univariate p 0015). Kaplas

Micr, Cox regrssion. *

High protin leve in patients who died of thyroid carcinoma (p<0.01). Mann-Whitney U.
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Cancer feature

Proliferation

Apoptosis

Autophagy

Invasion, Metastasis & EMT

Angiogenesis

Radiotherapy resistance

Chemotherapy resistance

Type of miR-153 transcript

miR-153-5p

miR-153-5p
miR-153-5p
miR-153-3p
miR-153-3p
miR-153-5p

miR-153-3p
miR-153-5p
miR-153-3p
miR-153-5p
miR-153-3p
miR-153-3p
miR-153-5p
miR-153-5p
miR-153-5p
miR-153-5p
miR-153-3p
miR-153-5p
miR-153-5p
miR-153-5p
miR-153-5p

miR-153-3p
miR-153-5p

miR-153-5p
miR-153-3p
miR-153-3p
miR-153-3p

miR-153-5p
miR-153-3p
miR-153-5p
miR-153-3p

miR-153-3p
miR-153-5p
miR-153-5p
miR-153-3p
miR-153-5p
miR-153-5p
miR-153-5p
miR-153-5p
miR-153-5p
miR-153-5p
miR-153-5p
miR-153-5p
miR-153-5p
miR-153-5p
miR-153-3p
miR-153-3p
miR-153-5p
miR-153-5p
miR-153-3p

miR-153
Expression

Decreased

Decreased

Decreased

Decreased

Decreased

Decreased

Decreased

Target gene/protein

AKT

CDK1
Irs2
RPS6KB1
ZNRF2
KLF5

E2F3
TGE
ZBTB2
BCL-2
BCL-2
MCL-1
MCL-1
TGFp
HECTD3
XIAP
BCL-2
ATG5
TGEpR2
Jagged 1
ZEB2

SNAIL
SNAIL

ARHGAP18
Rabl3
ROCK1

Snail

Snail
Snail
S100A14
MCL-1

ZBTB2
RUNX2
KIF20A

FYN
ADAM19

MTDH
AKT
1IDO1
ANG1
VEGFA, cdc42
IGF-1R
Snail
JAG1
ABCE1
CITED2
NRF2
NRF2
XIAP
BCL2

Type of cancer

Lung cancer

Ovarian cancer

Glioma

Breast cancer
Glioblastoma

Thyroid carcinoma
Papillary thyroid cancer
Gastric cancer

Breast cancer

Thyroid cancer
Osteosarcoma

Gastric cancer
Glioblastoma,

CML

Ovarian cancer
Glioblastoma
Nasopharyngeal cancer
Breast cancer

AML

CML

Osteosarcoma

Breast cancer

Non-small cell lung cancer
Breast cancer

Oral cancer

Human epithelial cancer
Ovarian cancer

Melanoma

Esophageal squamous cell carcinoma
Oral cancer

Osteosarcoma

Human epithelial cancer
Pancreatic adenocarcinoma
Laryngeal squamous cell carcinoma
Hepatocellular carcinoma
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Biological effect ET type Cancer model Underlying mechanism Ref.
Tumor growth  NETs Colorectal cancer Cancer cells transfer KRAS mutations through exosomes to neutrophils and induce (96)
In vitro: DKs-8, DKO-1 cells neutrophil recruitment and NETosis via upregulation of IL8, promoting cancer cell
In vivo: Apc-KRAS®'2® mouse model proliferation.
Colorectal cancer NET-associated PD-L1 induces T cell exhaustion and enhances tumor growth. (109)
In vitro: MC38 cells
In vivo: syngeneic subcutaneous MC38
cancer model
Hepatocellular carcinoma NETSs enhance differentiation of regulatory T cells by promoting mitochondrial (110)
In vivo: DEN-HFCD, STAM mouse oxidative phosphorylation in naive CD4+ T cells via TLR4, amplifying tumor burden.
models
Migration, NETs Breast cancer NETs enhance the expression of EMT markers ZEB1, Snail and fibronectin, cancer (86)
Invasion; In vitro: MCF7 cells stem cell marker CD44, proinflammatory mediators, such as IL1B, IL6, IL8, CXCR1,
EMT MMP2 and MMP9.
Gastric cancer NETs enhance cancer cell migration and induce EMT; downregulation of E-cadherin 87)
In vitro: AGS cells and upregulation of vimentin expression.
Pancreatic cancer Release of IL1B during NETosis activates EGFR/ERK pathway, leading to the EMT; (88)
In vitro: BxPC3, MIA, PaCa2, PANC1 downregulation of E-cadherin and upregulation of Snail, N-cadherin and vimentin
cells expression.
In vivo: subcutaneous MIA and PaCa2
xenograft cancer models
Ex vivo: human PDAC
Colorectal cancer KRAS mutant exosomes from tumor cells induce NETosis via IL8, leading to the (96)
In vitro: DKs-8, DKO-1 cells enhanced cancer cell migration and invasion.
In vivo: Apc-KRAS®'2P mouse model
Breast cancer Cancer cell-derived G-CSF primes neutrophils, resulting in lytic NETosis; cathepsin G (14)
In vitro: 4T1, 4T07, BT-549 and C3(1)- enhances NET-mediated cancer cell invasion among other NET-associated proteins.
Tag cells
Pancreatic cancer NETSs induce cancer cell migration via TLR2 and TLR4. (16)
In vitro: AsPC-1 cells
METs Colon cancer Cancer cells promote MET formation via PAD2; METSs interact with tumor cells and (201)
In vitro: HCT116 and SW480 cells enhance tumor cell invasion.
Ex vivo: human colon cancer
Metastasis NETs Breast cancer Tumor-derived cathepsin C (CTSC) triggers CTSC-PR3-IL1 axis in neutrophils, (95)
In vitro: 4T1 series, AT3, MDA-MB-231 upregulating IL6 and CCL3 synthesis. CTSC-PR3-IL1p induces ROS production and
and sublines NET formation which degrade thrombospondin-1, thereby supporting metastatic
In vivo: syngeneic orthotopic (4T1 series, ~ growth of lung cancer cells.
AT3), xenograft (MDA-MB-231 and
sublines) cancer models
Ex vivo: human breast cancer
Breast cancer NETs enhance lung metastasis. (14)
In vivo: 4T1 experimental and
spontaneous breast cancer metastasis
models
Breast cancer and colon cancer CCDC25 on cancer cell surface acts as a sensor and binding partner for NET-DNA; (18)
In vitro: MDA-MB-231, MCF-7 and binding leads to activation of ILK-B-parvin-RAC1-CDC42 cascade, cytoskeleton
HCT116 cells remodeling and formation of distant metastases.
In vivo: syngeneic (4T1) and xenograft
(MDA-MB-231) orthotopic and
intrasplenic (MMTV-PyMT mice and
EO0771 cells) cancer models
Ex vivo: human breast and colon cancer
Breast cancer NET-associated NE and MMP9 cleave laminin and degrade thrombospondin-1 (108)
In vitro: D2.0R, MCF7 cells leading to the activation of integrin a:3B1 and FAK/ERK/MLCK/YAP signaling,
In vivo: syngeneic (D2.0R) and xenograft  resulting in reactivation of dormant cancer cells during tumor metastasis.
(MCF7) experimental breast cancer
metastasis models
Colon, melanoma, lung and breast Cancer cells trigger NETosis by CXCR1 and CXCR2 activation; NETs protect tumor  (105)
cancer cells from contact with cytotoxic T cells and NK cells, promoting cancer cell
In vitro: primary melanoma and LS174T,  dissemination and lung metastasis.
HT29 cells
In vivo: syngeneic subcutaneous (4T1,
LLC and HT29) and intradermic
(B160OVA and 4T1) cancer models
Lung cancer Tumor- and NET-derived B1-integrin mediates adhesion of NETSs to circulating tumor ~ (102)
In vitro: A549 cells cells, facilitating cancer cell adhesion to the liver sinusoids.
In vivo: experimental liver metastasis of
A549 cells (intrasplenic injection into
caecal ligation and puncture-induced
sepsis model)
Ovarian cancer Cancer-derived cytokines (IL8, G-CSF, GROa, GROB) promote NETosis; NETs (20)
In vitro: ES2 and ID8 cells accumulate in premetastatic niche and enhance the formation of omental
In vivo: syngeneic (ID8) and xenograft metastases.
(ES2), (intrabursal and intraperitoneal
injection) cancer models
METs Colon cancer Cancer cells promote MET formation via PAD2, enhancing the formation of liver (201)
In vivo: MC38 experimental colon cancer metastases.
metastasis model
Ex vivo: human colon cancer
Cancer- NETs Chronic myelogenous leukemia (CML), Cancer cells predispose neutrophils to form NETs via G-CSF, promoting ©7)
associated breast and colon cancer microthrombosis in the lung.
thrombosis In vivo: syngeneic orthotopic breast (4T1)
and subcutaneous lung (LLC) and CML
mouse models
Breast cancer Cancer-derived G-CSF induces neutrophilia and NETosis, leading to the (113)
In vivo: syngeneic orthotopic breast (4T1  prothrombotic phenotype.
and 67NR) models
Glioma Platelets of late-stage glioma patients induce NETosis via P-Selectin and NETs (125)
Ex vivo: human glioma promote hypercoagulant state and thrombogenicity in endothelial cells.
Myeloproliferative neoplasms (MPN) Jak2V®'"F mutation stimulates NET formation and thrombosis in a PAD4-dependent  (132)
In vivo: Jak2"®'"" mouse model manner.
Ex vivo: human MPN
Pancreatic cancer Tumor cells induce NET generation in a cAMP- and thrombin-dependent, and ROS- (16)
In vitro: AsPC-1 cells independent manner; NETs enhance thrombin generation.
Ex vivo: pancreatic and biliary cancer
Pancreatic cancer NETs induce RAGE-dependent platelet aggregation and increase TF expression, (127)
Ex vivo: orthotopic (Panc02) cancer thereby enhancing coagulation.
model, human pancreatic cancer
Pancreatic cancer Platelets primed by tumor cells induce rapid NET generation; NETs trap platelets and ~ (128)
In vitro: AsPC-1 cells stimulate thrombus formation under shear conditions.
Small intestine cancer Inflammation-associated complement activation via neutrophil C3aR induces (130)
In vivo and ex vivo: ApcM™* mouse NETosis, hypercoagulation, and N2 neutrophil polarization in small intestine.
model
Ex vivo: human solid cancers Malignant tumors enhance NETosis via G-CSF, inducing microthrombosis and the (134)
Prostate, liver, lung, bladder and breast  occurrence of ischemic stroke with elevated troponin levels.
Secondary NETs Breast cancer and insulinoma Cancer cell-derived G-CSF induces systemic NETosis. NETs occlude kidney and (98)
organ damage In vivo: MMTV-PyMT and RIP1-Tag2 heart vessels, inducing irregular blood flow, increased endothelial cell activation with
transgenic models upregulated expression of proinflammatory mediators, ICAM1, VCAM1, E-selectin,
IL1B, IL6, and CXCL1.
Poor prognosis NETs Bladder cancer Radiation induces HMGB1 release in tumor microenvironment, triggering NETosis (111)
and therapeutic In vitro: MB49, UM-UC3 cells through TLR4; NETs enhance resistance to radiotherapy by suppressing CD8+ T cell
resistance In vivo: syngeneic heterotopic MB49 infiltration.
bladder cancer model
Ex vivo: human bladder tumor
NETs, Ex vivo: human pancreatic Poor prognosis and postoperative recurrence of resected tumors. (200)
METs neuroendocrine tumors
NETs, Ex vivo: human classic Hodgkin Eosinophilia and detection of NETs and EETs in lymph tumor tissues. (160)
EETs lymphoma, nodular sclerosis subtype Correlation between NET formation and fibrosis

High expression of PAR-2 and nuclear p-ERK in cancer cells. Enhanced TF
expression and procoagulancy in tumor-associated endothelium.

EMT, epithelial-mesenchymal transition; DEN-HFCD, diethyinitrosamine + choline-deficient, high-fat diet; STAM, Stelic Animal Model; MMTV-PyMT, mouse mammary tumor virus-

polyoma middle tumor-antigen.
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