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Editorial on the Research Topic 


Altered Expression of Proteins in Cancer: Function and Potential Therapeutic Targets



Introduction

The design of innovative cancer treatments requires extensive characterization of the molecular and cellular alterations associated with tumor development and progression. Cancer cells show extensive alterations in protein expression levels, which are drivers of their malignant transformation. Proteins with altered expression levels in cancer are involved in protein synthesis and degradation, signaling and metabolic pathways, DNA repair, apoptosis, and other cellular processes, whose alterations cause tumor development and progression. Characterizing the mechanisms that lead to alterations in protein levels and their cellular effects is an invaluable tool for repurposing those proteins as drug targets. Examples of up-regulated proteins in cancer include the epidermal growth factor receptor 2 (HER2) and the vascular endothelial growth factor (VEGF). HER2 is up-regulated in several cancer types, including breast (1), gastroesophageal (2), and non-small-cell lung cancers (3), making it an effective drug target (4). VEGF is up-regulated in pancreatic (5), prostate (6), and colorectal cancers (7), among others. Its inhibition is also an effective anticancer treatment, through a decrease in tumor vascularization (8).These examples demonstrate the modulation of protein levels as an effective anticancer target, which is becoming widely used in patient treatments. These studies also encourage additional research to uncover and test novel up-/down-regulated proteins as potential new therapeutic targets.

The aim of this Research Topic is to provide an update on some of these cancer-altered expression proteins. It contains 39 articles that include 23 original studies, 14 reviews, and 2 mini-reviews. In the following sections, we provide an overview of the main outcomes of these studies, which pertain to a large variety of proteins and cancer types. They were grouped based on the physiological or pathological role of the protein under study in order to highlight its impact on cellular homeostasis and malignant transformation into cancer phenotypes.



Messenger RNA Transcription, Processing, and Stability

The cellular levels of a specific protein are in part determined by the levels of its messenger RNA (mRNA). mRNA levels are determined by the proteins and RNAs that regulate their transcription, processing, stabilization, and translation. The expression levels of these regulatory proteins and RNAs are frequently altered in cancer, and these alterations contribute to abnormal expression levels of other proteins, which bring deleterious consequences to the cellular homeostasis.

The levels of mRNA transcription are affected by chromatin exposure, which is dependent on histone modifications. Wang et al. reviewed the alterations of the histone demethylase KDM4B in several cancer types. This protein is generally up-regulated in cancer, resulting in altered levels of transcribed mRNA and subsequently translated protein. Several inhibitors of this histone demethylase are also discussed in a therapeutic framework. Liu et al. reviewed the cancer-related alterations in post-translation modifications in bromodomain-containing protein 4 (BRD4). This protein, which is usually up-regulated in cancer, binds to histones to prevent DNA damage and promote RNA transcription. This review also discusses the prospective therapeutic targeting of its post-translational modifications in several cancer types.

The transcription rates of mRNAs are also modulated by transcription factors and other regulatory proteins recruited to genomic transcription sites. Damerell et al. showed that the c-Myc transcription factor, commonly amplified/overexpressed in cancer, can directly activate transcription of the T-box transcription factor 3 in human mesenchymal stromal/stem cells, promoting their malignant transformation into a sarcoma. Gao et al. studied the role of up-regulated LIM domain only protein 1 (LMO1), a transcription co-regulator, in glioma. Its silencing could inhibit tumor growth in vitro and in vivo. Zhang et al. uncovered the role of the mediator complex subunit 19 in hepatocellular carcinoma. This subunit of the mediator transcriptional co-activator is up-regulated in this carcinoma, and its knockdown inhibited cellular proliferation, migration, and invasion. He et al. elucidated the joint effect of the SOX9 transcription factor, ANXA2P2 long non-coding RNA, and miR-361-3p microRNA in resistance against cisplatin, a first-line chemotherapeutic agent in cervical cancer. Up-regulating miR-361-3p or down-regulating ANXA2P2 could decrease resistance to cisplatin through the down-regulation of SOX9. Concerning non-coding RNAs, Zhou et al. reviewed the oncogenic role and mechanism of the up-regulated metastasis-associated lung adenocarcinoma transcript-1 (MALAT1, a long non-coding RNA), as a microRNA sponge in non-small cell lung cancer.

Alterations in the cellular levels of splicing factors have also been found in cancer. She et al. reviewed that the serine/arginine-rich splicing factor 6 (SRSF6) is up-regulated and has an oncogenic role in several cancer types. Its prospective therapeutic inhibition was discussed. Moreover, an original research article by Yang et al. showed that the splicing factor proline and glutamine-rich (SFPQ) is up-regulated in lung cancer mesenchymal stem cells, where it promotes proliferation, invasion, and drug resistance. Its knockdown could inhibit in vitro cell proliferation and in vivo metastasis.

Disruption of the communication between the nucleus and cytoplasm can also be a cause of cancer. Bindra and Mishra reviewed the roles of nucleoporins (subunits of the nuclear pore complex) in cancer and other diseases. These proteins are usually up-regulated in different cancer types, affecting the functioning of the nuclear pore complex and compromising cellular homeostasis.

In the cytoplasm, the amount of protein translated from an mRNA is also limited by its lifetime, which is determined by its stability. Therefore, proteins involved in mRNA processing and stabilization can also affect the levels of other proteins. Ma et al. reviewed the role of TAR-DNA-binding protein-43 (TDP-43) in several cancer types. This DNA/RNA-binding protein participates in DNA repair, microRNA processing, and long noncoding RNA-binding, as well as in mRNA splicing, transport, and stabilization. Depending on the cancer type, this protein can be either up- or down-regulated, playing oncogenic or tumor-suppressor roles, through alterations in RNA metabolism or DNA repair. Moreover, Li et al. reviewed the roles of the RNA-binding motif (RBM) protein family in several cancer types. These proteins can affect mRNA transport, processing, stability, and translation. Depending on the cancer type, they can be either up- or down-regulated. Their potential therapeutic exploitation was also discussed.

These studies show that several proteins and non-coding RNAs, involved in DNA and RNA metabolism, have their expression levels frequently altered in cancer. These alterations contribute to changes in the levels of translated proteins and induce malignant transformations. The above-mentioned protein examples regulating chromatin condensation and repair, as well as mRNA transcription and splicing are generally up-regulated in cancer cells. Proteins related to mRNA stability can be up- or down-regulated, depending on the cancer type. Interventions to restore their physiological levels, through the up- or down-regulation, emerge as a promising therapeutic approach.



Protein Folding and Degradation

The cellular levels of proteins are also affected by the stabilization of their folded conformations and by their programmed degradation.

Molecular chaperones play critical roles in ensuring correct folding and consequent protein functionality. Albakova et al. reviewed the roles of heat-shock protein 70 (HSP70) and heat-shock protein 90 (HSP90) in several cancer types. The molecular and cellular consequences of the up-regulated cytoplasmic, mitochondrial and endoplasmic reticulum isoforms were highlighted.

Physiological protein levels also frequently depend on their regulated degradation through the ubiquitin-proteasome system. Proteasomal protein degradation requires its previous ubiquitination. Alterations in ubiquitination levels can alter protein levels, with oncogenic consequences. Zhou et al. reviewed the oncogenic role of ubiquitin-specific peptidase 7 (USP7), usually up-regulated in several cancer types. Xie et al. reviewed the dysfunction of the neural precursor cell expressed developmentally down-regulated 4-like (NEDD4L) E3 ubiquitin ligase, another regulator of protein ubiquitination, which is down-regulated in several cancer types and up-regulated in a few others.

These three reviews show that proteins regulating the folding and degradation of other proteins are also extensively deregulated in cancer. Specifically, the molecular chaperones HSP70 and HSP90 are generally up-regulated, whereas the ubiquitin-specific peptidase 7 and the NEDD4L E3 ubiquitin ligase, both regulators of proteasomal-mediated degradation, are up- or down-regulated, depending on the cancer type. The prospective therapeutic targeting of these proteins was also discussed.



Signaling Pathways

The research into the molecular mechanisms that drive cellular transformations into cancer phenotypes often uncovers alterations in signaling pathways. These alterations are correlated with altered expression levels of critical proteins.

Manore et al. reviewed the role of interleukin-6, Janus kinases, and the signal transducer and activator of transcription 3 (IL-6/JAK/STAT3) signaling pathway in breast cancer metastasis. IL-6, its receptor, and other components of this signaling pathway are up-regulated in breast cancer and are related to poor prognosis. Inhibitors of multiple components of the IL-6 signaling pathway have been evaluated as potential drugs. Xu et al. reviewed the role of the same signaling pathway in hepatocellular carcinoma, where its up-regulation is also related to malignant effects, including proliferation, metastasis, and drug resistance, making this pathway an attractive drug target against hepatocellular carcinoma.

Tang et al. identified six genes related to interleukin 2 and the signal transducer and activator of transcription 5 (IL-2/STAT5) signaling pathway, which were up-regulated in acute myeloid leukemia patients. Increased levels of phosphorylated STAT5 were detected in patient peripheral blood cells. Entinostat, a prospective chemotherapeutic drug, was shown to decrease viability of cell lines with high levels of phosphorylated STAT5. Up-regulation of this pathway was proposed as a prognostic model for acute myeloid leukemia and as a potential therapeutic target.

Bose et al. have shown that up-regulation of mucin 1 in pancreatic ductal adenocarcinoma cells switches the role of transforming growth factor β (TGF-β) from tumor-suppressive to tumorigenic. Under high levels of mucin 1, TGF-β activates the c-Jun N-terminal kinase (JNK) signaling pathway, which increases the levels of the c-Myc transcription factor and cell viability. Knockdown of mucin 1 decreased the phosphorylation of JNK and activation of the pathway.

Feng et al. have shown that coatomer protein complex subunit beta 2 (COPB2), a component of the vesicles that mediate transport between the endoplasmic reticulum and the Golgi apparatus, was up-regulated in prostate cancer. Up-regulation promoted cell proliferation and invasion through an increase in the mitogen-activated protein kinase (MAPK)/TGF-β signaling pathway. Knockdown of COPB2 inhibited invasion in prostate cancer cells and tumor growth in mice.

Li et al. uncovered the mechanism through which hypoxia promotes the progression and metastasis of lung adenocarcinoma. They showed that hypoxia induces up-regulation of Notch4 in cell lines. This up-regulated Notch4 activates the extracellular signal-regulated kinase (ERK)/JNK/P38 MAPK signaling pathway, promoting cell proliferation and migration and inhibiting apoptosis. Silencing of Notch4 reduced signaling pathway activation.

Zhan et al. showed that the up-regulation of hZIP1, a zinc transporter down-regulated in clear cell renal cell carcinoma, has a tumor-suppressive effect against this cancer type. Up-regulated hZIP1 induced the down-regulation of hypoxia-inducible factor-1α (HIF-1α), which decreased the activation of the nuclear factor kappa B (NF-κB) signaling pathway. This decrease suppressed cancer cell proliferation in vitro and tumor growth in mice.

Pang et al. showed that ethyl ferulate (an anti-inflammatory, antioxidant, and neuroprotective compound) has a tumor-suppressive effect against esophageal squamous cell carcinoma. Treatment of cell lines with this compound inhibited the mammalian target of the rapamycin (mTOR) signaling pathway. Inhibition of this pathway was correlated with decreased cell growth and mouse tumor growth.

The up-regulation of signaling pathways has been generally related to tumorigenesis. Nevertheless, Guo et al. showed that epirubicin, a chemotherapeutic drug, could enhance the anticancer effects of radioactive iodine (125I) in hepatocellular carcinoma through the enhancement of phosphorylation of key proteins of the JAK/STAT1 signaling pathway. This study puts forward this pathway as a potential protector against hepatocellular carcinoma.

These studies show that cancer phenotypes are frequently associated with the up-regulation of signaling pathways. Interfering with an up-regulated signaling pathway, through the down-regulation of critical protein components, is an attractive therapeutic opportunity. Nevertheless, as demonstrated by the last above-mentioned study, a therapeutic approach may exploit a signaling pathway to exert its effects.



Metabolism and Cell Homeostasis

The alterations in signaling pathways observed in cancer cells bring extensive metabolic alterations. These alterations impact the cell cycle, apoptosis and consequently, disrupting cellular homeostasis. The disruption of these processes is related to abnormal levels of specific proteins.

Mitochondria play a central role in cellular metabolism. Xie et al. reviewed the roles of proteins affecting mitochondrial fusion and fission in the framework of chemotherapy resistance. Up- or down-regulation of these proteins promotes or suppresses tumor growth, depending on the protein and cancer type, and can be exploited by the cancer cell to resist drug treatment. These proteins are attractive drug targets. Zhu et al. found that 70% of solute carrier protein family genes were differently expressed in lung adenocarcinoma tumors, in comparison to surrounding healthy tissue. Six of these genes were used to build a prognosis monogram for patient risk classification.

Zhang et al. showed that the mRNA and protein levels of pyridoxine 5′-phosphate oxidase (PNPO), an enzyme in the metabolism of vitamin B6, were increased in several cancer types and correlated with poor prognosis. PNPO was proposed as a potential novel biomarker for prognosis in several cancer types. Yang et al. identified ten differentially expressed genes in endometrial cancer, which were related to glycolysis. One of the corresponding up-regulated proteins, cyclin-dependent kinase 1 (CDK1), was chemically inhibited in cultured cells, resulting in decreased cell proliferation, invasion, and migration. CDK1 was proposed as a potential drug target in endometrial cancer.

Shizhe et al. combined single-cell RNA sequencing with multicolor immunofluorescence staining to map the alterations in liver zonation in hepatocellular carcinoma. Liver zonation reflects the organ’s microanatomical structure and is related to differential metabolic activity. Formimidoyl transferase cyclodeaminase, aminolevulinate dehydratase, and paraoxonase 1 are liver-specific proteins that contribute to its zonation. Their down-regulation in hepatocellular carcinoma was correlated to tumor differentiation. Zhang et al. applied a combined transcriptomics and proteomics approach to uncover fourteen deregulated genes in gastric cancer patient samples. These deregulated genes were related to metabolic pathways. One of the corresponding proteins, branched-chain amino acid transaminase 2 (BCAT2), which converts branched chain amino acids into their corresponding alpha-ketoglutarate, was down-regulated in tumors. Its decreased expression levels were related to poor prognosis. Its up-regulation in gastric cancer cell lines could suppress their proliferative capacity.

Metabolic alterations can induce changes in the cell cycle. Sheng et al. reviewed the role of cyclin-dependent kinase 5 regulatory subunit-associated protein 3 (CDK5RAP3) in several cancer types. This protein, whose many cellular roles include cell cycle regulation, apoptosis, and signaling transduction, can be up- or down-regulated, depending on the cancer type. Without a universal role in cancer, it can be a tumor-suppressor or promoter.

Zhang et al. showed that, in a subset of lung squamous cell carcinoma patients, the fibroblast growth factor 19 (FGF19) was co-amplified with cyclin D1, resulting in the up-regulation of both proteins. Their combined inhibition showed improved anticancer effectiveness, in comparison to individual inhibition. This study exemplifies synergistic co-amplification of neighboring genes as a cancer-promoting event. Wang et al. reviewed the roles of pleckstrin-2 (PLEK2), including cell spreading, inflammation, and erythropoiesis. PLEK2 is generally up-regulated in several cancer types. This review also discusses its roles in hematological cancers, tumorigenesis, and metastasis. Importantly, small molecular inhibitors of PLEK2 were not yet developed, in part due to the lack of a full-length structure of this protein. Zhao et al. uncovered that myeloid differentiation protein 2 (MD2) was up-regulated in glioma and related to poor prognosis. This protein acts as a co-receptor of toll-like receptor 4 (TLR4) to mediate innate immune response. Silencing of MD2 in cell lines decreased the expression levels of cytokines related to immune infiltration.

Other proteins have decreased levels in cancer. Ou et al. showed that the expression levels of the mRNA of family with sequence similarity 107 member A (FAM107A) are generally decreased in several cancer types. The corresponding protein, which binds to actin filaments to remodel the cytoskeleton, was knocked-down in renal and bladder cancer cell lines, resulting in increased proliferation, migration, and invasion. This protein emerges as a novel potential tumor-suppressor. One of the causes of cellular homeostasis disruption in cancer is the inhibition of apoptosis. Zhou reviewed our latest knowledge regarding the action mechanism of bortezomib and lenalidomide. These compounds are the two drug types approved for the treatment of glioma. They work through the activation of down-regulated caspase 8 to stimulate apoptosis.

The cancer-associated alterations in metabolism and cell homeostasis are deeply related to alterations in protein levels, which can be up- or down-regulated. Increased or decreased levels of specific proteins are helpful in predicting patient prognosis and/or as therapeutic targets through their inhibition or activation. The lack of clear trends concerning protein up-/down-regulation demonstrates the molecular complexity of the cellular processes that drive tumorigenesis.



Metastasis

Metastasis, the transfer of cancer properties to previously unaffected regions of the organism, is a major cause of cancer mortality. In this process, proteins also play critical roles.

Wang et al. showed that the MiR-29-3p microRNA was down-regulated in papillary thyroid carcinoma, while COL1A1 and COL5A1 mRNAs, which code for two types of collagen, the major component of the extracellular matrix, were up-regulated. Overexpression of this microRNA could inhibit cell proliferation and metastasis in vitro through the down-regulation of COL1A1 and COL5A1. This study identified this microRNA as a potential new drug to combat cancer through the inhibition of excessive collagen deposition in the extracellular matrix. Wang et al. showed that exosomal CD44 could be a vehicle for transmission of lymph node metastatic capacity between gastric cancer cells. CD44 is located on the cell surface, where it mediates cell-to-cell interactions. In this study, it was found to be enriched in exosomes, mediating the spread of metastatic capacity to primary gastric cancer cells in a process that requires increased fatty acid oxidation. Exosomal CD44 could be a non-invasive marker for gastric cancer with lymph node metastasis and a potential drug target. Mei et al. developed a monogram to predict the effect of epidermal growth factor receptor 2 (HER2) levels in lymph node metastasis in early gastric cancer. Increased levels of this protein become oncogenic, and are found in about 20% of gastric cancer patients, enabling its utilization for prognosis.

These studies bring mechanistic insight into the induction of metastasis by protein up-regulation. These observations put forward those proteins as potential diagnosis tools and potential therapeutic targets.



Concluding Remarks

The 39 studies included in this Research Topic broaden our knowledge regarding the impact of up-/down-regulated proteins in cancer. These proteins, which are involved in mRNA transcription, signaling pathways, metabolism, and other cellular processes (Figure 1), provide opportunities for developing novel tools for diagnosis and therapy. These findings anticipate exciting achievements in the cancer field in the near future.




Figure 1 | Impact of up-/down-regulated proteins in cancer. In cancer cells, alterations in protein levels (represented by red arrows) will be reflected in the cellular processes they control. These include mRNA transcription, processing, and stability, as well as folding and degradation of proteins that affect the cellular levels of other proteins. Moreover, alterations in protein levels affect signaling pathways and metabolism, which drastically change cellular homeostasis and promote metastasis. Elements are not drawn to scale. Protein and nucleic acid structure images are used for illustrative purposes only and were generated with PyMOL (Schrödinger, Inc.).
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Cyclin-dependent kinase 5 (CDK5) regulatory subunit associated protein 3 (CDK5RAP3, also named as C53 or LZAP) was initially identified as a binding protein of CDK5 activator p35. To date, CDK5RAP3 has been reported to interact with a range of proteins involved in cellular events ranging from cell cycle, apoptosis, and invasion to UFMylation modification and endoplasmic reticulum stress. Owing to its crucial roles in cellular processes, CDK5RAP3 is demonstrated to be not only an active participant in embryonic and mammalian tissue development, but also a key regulator in the onset and progress of human cancers such as head and neck squamous cell carcinoma, gastric cancer, hepatocellular cancer, lung cancer, kidney cancer and breast cancer. Notwithstanding, the detailed function of CDK5RAP3 and its mechanism remain poorly defined. Here, we briefly described a history of the discovery of CDK5RAP3, and systematically overviewed its gene structural and distribution features. We also focused on the known functions of this protein and its implications for embryogenesis and tissue development, as well as diseases especially carcinoma. This review may facilitate to understand the molecular and functional basis of CDK5RAP3 and its association with development and disease, and provide a reasonable idea for novel therapeutic opportunities targeting CDK5RAP3.
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Introduction

More than 20 years ago, Ching et al., initially isolated three novel binding partners of cyclin-dependent kinase 5 (CDK5) activator p35 from rat brain cDNA library by using the yeast two-hybrid screen assay (1). Among the three proteins, the protein with a molecular mass of 57 kDa was designated as C53, and later also denoted as CDK5 regulatory subunit associated protein 3 (CDK5RAP3) or LXXLL/leucine-zipper-containing alternative reading frame (ARF)-binding protein (LZAP) (2). CDK5RAP3 appears to be highly conserved in vertebrates, invertebrates and plants but not in yeast and bacteria (3). Moreover, CDK5RAP3 is widely expressed in human tissues and broadly located in subcellular compartments. Intriguingly, CDK5RAP3 does not have a known enzymatic domain or other well-described functional motifs. Recent research has indicated that CDK5RAP3 may perform its function possibly through interactions with its target proteins. To date, CDK5RAP3 has been found to interact with a variety of proteins and the details of its partners are shown in Table 1.


Table 1 | Overview on identified interacting proteins of CDK5RAP3.



By interacting with other proteins, CDK5RAP3 participates in the regulation of multiple cellular processes including cell cycle, apoptosis, cell invasion, signaling transduction, autophagy, UFMylation and endoplasmic reticulum (ER) stress. Furthermore, genetic studies in zebrafish show that CDK5RAP3 is necessary for epiboly and gastrulation, as well as normal dorsal-ventral patterning during early embryo development (3, 20). More recently, it has been reported that CDK5RAP3 is also required for mammalian tissue development such as liver and Paneth cell development (21, 22). CDK5RAP3 also has an intimate relationship with carcinogenesis and metastasis. CDK5RAP3 was initially considered as a putative tumor suppressor since it is found to be markedly reduced in 32% of primary head and neck squamous cell carcinoma (HNSCC), and inhibits cellular transformation and tumor growth in vitro and in vivo (5). Hereafter, it displays a tumor suppressor activity in hepatocellular carcinoma (23), gastric cancer (16, 24–27), and renal cancer (28) as well. In contrast, additional studies indicate that CDK5RAP3 appears to promote tumorigenesis because it is overexpressed in lung adenocarcinoma (29), hepatocellular carcinoma (11, 14), breast cancer (17) and cervical carcinoma (30), and has an oncogenic roles in these cancers. Hence, the roles of CDK5RAP3 in human cancers remain elusive and controversial. In addition, emerging research suggests that CDK5RAP3 may be involved in the regulation of hepatic, hematological and metabolic diseases due to the symptoms with liver degeneration, anemia, hemorrhage, and hypoglycemia, as well as impaired lipid metabolism and liver regeneration caused by its deficiency (21, 31). Consequently, CDK5RAP3 may be of importance for disease, especially tumor progression. In the following sections, we summarized the current advances in the molecular and functional basis of CDK5RAP3, and its implications for physiological and pathological conditions.



The Gene Structure and Distribution Features of CDK5RAP3

Human canonical CDK5RAP3 gene with 14 exons is located at chromosome 17q21.32 (https://ncbi.nlm.nih.gov/gene/80279) and its gene ID is 80279 (Figure 1A). CDK5RAP3, also called as C53, was originally described as a CDK5 activator p35-binding protein (1). Whereafter, Wang and his group reported the finding of ARF-binding protein (LZAP) that is proved to be identical with CDK5RAP3 (2). As the expression of CDK5 regulatory subunit p35 is mainly in neurons of the central nervous system, its binding to CDK5RAP3 is not discovered to represent their primary functions, and presumably represents brain-specific regulation of these proteins (1).




Figure 1 | Gene structure and amino acid sequences of CDK5RAP3. (A) Gene structure of human CDK5RAP3 located on chromosome 17. Red filled boxes represent exons. (B) Canonical amino acid sequences of CDK5RAP3. The leucine zipper and the LXXLL motif of CDK5RAP3 are indicated.



Structurally, the canonical transcript of CDK5RAP3 gene includes a full-length cDNA of 1841 bp which encodes a protein with 506 amino acid residues (3, 6, 32, 33), and its molecular mass is 57 kDa (1). Intriguingly, CDK5RAP3 has no well-defined functional domains and described enzymatic activity except a small region of leucine zipper responsible for protein dimerization and two LXXLL motifs governing the linkage with transcription factors (2, 6, 10) (Figure 1B). These features are reminiscent of its interactions with various proteins and its functions as a transcriptional modulator. Particularly, CDK5RAP3 is found to be physically associated with multiple proteins to form a putative complex under certain circumstances (2, 8, 10). For instance, CDK5RAP3 is observed to combine with the animo-terminal region of ARF, and form a ternary complex with ARF and human double minute 2 (HDM2) in U2OS cells (2). One possible explanation for the action of these forming complexes is that CDK5RAP3 may serve to bring effector proteins together (10, 34). The other is that the association of CDK5RAP3 with its partners may increase their own protein stabilities (34). Thus, this phenomenon suggests that the formation of large molecular weight complexes may be pivotal to the function of CDK5RAP3 in some cases. Additionally, CDK5RAP3 lacks membrane-spanning motifs and putative signal peptide sequences, indicating that it may be an intracellular protein.

Evolutionally, CDK5RAP3 orthologues are highly conserved in vertebrates, invertebrates and plants but not in unicellular yeast and bacteria (3). The sequence similarity between human and murine CDK5RAP3 is more than 90%, and between zebrafish and human or murine CDK5RAP3 is over 80%, indicating that the conservation of CDK5RAP3 in genomic structure and function is rather high across mammalian species (3). In particular, based on the data of sequence alignment, the amino-terminal portion and carboxyl-terminal domain of CDK5RAP3 are more credibly conserved, indicating that these amino acids may represent vital functional regions of the CDK5RAP3 protein (3). Furthermore, it is reported that CDK5RAP3 has many different isoforms. For example, IC53 is an isoform of CDK5RAP3 from a human aorta cDNA library while IC53-2 is another isoform of CDK5RAP3 from a human placenta cDNA library (32, 35).

The data from northern blot shows that CDK5RAP3 is ubiquitously expressed in human tissues, such as the heart, brain, skeletal muscle, placenta, lung, liver, kidney, and pancreas (1). RNA-seq results reveal that CDK5RAP3 is widely expressed in 27 different human tissues (36) and Figure 2 shows the mRNA abundance, i.e. Reads Per Kilobase Million (RPKM) value, of CDK5RAP3 in these organs. These results suggest that CDK5RAP3 may be a crucial gene in human tissues. Similarly, endogenous CDK5RAP3 is found to reside in multiple subcellular compartments (6, 12), including the cytosol, nucleus, nucleolus, centrosome, endoplasmic reticulum and microtubules (Figure 3). Interestingly enough, several studies have reported that the interaction of CDK5RAP3 with its partners can alter its subcellular distribution (2, 7, 11). For instance, Mak et al., revealed that the ectopic expression of CDK5RAP3 binding to p21-activated protein kinase 4 (PAK4) changes its localization, transferring from the cytoplasm and nucleus to the membrane periphery (11). Wang et al., found that co-expression of CDK5RAP3 with ARF results in the alternation of their subcellular distribution (2). Shiwaku et al., also confirmed that the knockdown of multiple α-helix protein located at ER (Maxer), an endoplasmic reticulum-associated protein, induces a shift of CDK5RAP3 from the cytoplasm to the nucleus (7). Therefore, these results strongly support the point that the translocation of CDK5RAP3 may be an important way to perform its function under certain circumstances. Furthermore, a recent study has reported that CDK5RAP3 may be a novel nucleoplasmic shuttle as it can interact with heat shock factor 1 (HSF1) and then inhibit HSF1 activation, thus affecting the nuclear and cytoplasmic distribution of HSF1 (18).




Figure 2 | Schematic diagram of CDK5RAP3 mRNA expression in 27 different human tissues. Reads Per Kilobase Million (RPKM) value represents the corresponding mRNA abundance of CDK5RAP3 in different organs, and the data from www.ncbi.nlm.nih.gov/gene/80279.






Figure 3 | Schematic diagram of CDK5RAP3 subcellular localization. CDK5RAP3 is widely located at multiple subcellular compartments, involving cytosol, nucleus, nucleolus, microtubule, centriole and endoplasmic reticulum.





Biological Functions of CDK5RAP3

The available data on CDK5RAP3 from PubMed and other databases shows that CDK5RAP3 is related to diverse cellular processes including cell cycle progression, apoptosis, cell adhesion/invasion, cellular signaling transduction, proteostasis, and so on. Nonetheless, the precise molecular mechanisms regulating its functions are far from being thoroughly understood.


CDK5RAP3 as A Vital Controller of Cell Cycle and Apoptosis

It is well known that two of the most important proteins involved in the cell cycle control are CDKs and cyclins (37). A variety of factors are able to modulate the two proteins and influence their catalytic activities, thereby either hindering cell cycle progression for DNA repair or inducing cell death (38). Previous studies demonstrated that CDK5RAP3 overexpression can partially antagonize the role of the checkpoint kinase 1 and 2 (Chk1/2), a G2/M DNA damage checkpoint, and promote the CDK1/cyclinB1 complex activation, thereby enabling cancer cells susceptible to DNA damage agents and inducing apoptosis (6, 39). Moreover, they found that CDK5RAP3 can interact with Chk1/2 which in turn counteracts the activities of Chk1/2 and activates the CDK1/cyclin B1, thus accelerating the entry into mitosis both in unperturbed cell cycle progression and in DNA damage response (6). Additional studies found that CDK5RAP3 can interplay with diverse proteins to affect the G2/M checkpoint (12, 13). As an example, nucleolar γ-tubulin is found to associate with CDK5RAP3 and diminish CDK5RAP3-mediated activation of the CDK1/cyclinB1 during the G2/M DNA damage checkpoint (12). The binding of CDK5RAP3 to pre-S2 hepatitis B virus L proteins (pre-S2 LHBs) was also discovered to partially inhibit the checkpoint kinase Chk1 activity, further promoting CDK1 activation and mitotic entry (13). These studies markedly indicate that CDK5RAP3 may be a positive regulator of CDK1 activation through antagonizing the G2/M checkpoint kinases. In a zebrafish model, CDK5RAP3 loss in early embryonic cells is observed to result in a G2/M arrest, thereby inhibiting proliferation and increasing apoptosis, indicating that CDK5RAP3 is necessary for normal cell cycle (3).

p53 is extensively recognized as a cell cycle protein and a potent inducer of apoptosis (40, 41). Several studies have reported that CDK5RAP3 can lead to a G1 phase arrest and trigger apoptosis possibly in a p53-dependent manner (2, 15). Interestingly, CDK5RAP3 may regulate p53-mediated cell cycle and apoptosis through multiple pathways. Wang et al., found that CDK5RAP3 restores HDM2-directed p53 ubiquitination (Ub) but does not increase the p53 ubiquitinated degradation in the presence of ARF and HDM2, and ubiquitinated p53 is mainly located in the nucleus (2). Conversely, they observed that the association of CDK5RAP3 with ARF raises the p53 stability and increases p53 transcriptional activity, thus causing a G1 cell cycle arrest (2). Additionally, they discovered that CDK5RAP3 overexpression also results in a p53-dependent G1 arrest in the absence of ARF (2). Still, Wamsley et al., reported that CDK5RAP3 depletion reduces the p53 protein level regardless of its mutant status, thus protecting the cells with wild-type p53 from DNA damage-triggered apoptosis whereas sensitizing cells expressing mutant p53 to DNA damage (15). Meanwhile, they demonstrated that CDK5RAP3 activity toward p53 is independent of Wip and ARF, but is dependent on HDM2. Besides, Maxer, an ER membrane protein, is seen to interact with CDK5RAP3 and its deficiency translocates CDK5RAP3 from the cytoplasm to nucleus which inhibits the expression of cyclin D1 and then delays the G1/S transition (7, 42, 43).

It is generally documented that caspases have a core role in the initiation and execution of apoptosis, characterized by caspase-mediated cleavage of target proteins (44). Coincidentally, Jiang et al., demonstrated that ectopic expression of CDK5RAP3 leads to caspase-3 activation and promotes DNA damage-mediated apoptosis, suggesting that CDK5RAP3 may act as upstream of caspase activation during apoptosis (39). More interestingly, another group discovered that CDK5RAP3 is a caspase substrate, and caspase-mediated cleavage of CDK5RAP3 protein leads to abnormal microtubule bundling and rupture of the nuclear envelope during apoptosis (45). Accordingly, we propose a notion that there may be a feedback loop between apoptosis and CDK5RAP3. Nevertheless, how the feedback loop works needs to be further studied.

Combined, CDK5RAP3 is critical for cell cycle progression and apoptosis. Under different cellular environments, CDK5RAP3 affects cell cycle not only through delaying the exit from the G2 checkpoint (Figure 4A), but also through regulating the exit from the G1 checkpoint (Figure 4B), suggesting the CDK5RAP3-mediated cell cycle functioning may be diversified and complex. Meanwhile, the mechanisms of CDK5RAP3-directed apoptosis are rather intricate and need to be further elucidated.




Figure 4 | CDK5RAP3 and cell cycle machinery. (A) CDK5RAP3 affects the G2/M checkpoint through different pathways. (B) CDK5RAP3 affects the G1/S checkpoint in a p53-dependent manner. T-shaped arrow indicates inhibition; Standard-shaped arrow denotes promotion.





CDK5RAP3 as A Regulator of Cell Adhesion and Invasion

In a zebrafish model, CDK5RAP3 deficiency alters intercellular adhesion, likely leading to abrogation of epiboly, suggesting that CDK5RAP3 may play a role in cell adhesion and progress of epiboly (3). CDK5RAP3 is also considered as a regulator of cell invasion. Depletion of CDK5RAP3 is found to promote cell invasion and matrix metalloproteinase (MMP)-9 expression through activating nuclear factor (NF)-κB pathway in a U2OS cell model (2). The loss of novel LZAP-binding protein (NLBP), a binding partner of CDK5RAP3, can result in loss of CDK5RAP3, thereby enhancing cell invasion and NF-κB activation (8, 9). Given that cell adhesion and invasion are essential properties of tumor metastasis in malignancies (46, 47), CDK5RAP3 is also an important participant in tumor metastasis (11). Nevertheless, its exact function in cancer cell invasion remains conflicting. A group demonstrated that CDK5RAP3 promotes the cell migration and invasiveness in HCC cell lines SMMC-7721 and HepG2 (11, 14). However, another group discovered that CDK5RAP3 inhibits the migration and invasion in HCC cell lines HepG2 and sk-Hep1 (23). Interestingly enough, both studies apply the same cell line to in vitro experiments and performed immunohistological staining of CDK5RAP3 in tens of patients. Thus, further work remains to explore the precise function of CDK5RAP3 in cell invasion and its possible mechanism.



Signaling Pathways Regulated by CDK5RAP3

Accumulating evidence indicates that CDK5RAP3 has been implicated in governing cellular signal transduction including the p53 (2, 15), NF-κB (5, 8, 9, 48), Wnt (20, 24, 25), wild-type p53-induced phosphatase 1 (Wip 1) (10, 33), AKT (27, 30) and signal transducer and activator of transcription 3 (STAT3) signaling cascades (17). As previously described, CDK5RAP3 positively regulates p53 activity either in the presence or absence of ARF or independently of p53 mutation state (2, 15). Again, one group displayed that CDK5RAP3 is a novel binding partner of Wip 1 and stimulates its phosphatase activity, subsequently augmenting the dephosphorylation of its substrates such as RelA, p38, Chk1/2, p53 (15) (Figure 5A). CDK5RAP3 is also documented to negatively modulate the NF-κB signaling by connecting directly with RelA (p65), impairing its phosphorylation at serine 536 and promoting its binding to histone deacetylase (HDAC), thereby inhibiting NF-κB transcriptional activity (5) (Figure 5B). Additional data witnesses that CDK5RAP3 has a close association with AKT and Wnt/β-catenin signaling (Figure 5C). CDK5RAP3 loss is found to cause an increase in phosphorylated glycogen synthesis kinase-3β (GSK-3β), which in turn leads to a reduction in phosphorylated β-catenin and its nuclear accumulation (20, 24). The study from Zheng et al., also showed that CDK5RAP3 suppresses the inhibitory phosphorylation of GSK3β via inhibiting AKT phosphorylation in gastric cancer (25). Moreover, their group demonstrated that CDK5RAP3 modulates AKT signaling in both gastric neuroendocrine and cervical carcinoma (27, 30). CDK5RAP3 also negatively regulates AKT/hypoxia inducible factor-1α (HIF-1α)/vascular endothelial growth factor A (VEGFA) pathway in gastric neuroendocrine carcinoma (GNEC) (Figure 5D). Specifically, CDK5RAP3 inhibits the phosphorylation of AKT, which decreases the expression of HIF-1α and its downstream VEGFA (27).




Figure 5 | Schematic overview of the signaling pathways regulated by CDK5RAP3. (A) CDK5RAP3 binding to Wip1 promotes its activity and augments its dephosphorylation to downstream substrates. (B) CDK5RAP3 negatively regulates the NF-κB signaling pathway. (C) CDK5RAP3 regulates the Wnt/β-catenin signaling pathway. (D) CDK5RAP3 modulates the AKT/HIF1α/VEGFA signaling pathway. T-shaped arrow indicates inhibition; Standard-shaped arrow denotes promotion.



In the light of the above-stated findings, there is no doubt that CDK5RAP3 is an important player in signal transduction. However, due to the presence of the crosstalk between signaling pathways and the diversity of its target proteins, the extent and details of CDK5RAP3-mediated signaling transduction remain to be thoroughly studied.



CDK5RAP3 as a Potential Participant in Autophagy

Autophagy is a key intracellular degradation process during which eukaryotic cells clear up harmful or unwanted cytoplasmic contents to maintain cellular homeostasis (49–51). Current research demonstrates that many factors are involved in modulating this process (19, 28, 52–54). Among them, CDK5RAP3 is reported to regulate autophagy in a renal cancer model (28). Knockdown of CDK5RAP3 in the human renal cell line Caki-1 cells results in a decrease of an autophagy-related protein microtubule associated protein 1 light chain 3 (LC3) conversion, whereas its overexpression in the human renal cell line 769-P cells leads to an increase of the LC3-II level. These data indicate that CDK5RAP3 may discrepantly regulate autophagy in different cells. More recently, CDK5RAP3 is identified as an emerging regulator of selective autophagy in ER, namely ER-phagy (19, 54). Stephani et al., demonstrated that CDK5RAP3 interacts with autophagy associated gene (ATG) 8, the non-mammalian homologue of LC3, through non-canonical ATG8 interacting motifs in plant and mammalian models (19). And they uncovered that CDK5RAP3 is activated by ribosome stalling during co-translational protein translocation. Additionally, their results showed that CDK5RAP3-mediated autophagy can be activated by phosphate starvation, not by carbon or nitrogen starvation (19). Nevertheless, Liang et al. showed that CDK5RAP3 mutant does not affect ER-phagy (55). Difference between Stephani’s and Liang’s findings shows that the association of CDK5RAP3 with autophagy depends on cell-type (19). To date, the reports on the relationship between CDK5RAP3 and autophagy are rather limited. Further investigation is required to explain the exact role of CDK5RAP3 in autophagy and its working mechanisms.



CDK5RAP3 as a Satellite Component of the UFMylation System

The UFMylation is referred to as a process of post-translational modification that is orchestrated by the sequential action of ubiquitin fold modifier 1(UFM1) and three enzyme classes, namely the E1 ubiquitin activating enzyme 5 (UBA5), E2 UFM1-conjugase 1 (UFC1) and E3 UFM1-conjugase 1(UFL1) (56, 57). The detailed knowledge on UFMylation cascade has be elaborated in published reviews (34, 58).

Increasing data supports the view that CDK5RAP3 is a candidate satellite component in the UFM1 conjugation system (7–9, 59–61). Firstly, CDK5RAP3 is confirmed to interact with several core components of the UFMylation system such as UFM1 and E3 ligase UFL1, and its adaptor protein DDRGK domain containing protein 1 (DDRGK1). In particular, previous literatures strongly suggested that UFL1, together with DDRGK1 and CDK5RAP3, may form a protein complex that affects the UFMylation of substrates (8, 19, 21, 34, 55). Secondly, CDK5RAP3 is found to take part in the UFMylation of UFM1 targets under certain circumstances (60) and play an essential role in poly-UFMylation (62). Thirdly, the three proteins CDK5RAP3, UFL1 and DDRGK1 are of high similarity in species and tissue expression, and subcellular localization (8). Furthermore, the intervention of one protein affects the expression level of another one (8). Finally, these protein-directed functions in many scenarios are extremely similar such as the regulation of NF-κB signaling, cell invasion, hematopoiesis and ER stress (8, 19, 21, 34, 63, 64). As such, it is possible that the UFMylation machinery is one of the working modes of CDK5RAP3-mediated biological effects. Notwithstanding, CDK5RAP3, as stated earlier, can affect the phosphatase activity rather than UFMylation of its targets in many instances. Therefore, the mechanistic link between CDK5RAP3 and the UFMylated cascade requires further investigation.



CDK5RAP3 as a Pivotal Modulator During ER Homeostasis

The endoplasmic reticulum (ER), an important network of membranes, is regarded as the core machinery in protein biosynthesis, folding, maturation, quality control and degradation (65, 66). To ensure the quality of proteins, the ER is dynamically regulated by an intricate signal transduction system related to the secretory pathway. The perturbation of the ER homeostasis, namely ER stress may lead to activation of the unfolded protein responses (UPR) to reestablish cellular homeostasis (67). The regulation of the UPR pathway is controlled largely by three key sensors, that is the inositol-requiring enzyme 1 (IRE1) α, pancreatic endoplasmic reticulum kinase (PERK), and activating transcription factor 6 (ATF6) (68, 69). All the three sensors are usually combined with the ER resident chaperones like glucose-regulated protein 78 (GRP78)/binding immunoglobulin protein (Bip) through their ER luminal domains which keeps them in an inactive state. And when Bip binds to accumulating misfolded/unfolded proteins, it can release the three sensors and then activate the UPR cascade during ER stress. If the UPR strategy is unable to dispose of ER stress, the ER-associated degradation (ERAD) will be initiated to resolve the unfolded or misfolded proteins either by a ubiquitin-proteasome or by an autophagy-lysosome dependent mechanism, and molecular chaperones will be upregulated to promote the proper protein folding (70).

Dozens of studies have shown a connection between CDK5RAP3 and ER homeostasis. As stated above, DDRGK1, a well-documented ER membrane protein, is a physically binding partner of CDK5RAP3. As such, CDK5RAP3 may relocate to the ER under the recruitment of DDRGK1 where it regulates ER-related proteins (8, 34, 62). As an example, DDRGK1 is proved to recruit the localization of UFL1 and CDK5RAP3 to ER, and then promote the UFMylation of ribosomal protein L26 (RPL26) at the lysine 134. Subsequently, UFMylated RPL26 mediates the degradation of ER sheets and a quality control factor ribophorin1 glycosylating faulty ER proteins (55, 62, 71). Again, CDK5RAP3 is a satellite component of the UFMylation cascade as well (34). The UFMylation system is essential to maintain cell homeostasis including ER homeostasis (72–74). For example, the increased activity of the UPR cascades is observed in mice with UFMylation impairment, representing by the activation of the IRE1 and PERK pathway, concomitantly with upregulation of their downstream spliced X-box binding protein 1(Xbp1s) and phosphorylated eukaryotic translation initiation factor 2 alpha (eIF2α) (75). On the other hand, the induction of ER stress is observed to be accompanied by the upregulation of UFMylation cascades. An example is that UFM1 is found to be transcriptionally upregulated in response to ER stress in an ischemic heart disease mice model (76). Importantly, the substrate spectrum of UFMylation has been recently expanded to ribosomal proteins such as 80S ribosome, RPL26, ribosomal subunits, namely uS3, uS10 and uL16 (62, 77, 78). Pleasingly, two or three studies have demonstrated that CDK5RAP3 directly affects the ER stress (21, 22, 31). In a hepatocyte-specific deletion of CDK5RAP3 model, CDK5RAP3 loss results in the ER stress, concomitantly with activation of IRE1α and PERK signaling pathways (21). Similarly, CDK5RAP3 deficiency caused activation of the UPR, especially the IRE1α-Xbp-1 branch, in an intestinal epithelial cell-specific knockout mouse model (22).

Overall, The UFMylation conjugation is a vital player in maintaining ER homeostasis. The current advances on the UFMylation system and ER network can be consulted in several published reviews (34, 58, 72). Remarkably, CDK5RAP3, both as a UFMylation component and as a candidate ER-phagy player, may play a master role in ER homeostasis. Nonetheless, as a multifaceted protein, how CDK5RAP3 combines the UFMylation pathway with autophagy and ER stress remains unresolved.




Implication of CDK5RAP3 for Development


CDK5RAP3 in Embryogenesis

Data from zebrafish and mice models has shown that CDK5RAP3 is essential for embryonic development. In a zebrafish model, CDK5RAP3 ablation is found to not only fail to initiate epiboly (3), which is the first morphogenetic movement of zebrafish embryo during the gastrulation stage (79), but also disturb normal dorsal-ventral patterning during early development (20). Consistent with these observations, in a mouse model, CDK5RAP3 deficiency is demonstrated to be lethal to the embryo (3, 21, 22). For instance, CDK5RAP3 loss in mice causes severe liver hypoplasia and subsequent embryonic lethality (21). Interestingly, there is a discrepancy in these reports regarding the timing of embryonic lethality. One group reported that CDK5RAP3 deletion mice die from embryonic day 16.5 onwards (21), whereas others found that the timing of mice death is earlier, either after embryonic day 6.5 or after embryonic day 8.5 (3, 22). And the reason for this inconformity remains to be understood.



CDK5RAP3 in Tissue Development

Many observations have indicated that the core components of the UFMylation system UFM1, UBA5, and UFL1 have a direct association with multiple cell development (63, 80–82). Akin to these key components, CDK5RAP3 is recently reported to be involved in a couple of tissue development. Yang et al., reported that CDK5RAP3 is essential for postnatal hepatocyte growth, proliferation and function maturation (21). Hepatocyte-specific CDK5RAP3 deficient mice also display serious hypoglycemia and lipid metabolism disorders which results in post-weaning lethality (21). Quintero et al., showed that intestinal epithelial cell-specific deletion of CDK5RAP3 causes complete depletion of Paneth cells, and its deletion in mature Paneth cells also results in the loss and abnormality of Paneth cells, indicating CDK5RAP3 is necessary to Paneth cell development and maturation (22). Moreover, both of them propose a possible working mechanism that CDK5RAP3 may regulate tissue development via the UFMylation pathway (21, 22). The most immediate evidence may be that CDK5RAP3 knockout in both hepatocytes and intestinal epithelial cells directly alters the UFMylation cascade. Reminiscent of the CDK5RAP3/UFL1/DDRGK1 complex in the ER, this complex may recruit specific UFMylated substrates to maintain the ER homeostasis in these cells (21, 22). However, given that CDK5RAP3 is a multi-faceted protein, whether it acts by other mechanisms in these tissues needs to be further investigated.




CDK5RAP3 and Disease


CDK5RAP3 as a Tumor Suppressor or Promotor?

Numerous studies have revealed the potential inhibitory role of the CDK5RAP3 in the context of various cancers. In the HNSCC, Wang et al., found that CDK5RAP3 protein levels are significantly reduced in more than 30% of primary human HNSCC which is negatively correlated with expression of NF-κB target genes, including interleukin-8 (IL-8) and IκBα, and its depletion induces primary cell transformation (5). Additionally, they discovered that decreased CDK5RAP3 level promotes xenograft tumor growth and blood vessel density in a HeLa cell-induced xenograft mice model, but also enhances NF-κB-dependent cellular invasion and MMP9 expression in a U2OS cell model (5). In the HCC, CDK5RAP3 expression is markedly decreased in the HCC tissues and cell lines, and its decreased expression is strongly associated with tumor size, histopathological classification, serum α-fetoprotein and poor prognosis (23). They also found that CDK5RAP3 expression suppresses HCC cell proliferation, migration, invasion and xenograft tumor growth, and induces apoptosis (23). In the stomach, CDK5RAP3 also functions as a tumor suppressor both in gastric cancer and in GNEC. The expression level of CDK5RAP3 is significantly reduced both in gastric cancer and in GNEC tissues which is correlated with TNM stage, poor prognosis, invasion depth, and lymph node metastasis (16, 24–27, 83). In addition, the ectopic expression of CDK5RAP3 suppresses cell proliferation, migration, invasion, angiogenesis, xenograft growth, and cancer stem-like cells (CSCs) phenotype, and epithelial-mesenchymal transition (16, 24–27, 83). Mechanically, CDK5RAP3 is reported to block the inhibitory phosphorylation of GSK-3β via repressing AKT activation, and then increase β-catenin phosphorylation for its degradation, thereby suppressing its nuclear translocation (24, 25). CDK5RAP3 is also confirmed to interact with minichromosome maintenance 6 (MCM6) and hinder its translocation into the nucleus, resulting in the inhibition of gastric cancer cell proliferation (16). Additionally, CDK5RAP3 is found to inhibit the phosphorylation of AKT and then reduce the expressions of HIF-1α and VEGFA, thereby suppressing angiogenesis in GNEC (27). The extracellular signal-regulated kinase (ERK) signaling is demonstrated to be an upstream modulator that restrains the expression of CDK5RAP3 in gastric CSCs (83). In renal cancer, CDK5RAP3 is downregulated in renal cancer tissues and participates in autophagy regulation in renal cancer cell lines (28). In summary, these results suggest that CDK5RAP3 may function as a tumor suppressor for these cancers (Table 2).


Table 2 | Expression levels of CDK5RAP3 and its implications for different tumors.



On the contrary, other studies have suggested that CDK5RAP3 may play a pro-tumorigenesis role in a couple of carcinomas. First, CDK5RAP3 is proved to be overexpressed in lung adenocarcinoma tissues (29). Second, CDK5RAP3 is also frequently upregulated in human HCC tissues and cell lines, and this overexpression is closely related to more aggressive phenotype, including more tumor microsatellite formation and extrahepatic metastasis, and poor differentiation (11). Both gain-of-function and loss-of-function experiments indicate that CDK5RAP3 can increase cell proliferation, migration, invasiveness and xenograft tumor growth in HCC cell lines (11, 14). Third, the abnormalities of CDK5RAP3 gene, including point mutations, deletions and insertions, are found to be infrequent or even absent, whereas the most common alteration of this gene is increased in copy number and gene overexpression by analyzing the COSMIC database (17). CDK5RAP3 is also observed to enhance the clonogenesis and migration in breast cancer cells (17). Fourth, CDK5RAP3 is markedly overexpressed in cervical carcinoma based on the data from several online databases and enhances the proliferation and tumorigenicity in cervical carcinoma cells (30). In addition, several CDK5RAP3 isoforms are observed to show an oncogenic phenotype (84, 85). For instance, IC53, a kind of CDK5RAP3 isoforms, is demonstrated to be positively correlated with the grade and invasion depth in colon adenocarcinoma, and enhance cell proliferation, migration, adhesion, and tumorigenicity of human colon cancer cell lines (84). Another CDK5RAP3 isoform IC53d is shown to be up-regulated in human gastric cancer tissues and its overexpression promotes tumorigenesis in vitro and in vivo (85). Several potential mechanisms have been proposed to elucidate the oncogenic function of CDK5RAP3 as well. One possible molecular mechanism is that CDK5RAP3 firstly binds to p21-activated protein kinase 4 (PAK4) and then this binding elicits the activation of PAK4 to promote HCC metastasis (11). Another potential mechanism is that CDK5RAP3 directly combines with the p14ARF promoter and then represses its transcription to downregulate the expression of p14ARF, thereby promoting HCC metastasis (14). Meanwhile, they pointed out that both the overall integrity and nuclear localization of CDK5RAP3 are important for its repressor activity for p14ARF (14). Besides, CDK5RAP3 in breast cancer cells is reported to positively regulates the transcriptional activity of signal transducer and activator of transcription 3 (STAT3), an oncogenic transcription factor, to trigger its tumorigenic phenotypes (17). Thus, all these studies indicate that CDK5RAP3 may also act as an oncogene for these cancers (Table 2).

Taken together, these data indicate that CDK5RAP3 has a marked relationship with human carcinoma but its precise function seems to vary greatly depending on tumor types, tumor stages or experimental condition. One of possible reasons is its diversity in interacting proteins and signaling transduction. Consequently, the molecular mechanisms of CDK5RAP3 acting as a tumor suppressor or promotor appear to be complicated and diverse. Furthermore, UFL1, a binding partner of CDK5RAP3, is also identified as a putative tumor suppressor in hepatocarcinoma or a potential oncogene in lung adenocarcinoma (9, 86). This opposite consequence may depend on UFM1’s substrate availability in different cancer types (34). Thus, further mechanistic investigations will be established to explain whether CDK5RAP3 performs its functions really by different ways in different types of cells and tissues or by a unified molecular mechanism.



CDK5RAP3 as a Potential Cause of Other Diseases

Genetic studies have demonstrated the protective roles of the UFMylation conjugation system in multiple pathological disorders. For instance, cardiac-specific UFL1 knockout mice develop age-dependent cardiomyopathy and heart failure, manifested with elevated cardiac fetal gene expression, increased fibrosis and impaired cardiac contractility (64). Inducible deletion of UFL1 or UFBP1 (also known as DDRGK1) in adult mice causes severe anemia (63, 80). UFBP1-deficient mice are shown to be susceptible to experimentally induced colitis (87). In the pancreas, overexpression of UFM1 and UFBP1 protects pancreatic β cells from ER stress-induced apoptosis (59). The combination of alcohol consumption and UFL1 depletion leads to increased caspase 3 and trypsin activation in pancreatic acinar cells (88).

Given that it is considered as a vital satellite component of the UFMylation pathway, CDK5RAP3 may be involved in other diseases besides cancer. Recent studies have revealed that CDK5RAP3 knockout mice display liver degeneration, regeneration, anemia, and hemorrhage, as well as metabolic disorders such as hypoglycemia and impaired lipid metabolism, indicating that CDK5RAP3 may be associated with hepatic, hematological and metabolic diseases (21, 31). Moreover, the loss of CDK5RAP3 alters the UFMylation profile in liver cells (21). Additionally, in a diabetic mouse model, CDK5RAP3 expression is recently found to be downregulated which supports its involvement in metabolic diseases (48). More recently, Quintero et al., found that intestinal epithelial cell-specific knockout of CDK5RAP3 displays increased susceptibility to experimentally induced colitis in mice (22). They also found that CDK5RAP3 deletion results in defective UFMylation pathway and activation of UPR (22). As such, the potential mechanism underlying CDK5RAP3’s function in these diseases is partially mediated by the UFMylation pathway.




Conclusion

Collectively, we overview the current research on CDK5RAP3, and highlight the following points. First, CDK5RAP3 structurally lacks well-defined functional domains and described enzymatic activity, but has a domain of leucine zipper and two LXXLL motifs, indicating that CDK5RAP3 executes its functions mainly by two central modes, i.e. protein-protein interaction and transcriptional regulation. Second, CDK5RAP3 shows evolutionally conserved in multicellular species, and stably expresses in various tissues and their subcellular compartments. Third, CDK5RAP3 can interact with a range of proteins and is a truly multifunctional molecule. Its functions cover most of biological processes, varying from cell survival, differentiation, adhesion/invasion, signal transduction, protein post-translational modification and cellular homeostasis. Furthermore, during these biological processes, CDK5RAP3 as a scaffold may regulate the activity, transcription or UFMylation of its target proteins. Fourth, CDK5RAP3 is essential for embryogenesis and mammalian development. Finally, CDK5RAP3 may be involved in several pathological disorders, especially tumorigenesis. By this token, These results provide useful information for further investigations on its involvement in diseases.

Admittedly, there are some unexploited, puzzling and conflicting questions about CDK5RAP3 to be unraveled. For instance, while a large number of CDK5RAP3 binding proteins have been identified, many questions regarding mechanistic understanding remain elusive. Although CDK5RAP3 has been demonstrated to be implicated in the regulation of protein phosphorylation and UFMylation, the preference of its target proteins for protein modifications is still obscure. Although some of CDK5RAP3-regulated signaling pathways have been described, whether there are additional pathways or whether there are crosstalks among these pathways remains unclear. In addition, based on the present reports, the function of CDK5RAP3 in tumor is depending on cell or tissue type. In most cases, CDK5RAP3 acts as a tumor suppressor, inhibiting the cell proliferation, migration and invasion, as well as inducing apoptosis. Rather, several studies support the viewpoint that CDK5RAP3 is a tumor promotor. These results propose a challenging question to CDK5RAP3 as a target for the treatment of tumors. Thus, some strategies remain to be explored to achieve more accurate treatment. Again, as a multifaceted protein, whether CDK5RAP3 is involved in more diseases beyond cancer is also a unresolved problem. But any way, the present findings have provided an opportunity for shedding enormous insight into physiological and pathological actions of CDK5RAP3 and for further interrogating its functions in cancer and other diseases.
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The long non-coding RNA metastasis-associated lung adenocarcinoma transcript-1 (MALAT1) was initially found to be overexpressed in early non-small cell lung cancer (NSCLC). Accumulating studies have shown that MALAT1 is overexpressed in the tissue or serum of NSCLC and plays a key role in its occurrence and development. In addition, the expression level of MALAT1 is significantly related to the tumor size, stage, metastasis, and distant invasion of NSCLC. Therefore, MALAT1 could be used as a biomarker for the early diagnosis, severity assessment, or prognosis evaluation of NSCLC patients. This review describes the basic properties and biological functions of MALAT1, focuses on the specific molecular mechanism of MALAT1 as a microRNA sponge in the occurrence and development of NSCLC in recent years, and emphasizes the application and potential prospect of MALAT1 in molecular biological markers and targeted therapy of NSCLC.
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Introduction

Non-small cell lung cancer (NSCLC) is one of the leading causes of cancer-related deaths worldwide (1). Although great advances have been made in surgery, chemotherapy, and immunotherapy, the 5-year survival rate of patients with NSCLC is still only about 15% due to the high rate of distant metastasis and recurrence (2, 3). Therefore, the invasion and the metastasis of cancer cells are serious challenges in the treatment of NSCLC. In-depth understanding of the potential mechanisms of the occurrence and development of NSCLC is of great significance in order to improve the effect of clinical treatment.

Long non-coding RNA (lncRNA) is a transcript consisting of more than 200 nucleotides in length (4). It is well known that lncRNA can regulate the expressions of many genes and participate in the development of tumors (5). Metastasis-associated lung adenocarcinoma transcript-1 (MALAT1) was initially found to be overexpressed in early NSCLC, which is a type of non-coding ribonucleic acid (6). Although there have been many studies on MALAT1 in the past, the specific molecular mechanism of MALAT1 regulation of NSCLC is still not very clear (7). In the past decade, more and more studies have found that MALAT1 can regulate its downstream target molecules by directly binding to microRNA (miRNA), thus playing an important role in the cell proliferation, metastasis, invasion, and treatment of drug resistance in NSCLC (8–11). In this review, we first briefly introduce the basic properties and biological functions of MALAT1, focus on the molecular mechanism of MALAT1 as an miRNA sponge in the occurrence and the development of NSCLC, and highlight the application and potential prospect of MALAT1 in molecular biological markers and targeted therapy in NSCLC.



Discovery of LncRNA MALAT1

MALAT1 is also termed nuclear enriched abundant transcript 2 (NEAT2) (12). The structure and biogenesis of its genes are located in human chromosome 11q13 and mouse chromosome 19qA (13, 14). The MALAT1 transcript is about 7 kb in humans and 6.7 kb in mice (12, 15). Previously, MALAT1 was named because of its clinical significance in predicting the metastasis and survival of early NSCLC, but a subsequent study showed that MALAT1 is widely expressed in normal tissues and is extremely abundant and widely conserved in 33 species of mammals (6, 16), which indicates that MALAT1 may have potentially important biological functions (17).

Different from the typical mechanism of cleavage and polyadenylation, the MALAT1 3′ end lacks the structure of poly(A) tail (18). With the cleavage of ribonuclease (RNase P), the primary transcript of MALAT1 forms a mature transcript of 7 kb and a small transcript fragment at the 3′ end (Figure 1) (18). The mature transcript is mainly located in nuclear bodies known as nuclear speckles, which are subnuclear structures enriched with RNA processing factors and poly(A)+ RNAs and involved in posttranscriptional regulation of gene expression (19, 20). Its 3′ end is highly conserved and forms a unique triple-helix structure that can protect it from the damage of 3′–5′ exonucleases, which is beneficial to the stability of MALAT1 (21, 22). The small transcript fragment is bound by ribonuclease Z (RNase Z) and further cleaved and modified by the CCA-adding enzyme to produce a 61-nt-long lncRNA called MALAT1-associated small cytoplasmic RNA (mascRNA), then folds into the transfer RNA (tRNA) cloverleaf structure and is exported to the cytoplasm (Figure 1) (18). MALAT1 located in nuclear speckles can regulate other physiological and pathological processes such as embryonic development, tumor progression, cardiovascular remodeling, and tissue inflammation mainly by affecting gene transcription, interfering with messenger RNA (mRNA) cleavage, regulating epigenetic changes, or acting as a competitive endogenous RNA (23–28). There are few reports on the role of mascRNA, which may participate in cardiovascular innate immunity by affecting fas ligand (FASLG), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), etc. (29) It may also be part of the molecular mechanism of function in cancer to regulate the glutaminyl-tRNA synthetase (QARS) protein levels and promote global protein translation and cell proliferation (30).




Figure 1 | MALAT1 biogenesis. The primary transcript of MALAT1 forms a mature transcript of 7 kb and a small transcript fragment at the 3′ end with the cleavage of RNase P. The mature transcript is mainly located in nuclear speckles, and its 3′ end is highly conserved and forms a unique triple-helix structure that can protect it from the damage of 3′–5′ exonucleases, which is beneficial to the stability of MALAT1. The small transcript fragment is bound by RNase Z and further cleaved and modified by the CCA-adding enzyme to produce a 61-nt-long lncRNA called MALAT1-associated small cytoplasmic RNA (mascRNA), then folds into the tRNA cloverleaf structure and is exported to the cytoplasm.





The Properties and Biological Functions of MALAT1

Previous studies have found that MALAT1 can participate in the regulation of biological function through the following main mechanisms (Figure 2): 1) affecting the gene transcription. MALAT1 can recruit Sp1, a transcription factor, in multiple myeloma. Sp1 can activate and promote the secretion of growth factor TGF-β by binding to the prompter of latent transforming growth factor beta binding protein 3 (LTBP3) (31). MALAT1 can promote the transcription of telomeric repeat-binding factor 2 (TRF2) by recruiting RNApol II, P300, and CRUPT to bind to the promoter region of TRF2, which promotes the growth of liver cancer stem cells (32). 2) Affecting the alternative splicing of pre-mRNAs. MALAT1 is identified as a nuclear-retained regulatory RNA that can interact with the serine- and arginine-rich (SR) protein splicing factors such as SRSF1, SRSF2, and SRSF3, affect the distribution of splicing factors in nuclear speckle domains, and regulate alternative splicing of pre-mRNAs (33). Additionally, MALAT1 can promote ovarian cancer progression by regulating the splicing factor RBFOX2-mediated alternative splicing (34). Furthermore, MALAT1 can induct the oncogenic splicing factor SRSF1 and modulate the alterative splicing of SK61 in hepatocellular carcinoma (35). 3) Regulating protein activity. MALAT1 can competitively bind to SFPQ leading to PTBP2 release from the SFPQ/PTBP2 complex, which enhances the function of PTBP2 in promoting tumor cell proliferation and migration (36). 4) Mediating epigenetic changes. Malat1 can cause the trimethylation of histone 3 lysine 9 (H3K9me3) by recruiting the suppressor of variegation 3–9 homolog 1 (Suv39h1) to MyoD-binding loci. This trimethylation suppresses the transcriptional activity of MyoD, which represses myoblast differentiation (37). In addition, the overexpression of MALAT1 could increase the expression of acetyl-H4 histone in the IQ motif-containing GTPase-activating protein 1 (IQGAP1) promoter, which may promote the proliferation and invasion of thyroid cancer cells (38). 5) Promoting the nuclear and cytoplasmic translocation of cellular proteins. MALAT1 retains the serine/arginine-rich proteins SF2/ASF from the cytoplasm to the nucleus, thus promoting the development of gastric cancer cells (39). MALAT1 can bind to an abundant nuclear factor heterogeneous nuclear ribonucleoprotein C (hnRNPC) protein, which could transfer from the nucleus to the cytoplasm during cell division, to assist its translocation (40). (6) Acting as an endogenous miRNA sponge. MiRNAs play an important role in cell proliferation, differentiation, apoptosis, and development. Recent evidence suggests that other RNAs such as lncRNA can also compete with mRNAs by sponging miRNAs (41). Among these lncRNAs, MALAT1 is one of the most studied RNAs involved in various molecular processes such as endogenous miRNA sponging (42). Here, we will focus on the potential function of MALAT1 as a miRNA sponge in NSCLC (Table 1).


Table 1 | Mechanism and roles of the metastasis-associated lung adenocarcinoma transcript-1 (MALAT1) in non-small cell lung cancer (NSCLC) progression.






Figure 2 | Properties and biological functions of MALAT1. (A) Affects gene transcription. (B) Affects the alternative splicing of pre-mRNAs. (C) Regulates protein activity. (D) Mediates epigenetic changes. (E) Promotes nuclear and cytoplasmic translocation of cellular proteins. (F) Acts as an endogenous miRNA sponge.





Mechanism of MALAT1 in NSCLC Progression as a MicroRNA Sponge


miR-1914-3p

N6-methyladenosine (m6A) mRNA methylation initiated by methyltransferase-like 3 (METTL3) promotes the translation of YAP mRNA by recruiting YTHDF1/3 and eIF3b into the translation initiation complex, so the expression of METTL3 is positively correlated with the level of YAP protein (54). On the other hand, METTL3 improved the m6A modification level of the lncRNA MALAT1 and increased its stability. MALAT1 sponging miR-1914-3p weakens the ability of miR-1914-3p to target and inhibit YAP, thus increasing the expression of YAP in NSCLC (54). The increased expression and activity of YAP lead to cisplatin (DDP) resistance and metastasis of NSCLC (54). Therefore, the increased activity of the METTL3/MALAT1/miR-1914-3p/YAP axis promotes the metastasis and drug resistance of NSCLC.



miR-197-3p

The high expressions of MALAT1 and miR-197-3p were closely related to the survival and growth of NSCLC (43). Luciferase activity assay showed that MALAT1 was complementary to miR-197-3p at certain sites. P120 catenin (p120-ctn) regulates the proliferation of cancer cells by regulating cell adhesion and the cell cycle (55). Yang et al. found that p120-ctn was confirmed to be a targeted downstream molecule of MALAT1 and miR-197-3p (43). Reducing the expression of p120-ctn can repress the epithelial–mesenchymal transition (EMT) and the survival and proliferation ability of NSCLC, while it enhances the apoptosis rate of cancer cells. Moreover, p120-ctn can mediate the role of MALAT1 and miR-197-3p in promoting the progression and chemotherapy resistance of NSCLC cells (43). The results of in vivo experiments using NSCLC mouse models showed that a low expression of MALAT1, miR-197-3p, or p120-ctn can decrease the tumor volume and weight compared with the control group (43). Consequently, the MALAT1/miR-197-3p/p120-ctn axis may play a potential role in the regulation of NSCLC, which will provide a direction for improving the prognosis of NSCLC patients after chemotherapy.



miR-142-3p

The expression of miR-142-3p decreased, while β-catenin and MALAT1 increased in NSCLC tissues. RT-PCR and luciferase reporter assays showed that miR-142-3p negatively inhibited the level of MALAT1 by directly binding to the 3′-UTR of MALAT1 mRNA (44). On the one hand, upregulation of miR-142-3p mimic transfection can significantly reduce the proliferation and migration of NSCLC H1299 cells while inducing G0/G1 phase arrest and reducing that of the S phase; on the other hand, the overexpression of miR-142-3p can downregulate the expression of β-catenin in H1299 cells (44). In vivo experiments showed that the upregulation of miR-142-3p and the downregulation of β-catenin or MALAT1 could significantly reduce the tumorigenicity of NSCLC cells (44). To sum up, miR-142-3p can play a tumor-suppressing role in the progression of NSCLC by inhibiting the MALAT1/β-catenin signaling pathway.



miR-206

Tang et al. detected the expression of MALAT1 in tumor tissues and adjacent normal tissues in 36 cases of NSCLC using real-time quantitative PCR (qRT-PCR) and found that the expression of MALAT1 was significantly upregulated in NSCLC tissues (45). In addition, MALAT1 promoted EMT, cell migration, and invasion by activating the Akt/mTOR signals in A549 and H1299 cells. MiR-206 is the direct downstream target of MALAT1 in NSCLC, and there was a negative correlation between the expressions of MALAT1 and miR-206 in NSCLC (45). MALAT1 promoted cell migration and invasion in NSCLC cells by sponging miR-206. In addition, miR-206 could also inhibit the activation of the Akt/mTOR signal mediated by MALAT1 in A549 and H1299 cells (45). Taken together, MALAT1 can promote the migration and invasion of NSCLC by targeting miR-206 and activating the Akt/mTOR signaling pathway, which provides a molecular basis for the metastasis of MALAT1 in NSCLC.



miR-124

It was found that the level of miR-124 in A549, H23, H522, H1299, and H460 NSCLC cells was significantly downregulated (46). Luciferase reporter assays showed that miR-124 is the direct target of MALAT1, and there was a potential negative correlation between miR-124 and MALAT1. shMALAT1 can suppress the proliferation, colony formation, and apoptosis of NSCLC cells, while miR-124 inhibitors can reverse this effect. In addition, it was also found that STAT3 is a new mRNA target of miR-124 (46). The downregulation of MALAT1 can inhibit the development of NSCLC by enhancing the expression of miR-124 and reducing the expression of STAT3 (46). In summary, it is speculated that MALAT1 may participate in the occurrence and development of NSCLC as an endogenous miRNA sponge through the MALAT1/miR-124/STAT3 signaling axis.



miR-200a-3p

The targeting relationship between MALAT1 and miR-200a-3p and programmed death-ligand 1 (PD-L1) was further verified by qRT-PCR and dual-luciferase reporter gene detection (10). The researchers found that MALAT1 sponged miR-200a-3p, and PD-L1 was identified as the target of miR-200a-3p and indirectly regulated by MALAT1. Moreover, the level of MALAT1 was negatively correlated with the expression of miR-200a-3p in NSCLC, but positively correlated with the expression of PD-L1 (10). Furthermore, MALAT1 promoted the proliferation, migration, and invasion of NSCLC cells through sponging miR-200a-3p (10). Overall, MALAT1 promotes the progress of NSCLC by regulating the miR-200a-3p/PD-L1 axis, which is of positive significance to the selection of new targeted drugs and the enrichment of therapeutic methods in the future.



miR-145

Kruppel-like factor 4 (KLF4) has been shown to be associated with DDP resistance in some cancers (56, 57). KLF4 is negatively regulated by miR-145 and positively regulated by MALAT1 at the mRNA and protein levels in NSCLC A549 cells. Luciferase reporter assay, qRT-RCR, and Western blotting confirmed that MALAT1 indirectly regulated KLF4 by directly sponging miR-145, suggesting that MALAT1 may be involved in DDP resistance by regulating the level of KLF4 (47). In addition, MALAT1 knockout reversed the resistance of A549rCDDP cells to DDP. Collectively, the MALAT1/miR-145/KLF4 axis is an important inducer of DDP resistance in NSCLC (47). Therefore, MALAT1 may serve as a promising predictor and therapeutic target of DDP in patients with NSCLC.



miR-185-5p

Wang et al. found that the expressions of MALAT1 and MDM4 were significantly high in 30 cases of NSCLC, and MALAT1 could positively regulate the expression of MDM4 in NSCLCs cells (48). The deletion of MALAT1 and MDM4 could significantly decrease the proliferation and metastasis of NSCLC cells and promote apoptosis. In addition, the binding sites of miR-185-5p and MALAT1 or MDM4 were predicted using a database, and their relationship was further confirmed by dual-luciferase report assays. The results showed that miR-185-5p can be a target of MALAT1 and could also directly regulate MDM4, and its overexpression can obviously suppress NSCLC cells (48). It was further confirmed that MALAT1 can promote the proliferation, migration, invasion, and apoptosis of NSCLC cells by regulating the expression of MDM4 mediated by miR-185-5p (48). These results may provide not only a new regulatory mechanism but also a new potential therapeutic target for the treatment of NSCLC.



miR-146a/miR-216

It has been reported that MALAT1 is involved in the repair pathway of DNA double-strand breaks, and targeting MALAT1 can induce apoptosis in myeloma cells (58). BRCA1 is a multifunctional protein that plays a key role in the homologous recombination DNA repair pathway (59). Through the MALAT1 pull-down assay, the researchers found that miR-146a and miR-216 directly interact with MALAT1 in A549 and H1299 cells and that they can specifically inhibit the expression of BRCA1 (50). By inhibiting MALAT1, miR-146a and miR-216 can be released to further inhibit the expression of BRCA1 and induce DNA damage. Therefore, MALAT1 can participate in the DNA repair process of NSCLC cells by regulating the miR-146a/miR-216/BRCA1 pathway. In addition, targeting MALAT1 can also increase the sensitivity of NSCLC cells to DDP (50). In summary, MALAT1 may become a new target for the treatment of NSCLC.



miR-145-5p

Estrogen receptor beta (ERβ) may affect the progression of NSCLC (51). Yu et al. found that ERβ can increase the expression of MALAT1 by directly binding to the estrogen response elements (EREs) located on the MALAT1 promoter, thus inhibiting miR-145-5p. Because miR-145-5p directly targets the 3′-UTR of the neural precursor cell expressed, developmentally downregulated 9 (NEDD9) mRNA, increasing the expression of MALAT1 can indirectly upregulate the protein expression of NEDD9. Further experiments showed that ERβ could promote the vasculogenic mimicry (VM) formation and cell invasion of NSCLC by the ERβ/MALAT1/miR-145-5p/NEDD9 signaling pathway (51). This may help in providing new strategies to better inhibit the metastasis of NSCLC in the future.



miR-374b-5p

The expressions of MALAT1 and serine/arginine-rich splicing factor 7 (SRSF7) were upregulated and the expression of miR-374b-5p was downregulated in NSCLC (7). The expression of MALAT1 was negatively correlated with the expression of miR374b-5p and positively correlated with the expression of SRSF7. MiR-374b-5p is the target of MALAT1. Knockout of MALAT1 and miR-374b-5p overexpression can inhibit the proliferation, migration, and invasion of NSCLC cells and induce apoptosis. In vivo experiments showed that the overexpression of MALAT1 promoted the tumor growth of NSCLC (7). SRSF7 is the downstream target molecule of miR-374b-5p. The overexpression of SRSF7 reverses the effects of MALAT1 gene knockout on the proliferation, apoptosis, migration, and invasion of NSCLC cells (7). Therefore, it was concluded that MALAT1 participates in the progress of NSCLC through the MALAT1/miR-374b-5p/SRSF7 axis. This study may provide a theoretical basis for the diagnosis and treatment of NSCLC.



miR-613

The expressions of MALAT1 and COMMD8 were abnormally increased in NSCLC tissues and cells (52). We found that miR-613 is the target of MALAT1 and that it can bind to the 3′-UTR of COMMD8. MALAT1 upregulated the level of COMMD8 by competitively targeting miR-613, thus playing a carcinogenic role in NSCLC (52). MALAT1 or COMMD8 gene knockout inhibited cell proliferation, clone formation, and glycolysis, but promoted cell apoptosis. In vivo experiments have shown that MALAT1 gene knockout reduced the tumor growth. In addition, researchers also found that extracellular MALAT1 was released by packaging into exosomes (52). These pieces of evidence provide new insights into the treatment of NSCLC, and the MALAT1/miR-613/COMMD8 axis will be a promising approach for future treatment options.



miR-101-3p

The relative expression of miR-101-3p in NSCLC cells decreased significantly, while the relative expression of MALAT1 increased significantly (53). MiR-101-3p can significantly inactivate the PI3K/AKT pathway; inhibit the expression of Bcl-2 and MMP-9; and suppress the proliferation, migration, and invasion of NSCLC cells by directly binding to MALAT1 (53). On the contrary, the overexpression of MALAT1 reversed the inhibitory effect of miR-101-3p on the activation of the PI3K/AKT signaling pathway and the expressions of Bcl-2 and MMP-9 in NSCLC. These results suggest that miR-101-3p blocks the PI3K/AKT signaling pathway by targeting the inhibition of MALAT1, thus inhibiting the growth and metastasis of NSCLC (53). Therefore, miR-101-3p is expected to become an effective target for the prevention and treatment of NSCLC.




Application of MALAT1 in NSCLC

Although there are many methods for the diagnosis of NSCLC, these may not fully meet the needs of early diagnosis of the cancer. MALAT1 is a relatively stable RNA transcript with a half-life of 9–12 h, which may be due to its triple-helix structure at the 3′-end (21, 22, 60). This characteristic of having a long half-life makes MALAT1 easy to detect in tumor tissues and body fluids. Research has shown that MALAT1 can be used as a biomarker for the diagnosis of many kinds of malignant tumors (61–63). Especially in NSCLC, the high expression of MALAT1 was significantly correlated with tumor node metastasis (TNM) stage, vascular invasion, pathological differentiation, and recurrence (64). Further studies have shown that the overexpression of MALAT1 was significantly related to the prognosis of lung squamous cell carcinoma, which is one type of NSCLC (65). Moreover, different expression levels of MALAT1 in peripheral blood were observed between cancer patients and healthy controls (66).

Rong et al. found that the levels of MALAT1 in serum exosomes were higher in patients with NSCLC, suggesting that exosome-derived MALAT1 may also reflect the biological changes of NSCLC cells (49). Zhang et al. found that the expression of MALAT1 in serum exosomes of NSCLC patients was upregulated and that the level of exosomal MALAT1 was positively correlated with tumor stage and lymph node metastasis (67). The above data suggest that MALAT1 in exosomes may also be used as a serum-based tumor biomarker to diagnose and predict NSCLC. Liquid biopsy provides the opportunity of detecting and monitoring cancer in various body fluids by detecting free circulating tumor cells, circulating tumor DNA fragments, circulating RNA, and exosomes (68). Its advantage lies in that it can reduce the harm of biopsy through noninvasive sampling and has important significance for the early diagnosis of cancer, but the low expression level of MALAT1 in blood makes sensitive analysis difficult (66). Although some progress has been made in the detection of MALAT1 in blood with traditional RT-PCR, the procedure is complicated, the amount of serum required is large, and the equipment is expensive. A recent study by Chen et al. showed that the detection of the levels of MALAT1 in blood was more rapid, sensitive, and inexpensive when using a novel ultrasensitive screen-printed carbon electrode (SPCE)-based electrochemical biosensor that uses a Au nanocluster (NC)/multi-walled carbon nanotube (MWCNT)–NH2 nanostructure (69). This new methodology for the detection of MALAT1 will increase its applicability to clinical diagnosis of NSCLC.

In addition, the expression level of MALAT1 can also be used as a biomarker of chemosensitivity in different cancers (43, 70–72). Resistance to multiple drugs is the main cause of chemotherapy failure in patients with lung cancer (73). Studies have shown that MALAT1 is also involved in the drug resistance of NSCLC. For example, Fang et al. found that the expression of MALAT1 was upregulated in DDP-resistant A549 cells. MALAT1 upregulated MRP1 and MDR1 by activating STAT3, thus reducing the sensitivity to DDP in vitro and in vivo (74). NSCLC patients carrying epidermal growth factor receptor (EGFR) mutations initially respond to EGFR tyrosine kinase inhibitors (EGFR-TKIs) such as gefitinib, but gradually developed acquired drug resistance (75, 76). It was found that the overexpression of MALAT1 could eliminate not only the inhibitory effect of polyphyllin I (PPI) on the activity of gefitinib-resistant NSCLC cells but also the apoptosis induced by PPI, while MALAT1 gene knockout could enhance the inhibition and apoptosis induced by PPI (77). These data suggest that MALAT1 may represent a candidate biomarker and therapeutic target for chemotherapy drug resistance.

Due to the enrichment and high expression of MALAT1 in the nucleus, its effect on traditional shRNAs or siRNAs may not be ideal and prone to off-target effects (78). The application of antisense oligonucleotides (ASOs) is a valuable method to antagonize MALAT1. ASOs, which are small RNA/DNA-based oligonucleotides capable of crossing cell membranes and binding to the target RNA in the nucleus and cytoplasm, are divided into two main categories: mixmeRs and gapmeRs (79, 80). Gutschner et al. found that MALAT1 could be targeted with second-generation ASOs, thus leading to the drastic reduction of lung cancer metastasis in a pulmonary metastatic model in vivo (78). Moreover, the same investigators achieved functional knockout of MALAT1 through zinc finger nuclease (ZFN)-mediated site-specific integration of RNA destabilizing elements into the human genome, which showed efficient silencing of the highly abundant MALAT1 in human lung cancer cells (78).



Conclusion and Prospects

As an important and highly conserved lncRNA, MALAT1 has been widely studied, especially its role in tumorigenesis, metastasis, drug resistance, and clinical prognosis (81–83). However, the specific role of MALAT1 in the occurrence and development of NSCLC has not been fully elucidated. Based on the basic biological properties of MALAT1, more and more studies have shown that it can be used as a bait for miRNA to share miRNA response elements (MREs) with mRNAs, which indirectly affects the expression of some specific downstream genes, thus promoting the proliferation, invasion, apoptosis, drug resistance, and tumor growth of NSCLC. In general, MALAT1 is mostly known to be enriched in nuclear speckles, and we also agree that cytoplasmic P-bodies are the localizing site of the RNA-induced silencing complex (RISC) effector proteins Ago1–4 and the functional site of miRNA-mediated gene silencing (84). The vast majority of researchers used to apply bioinformatics program such as ChipBase, LncRNAdb, and StarBase to predict the interaction between MALAT1 and miRNA in previous research on MALAT1 as a miRNA sponge in NSCLC. Subsequently, they verified the direct interaction using luciferase reporter, RNA immunoprecipitation (RIP), and MALAT1 pull-down assays. However, there was little focus on the sites (cytoplasm or nucleus) where these interactions occur. On the contrary, Jin et al. demonstrated that MALAT1 and miR-1914-3p are abundant and stable in the cellular cytoplasm using RNA fluorescence in situ hybridization assay and confirmed that MALAT1 directly binds miR-1914-3p using luciferase reporter assay, RIP for argonaute 2 (Ago2) in A549 cells, and RNA pull-down assay (54). Additionally, Leucci et al. showed that miR-9 targets MALAT1 for degradation in the nucleus by directly binding to two miRNA binding sites (85). Furthermore, Wu et al. found that Ago2 was expressed both in the nucleus and cytoplasm of sw480 cells (86). Moreover, Gagnon et al. reported that 75% of the miRNAs in the cytoplasm could shuttle into the nucleus and then bind to nuclear Ago2 (87). These studies showed that the distribution of MALAT1 or miRNA is not limited to the nucleus or cytoplasm. Hence, we wondered whether MALAT1 or miRNA might be involved in some cases with nucleoplasmic translocation. Additionally, the locations of MALAT1 and various miRNA interactions in NSCLC cells need to be further verified and explored.

Taken together, based on the literature, some miRNAs such as miR-142-3p and miR-101-3p can target MALAT1 for degradation, thereby negatively inhibiting the lever of MALAT1 in NSCLC (44, 53). On the contrary, MALAT1 can also act as a miRNA sponge by sequestering the target miRNAs and affecting downstream gene expression, and the expression level of MALAT1 was negatively correlated with the expressions of miRNAs in NSCLC (53). Whether miRNA is degraded or recycled remains to be investigated. It also has been reported that MALAT1 and some miRNAs were more abundant in the Ago2 pellet than in the immunoglobulin G (IgG) pellet by conducting an RIP assay, which suggested that MALAT1 might be a target of miRNA through an Ago2-dependent manner.

Intriguingly, there is an exosome-derived MALAT1 in the serum of NSCLC patients, and the expression of MALAT1 in exosomes is highly correlated with the TNM stage and lymphatic metastasis of NSCLC. However, at present, the mechanism of MALAT1 in the exosomes of NSCLC patients remains in the preliminary research stage and needs to be further clarified. It is interesting to note that, due to the enrichment and high expression of MALAT1 in the nucleus, the specific mechanism of MALAT1 packing into exosomes that are rarely reported remains to be explored in the future, although it is common for lncRNA as a cargo to be loaded into exosomes. Moreover, MALAT1 may be a key actor in the hallmark of resisting cell death as it can decrease the levels of cleaved CASP3 in NSCLCs, which leads to escaping apoptosis (77, 88). On the contrary, whether MALAT1 detection in serum due to cell death may involve complex mechanisms needs to be further studied.

In addition, MALAT1 knockout mice did not cause obvious phenotype in development, gene expression, and physiological function, which is not consistent with MALAT1 being involved in the occurrence and development of NSCLC in vitro, so this also needs to be further explored (89). In-depth understanding of the function and regulatory mechanism of MALAT1 in NSCLC may provide a new breakthrough for the diagnosis and targeted therapy of NSCLC in the future.
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TAR-DNA-binding protein-43 (TDP-43) is a member of hnRNP family and acts as both RNA and DNA binding regulator, mediating RNA metabolism and transcription regulation in various diseases. Currently, emerging evidence gradually elucidates the crucial role of TDP-43 in human cancers like it is previously widely researched in neurodegeneration diseases. A series of RNA metabolism events, including mRNA alternative splicing, transport, stability, miRNA processing, and ncRNA regulation, are all confirmed to be closely involved in various carcinogenesis and tumor progressions, which are all partially regulated and interacted by TDP-43. Herein we conducted the first overall review about TDP-43 and cancers to systematically summarize the function and precise mechanism of TDP-43 in different human cancers. We hope it would provide basic knowledge and concepts for tumor target therapy and biomarker diagnosis in the future.
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Introduction

TAR-DNA-binding protein-43 (TDP-43, also named TARDBP) was first cloned (43 kDa) in 1995, and its name was derived from the characteristics of binding to human immunodeficiency virus type 1 (HIV-1) TAR DNA sequence motifs (1). With the profound recognition of molecular structure, the RNA binding role of TDP-43 was gradually uncovered in addition to its DNA binding function. As a member of hnRNP family, TDP-43 has been confirmed to regulate mRNA splicing, mRNA transport, mRNA stability, and pri-miRNA processing (2–7). Emerging evidence has demonstrated that TDP-43 was one of the crucial RNA binding proteins to be involved in diverse diseases by mediating the RNA metabolisms. The best-studied disease about TDP-43 is neurodegeneration: abnormal RNA processing induced by gains of toxic properties and losses of normal TDP-43 functions leading to neurodegeneration (8–10). Numerous researches have confirmed that RNA metabolisms and non-coding RNA (ncRNA) regulations are closely involved in carcinogenesis and tumor progressions (11–15). As the important intermediate regulator, RNA binding protein (RBP) TDP-43 has been widely researched and well recognized. Recently, accumulating studies have indicated the crucial regulatory mechanisms of TDP-43 in various cancers. Herein we will focus on the specific role of TDP-43 in different human cancers to provide an in-depth understanding of TDP-43 in tumor mechanism research, clinical detection, and therapy.



Structure of TDP-43 and Mutations


Domain Structure of TDP-43 for RNA Binding Function

Human TDP-43 is located in chromosome 1p36.22, belonging to a member of hnRNP family (16). As illustrated in Figure 1A, 414 amino acid composed the TDP-43 protein that contains an N-terminal domain (NTD), two DNA/RNA recognition motif (RRM1 and RRM2) domains, a glutamine/asparagine-rich (Q/N) and glycine-rich C-terminal region, and two signals (bipartite nuclear localization signal, NLS, and nuclear export signal, NES). For the cellular expression pattern, TDP-43 is frequently relatively less expressed in the cytoplasm than in the nucleus, which indicates the nuclear RNA binding regulatory role (17). Two RRMs are direct RNA-binding domains by characteristically recognizing UG repeats of single-stranded RNA, and the binding affinity increases with the number of repeats (18–20). However, non-UG repeat sequences were also reported, which broadened the RNA binding targets and complexity of regulations (21). As previous individual nucleotide resolution CLIP (iCLIP) sequencing data revealed, a large proportion of transcriptomes was detected; most binding sites are mapped to introns, lncRNAs, and intergenic transcripts, which had greatest enrichment of UG-rich motifs (4, 22). In terms of the glycine-rich C-terminal region, it provides the region spanning residues 321 to 366 to act as the interaction site with other RBPs, including hnRNP family like hnRNPA2B1 and Ubiquilin-2 (23, 24).




Figure 1 | Schematic diagram of TAR-DNA-binding protein-43 (TDP-43) domain structure and molecular mechanisms mediated by TDP-43. (A) TDP-43 protein contains 414 amino acids, an N-terminal domain (NTD), two RNA recognition motif (RRM1 and RRM2) domains, a glutamine/asparagine-rich (Q/N) and glycine-rich C-terminal region, and two singles (bipartite nuclear localization signal and nuclear export signal). (B) In the nucleus, TDP-43 is essential for messenger RNA (mRNA) splicing and transport. In the cytoplasm, TDP-43 regulates mRNA stability, including mRNA stabilization and mRNA decay. (C) TDP-43 participates in microRNA (miRNA) processing as well as interacts with mature miRNAs to influence RNA-induced silencing complex (RISC) efficiency. (D) TDP-43 could interact with long non-coding RNA (lncRNA) or miRNA to regulate transcription. TDP-43 could also bind lncRNA to regulate target proteins. (E) Model of TDP-43 function in DNA damage repair. In normal cells, TDP-43 helps in the nuclear import of double-strand break (DSB) repair proteins and stimulates DSB repair. The mutant TDP-43 (Q331K, A382T) reduces mislocalization in the cytoplasm and abrogates the nuclear localization of DSB repair proteins, resulting in the accumulation of DSBs and upregulated DNA damage response.





Pathogenic TDP-43 Mutations

More than 50 disease-associated mutations of TDP-43 gene have been identified in amyotrophic lateral sclerosis (ALS) or frontotemporal lobar degeneration (FTLD) patients, which are mainly concentrated in the glycine-rich C-terminal region, indicating that the ability of TDP-43 for cooperative assembly on RNA binding sites plays a role in disease mechanisms. TDP-43 mutation (Q331K) resulted in cytosolic mislocalization, impairing the nuclear localization of XRCC4–DNA ligase 4, which contributed to persistent DNA damage accumulation (25). TDP-43 mutation (A382T) disrupted the dynamics of stress granules (SGs), reducing the ability of cells to respond to stress (26). Additionally, mislocalization of A382T mutation resulted in transcription-dependent R-loop accumulation and DNA replication defects (27). A recent study demonstrated that TDP-43 ALS-associated mutants (A315T, Q331K, M337V) resulted in DNA damage through inducing cytoplasmic mislocalization and SG formation (28). In addition, mutations in NTD (L27A, L28A, V31R, and T32R) reduced the splicing activity of TDP-43 and induced mislocalization and accumulation through destabilizing the NTD (29). Mutations are also quite frequent in various types of cancer and have been recognized as the driving force for carcinogenesis and progression. However, the mutation condition of TDP-43 in tumors is still unelucidated. More attention is needed to focus on the connection between TDP-43 mutation and dysregulation in tumors.




Tumor-Associated RNA Metabolisms Mediated by TDP-43

Generally, TDP-43 is well confirmed by previous studies to mainly regulate RNA metabolism, like biogenesis, processing, decay, and transport, in various diseases. Here we stated these tumor-associated molecular mechanisms with several parts in detail as discussed in the following paragraphs (Figures 1B–D).


TDP-43-Mediated mRNA Splicing

Tollervey et al. used iCLIP sequencing to identify the TDP-43-mediated mRNA splicing events in ALS and FTLD (4). Total splicing changes in 158 alternative cassette exons were identified in TDP-43 knock-down experiments, and among all the splicing events, several proteins encoded by the alternative mRNA isoforms regulated by TDP-43 were found to be involved in the development of various tumors, such as TFAP2A (30), BCL2L11 (31), CNTFR (32), MADD (33), MEF2D (34), and CTNND1 (35). TDP-43 was also reported to bind to CFTR pre-mRNA promoting the skipping of exon 9 (19), which functions as a tumor suppressor in colorectal cancer (36). In another study, De Conti et al. identified six bona fide splicing events directly induced by TDP-43 through high-throughput sequencing and HTS-based splicing junction analysis, and they found that the isoform expression levels of four genes were changed significantly (37). Previous studies showed that these four genes [MADD (38), STAG2 (39), FNIP1 (40), and BRD8 (41)] were potentially important for tumors. In mice models, abnormal TDP-43 function, owing to aggregation or disease-associated mutation, induced the wrong splicing of trafficking receptor sortilin (42), the loss of which promoted cell proliferation of lung cancer cells (43). Similarly, TDP-43 also regulated lncRNA expression. Tollervey et al. also found that tumor-associated lncRNA NEAT1 and MALAT1 were significantly enriched by TDP-43, indicating the importance of TDP-43 in lncRNA expression (4). Further confirmation was reported in a recent research; TDP-43 enhanced the polyadenylated short isoform of NEAT1 to promote cell pluripotency (44). In contrast to the splicing promotion of TDP-43 on conserved exons, TDP-43 repressed the splicing of non-conserved cryptic exons to maintain intron integrity (45). Consistently, another recent study also found that TDP-43-mediated splicing repression protected the transcriptome by preventing aberrant splicing (46) (Figure 1B).



TDP-43-Mediated mRNA Transport

The mRNA transport process is critical for physiological processes as well as cancer genesis and maintenance. TDP-43 was reported to bind and transport G-quadruplex-containing mRNAs into neurites for local translation (47). G-quadruplex (G4) was known to influence RNA post-transcriptional mechanisms, thereby impacting neurodegenerative disease and cancer (48). In addition, TDP-43 tended to regulate mRNA transport with other RBPs. Freibaum et al. identified 126 proteins that were exclusively in association with TDP-43 to co-regulate mRNA transport and stability in HEK-293 cells (49), including HNRNPA2B1 and IGF2BPs. A recent study revealed that TDP-43 regulated the anterograde and retrograde transport of Rac1 messenger ribonucleoprotein with two other RNA-binding proteins, FMRP and Staufen1, respectively, in mouse neuronal dendrites (50) (Figure 1B). As reported recently, a novel miR-NID1 (miR-8485) transcribed from NRXN1 intron 5 could interact with AGO and together transported by TDP-43 to the nucleus for further regulation (see the details in Figure 1C) (51). These genes have been confirmed by previous studies to be crucial for various cancers.



TDP-43-Mediated mRNA Stability

The 3′ UTR binding capability of TDP-43 accounts for mRNA stability regulation (Figure 1B). Moreover, 34% 3′ UTR binding in the cytoplasm, 3.2% in the nuclear fraction, and 3.8% in total cell extract of SH-SY5Y cell were identified in the iCLIP analysis of RNAs bound by TDP-43, which indicated the mRNA stability potential regulation of TDP-43 (4). TDP-43 accumulation was recognized to contribute to RNA instability. A finding from recent research indicated that TDP-43-EGFP overexpression altered the RNA stability of 1,330 transcripts with at least ≥1.5-fold change, and 75% (1,002 transcripts) were destabilized (52). That means TDP-43 can regulate stability balance in two aspects: maintain mRNA stability or promote mRNA decay. In the aspect of stability maintenance, a case reported that TDP-43 stabilizes G3BP1 transcripts by targeting a highly conserved cis-regulatory element in the 3′ UTR (53). Another report also illustrated that TDP-43 mediated MTORC1-TFEB signaling by partially stabilizing RPTOR/RAPTOR to regulate autophagy (54). TDP-43 also regulated β-adducin (Add2) expression levels by increasing Add2 mRNA stability in the brain (55). By contrast, in the aspect of mRNA decay, CDK6 expression at mRNA and protein levels was both inhibited by TDP-43 via regulating the pRb cell cycle pathway. At the molecular level, larger introns and the 3′ UTR of CDK6 pre-mRNA contained a (GU)25 sequence. However, the precise mechanism of TDP-43 and CDK6 mRNA was not elucidated at that time (56). Afterward, a report confirmed that UV-induced lncRNA gadd7 directly interacted with TDP-43 and promoted CDK6 mRNA decay (57) (Figure 1D). All the above-mentioned genes have been demonstrated to play crucial roles in cancers.



TDP-43-Mediated miRNA Processing

As an important class of ncRNAs in cancers, miRNA biogenesis and processing are complex processes involved with various RBPs, including TDP-43 (Figure 1C). TDP-43 was found to promote miRNA biogenesis in both pri-miRNA processing (nucleus, pri-miRNA to pre-miRNA) and pre-miRNA processing (cytoplasm, pre-miRNA to mature miRNA) steps (6). To be specific, in cellular nucleus, TDP-43 directly bound to Drosha to compose the miRNA processor together and mediated the transfer from pri-miRNA to pre-miRNA, and in the cytoplasm TDP-43 continuously promoted the processing of these pre-miRNAs to mature miRNAs via interacting with Dicer complex and binding to their terminal loops (6). Previous studies showed that TDP-43 processed a lot of tumor-associated miRNAs. The first report of miRNA changes in Hep‐3B cells after TDP-43 depletion indicated that TDP‐43 has the potential to affect the levels of four miRNAs (let‐7b, miR‐663, miR‐574‐5p, and miR‐558 ) by potentially binding to their sequence and/or precursor element (58). Several studies reported altered miRNA expressions corresponding with dysregulated TDP-43. Significantly dysregulated microRNAs (miR-922, miR-516a-3p, miR-571, miR-548b-5p, and miR-548c-5p) in frontotemporal lobar degeneration with TDP-43 pathology were caused by progranulin mutations (59). The levels of miR-9 and its precursor pri-miR-9-2 decreased in downregulated TDP-43 of FTD/ALS patients (60). Recently, the TDP-43-processed miRNAs in tumors were also uncovered (see details below) (15). Interestingly, this research reported additional functions mediated by TDP-43, like the regulatory role of TDP-43 in isoforms of miRNA (isomiR) pattern and miRNA arm selection, which needs further investigation for precise mechanisms.



The Interaction Between TDP-43 and Mature miRNA and lncRNA

In contrast to RNA metabolism like mRNA splicing and miRNA processing, more research proposed the direct interaction between TDP-43 and mature miRNAs or lncRNA to cooperatively regulate downstream, which further extends the function and mechanism complexity of TDP-43. Several tumor-associated miRNAs and lncRNAs have been confirmed to interact with TDP-43. To be specific, TDP-43 selectively disrupted miRNA-1/206 incorporation into the RNA-induced silencing complex to dampen the miRNA target decay efficiency, suggesting a processing-independent mechanism for the differential regulation of miRNA activity (61) (Figure 1C). A novel miR-NID1 (miR-8485) transcribed from NRXN1 intron 5 could interact with AGO and be transported by TDP-43 to the nucleus and combined together to directly bind to the promoter region of NRXN1, reversely inhibiting its linear production (51) (Figure 1D). As reported in lung cancer cells, TDP-43 could also directly interact with mature miRNAs (miR-423-3p, miR-500a-3p, and miR-574-3p) (15). Recently, Hawley et al. found a negative feedback network between TDP-43 and miR-27b-3p/miR-181c-5p, which is dependent on TDP-43 nuclear localization (62). In addition, Fu et al. revealed that TDP-43 could selectively bind a large group of miRNAs via RRM1 in N2a cells, such as let-7c, miR-669c, miR-744, miR-342, and miR-871 (63) (Figure 1C).

In terms of lncRNA, interaction with RBPs is a well-studied mechanism for scaffold lncRNAs. As mentioned above, TDP-43 combined with lncRNA gadd7 promotes CDK6 decay under UV treatment (57). Recently, a study revealed that the short interspersed nuclear element (SINE)-deleted Malat1 will bind stronger with TDP-43 and cause nuclear TDP-43 depletion and subsequent TDP-43 aggregation (64). Another study showed that the lncRNA Xist-TDP-43 assembly is essential to the anchoring of Xist to the inactive X (Xi) compartment and heritable gene silencing (65) (Figure 1D). All these indicated the complicated regulation network of TDP-43 with ncRNAs, which needs further investigation.



The Interaction Between TDP-43 and Other RBPs

The glycine-rich C-terminal region of TDP-43 is regarded as the structural basis for the interaction between TDP-43 and other RBPs (66), which improved the regulation complexity of TDP-43. As a member of hnRNP family, TDP-43 was well confirmed to cooperate with other hnRNP family proteins like HNRNPA2B1 (23, 67). Among the co-immunoprecipitation of TDP-43 in HEK-293 cells, 126 proteins were identified exclusively to be in association with TDP-43, which were enriched in two clusters (nuclear splicing cluster and cytoplasmic translation cluster) (49). Another study also reported similar results; hnRNP L, PTB/nPTB, and hnRNP A1/A2 interacted with TDP-43 to inhibit the production of a truncated human SORT1 receptor in neurodegenerative diseases (68). Recent tumor-associated research found that the TDP-43/SRSF3 complex controlled specific splicing events of downstream genes PAR3 and NUMB to promote the progression of triple-negative breast cancer (69). Concerning the significance of RNA metabolisms in tumor progression, the network mediated by TDP-43 combined with other RBPs has potential influence.




The Cellular Biological Events Induced by the TDP-43 Network

Through literature review and the context presented above, the cellular biological events mediated by the TDP-43 network mainly include cell cycle, apoptosis, and autophagy (37, 54, 57, 70). It mainly depends on the target RNAs of TDP-43 in various diseases. All the above-mentioned biological events were vital for carcinogenesis and tumor progressions. In addition, other biological events induced by TDP-43 also deserve attention.


Liquid–Liquid Phase Separation

Recently, the liquid–liquid phase separation (LLPS) of TDP-43 revealed a novel mechanism by regulating RNA stability and ribonucleoprotein assembly in certain diseases. For structure basis, α-helical component in the center (residues 320–340) of the C-terminal domain is related to the self-association of the protein and LLPS (71, 72); another research found that phosphomimetic substitution at S48 of NTD disrupted TDP-43 LLPS (73). In addition, a recent study revealed acetylation and HSP70-regulated TDP-43 phase separation and conversion into solid phase (74). LLPS has been found to be involved in several diseases, especially neurodegenerative diseases. It is an emerging area for LLPS in tumors, and its important regulatory role comes to the realization of scientists. One recent paper suggested that mutations in the tumor suppressor SPOP were linked to specific phase separation defects, which induced the upregulation of various proto-oncogenic proteins targeted by normal SPOP-mediated protein proteasomal degradation (75).



DNA Damage and Nonhomologous DNA End Joining

The role of TDP-43 in DNA damage and repair could also not be neglected (Figure 1E). Neurodegenerative diseases are known to harbor the accumulation of damaged DNA as well as impairment in DNA repair mechanisms. Mislocalization of TDP-43 impairs the nuclear localization of DNA double-strand break (DSB) repair proteins (such as HDAC1 and APEX1) and contributes to the accumulation of DNA damage, thus promoting cell death (76–78). In addition, TDP-43 deletion and mislocalization of mutated TDP-43 (A382T) induced transcription-dependent R-loop accumulation and resulted in DNA replication defects (27, 79). Nonhomologous DNA end joining (NHEJ) is one of the major DSB repair pathways in eukaryotes. TDP-43 has recently been found to function as an accessory factor during NHEJ (28, 80). In a proteomics study in 2010, TDP-43 was found to interact with Ku70, a core factor initiating the NHEJ pathway (49). Mitra et al. observed a direct interaction between recombinant TDP-43 and purified XRCC4–DNA ligase IV complexes, even in the absence of DNA (81), which helps in the nuclear transport of the XRCC4–DNA ligase IV complex. Their subsequent study revealed that TDP-43 mutation (Q331K) enhanced cytosolic mislocalization, preventing the nuclear translocation of XRCC4–DNA ligase IV and thus resulting in persistent DSBs and upregulated DNA damage response (25). These results established TDP-43 as a new regulating factor for NHEJ in neuronal cells. However, further investigations are required to examine whether TDP-43 has a potential role in DNA damage to regulate carcinogenesis and tumor progression.




The Potential Role of TDP-43 in Cancers

By reviewing all the literature about TDP-43 and cancers, we totally found 11 types of cancers involved. In this part, we will review this topic by cancer type  in detail (Table 1).


Table 1 | The potential role of TDP-43 in cancers.




Breast Cancer

Breast cancer is the most and best investigated cancer on TDP-43 function and mechanism. The role of TDP-43 in breast cancer was first mentioned in curcumin therapy research. Investigators found that the anticancer agent curcumin could effectively inhibit breast cancer cell proliferation (cell cycle arrest and apoptosis); further proteomic analysis suggested that TDP-43 was significantly downregulated after curcumin treatment (82), but the specific molecular mechanism of how TDP-43 is involved was not explained. In another similar research, this issue was solved to some degree. In this study, the authors found that the cleaved TDP-43 (35-kDa fragment) mediated by caspase 3 was cytotoxic and promoted breast cancer cell apoptosis, which can serve as a therapeutic target to treat breast cancer (83). Another study revealed that TDP-43 was required for TRIM16-induced cell growth inhibition of breast cancer and neuroblastoma and suggested TDP43 as a good prognosis indicator (84). Ke et al. found that TDP-43 was significantly upregulated in triple-negative breast cancer (TNBC) compared with normal tissue. Further biofunction assay and mRNA sequencing analysis confirmed that TDP-43 regulated TNBC unique alternative splicing events to promote tumor progression. Through immuno-precipitation and mass spectrometry analysis, SRSF3 was finally identified as the co-regulator with TDP-43 to mediate the alternative splicing of several targets, including genes PAR3 and NUMB (69).



Lung Cancer

Two studies suggested that TDP-43 regulated lung cancer progression involving miRNAs and lncRNA. To investigate the mechanism of TDP-43 in regulating lung cancer-associated miRNA biogenesis, Chen et al. used miRNA sequencing after knocking down TDP-43 and found that TDP-43 knockdown affected the expression of many miRNAs and altered the patterns of different isoforms of miRNAs (isomiRs) and miRNA arm selection. In addition, TDP-43 was also confirmed to directly interact with some mature miRNAs like miR-423-3p and miR-500a-3p. Further analysis showed that miR-423-3p was responsible for the cell migration induced by TDP-43, and miR-500a-3p may serve as a prognostic marker of lung cancer (15). All the above-mentioned findings indicated the crucial miRNA regulating role of TDP-43 in lung cancer progression. In terms of lncRNA, TDP-43 could also bind the 3′ UTR of MALAT1 to maintain its stability in lung cancer; the knock-down of TDP-43 significantly suppressed cell proliferation and migration by downregulating the MALAT1 level (85). One recent report proposed a little controversy in the aspect of TDP-43 and apoptosis, and it suggested that TDP-43 restored the sensitiveness of lung cancer cells to cisplatin or lipopolysaccharide by protecting the apoptotic inducer FasL mRNA from decay (86). Maybe the different cell biological processes vary in the different targets of TDP-43.



Glioblastoma and Neuroblastoma

It is not hard to understand the role of TDP-43 in nerve system tumors like glioblastoma and neuroblastoma, considering the vital pathological factor role of TDP-43 in neurodegenerative diseases. In glioblastoma, TDP-43 overexpression, induced by tumor cell nutrition deprivation, promoted tumor progression. The elevated TDP-43 could stabilize HDAC6 by binding to 3′ UTR, consequently promoting survival via activating autophagy (87). In terms of neuroblastoma, two studies have regarded TDP-43 as a beneficial prognosis predictor, and a high expression of TDP-43 indicated a good prognosis in neuroblastoma patients (84, 88). For molecular mechanism, scientists speculated that TDP-43 combined with tumor suppressor TRIM16 to regulate CDK6 stability and, consequently, the E2F1/pRb cell cycle pathway (84). However, regardless of the total amount of TDP-43, another paper also proposed the importance of altered TDP-43 truncated forms (C-terminal fragments), phosphorylated and high molecular weight forms of TDP-43, in the carcinogenesis of neuroblastoma. These forms of TDP-43 could be induced by neurotoxic amino acid β-N-methylamino-L-alanine, which was produced by most cyanobacteria and extensively distributed in different environments all over the world (89).



Hepatocellular Carcinoma

The upregulation of TDP-43 was confirmed to act as a glycolysis regulator in hepatocellular carcinoma (HCC). Knockdown of TDP-43 significantly inhibited HCC cell proliferation; through mRNA sequencing and bioinformatic sequence analysis, TDP-43 could directly bind to the promoter of miR-520 family to inhibit the expression. In addition, PFKP was further identified as the direct target of the miR-520 family. Consequently, the TDP-43/miR-520s/PFKP regulatory axis was established to explain the HCC glycolysis mechanism (90). Recently, another study confirmed the significance of TDP-43 in promoting HCC cell proliferation and metastasis by suppressing GSK3β protein translation and subsequent Wnt/β-catenin pathway activation (91).



Melanoma

Similar to the regulatory role of TDP-43-mediated glycolysis in HCC, TDP-43 was also confirmed to be a novel oncogene promoting melanoma cell proliferation and migration, which was also a poor prognosis indicator for overall survival. For mechanism investigation, TDP-43 regulated the GLUT4 expression in an indirect way; however, the specific mechanism needed further investigation (92).



Cervical Cancer

A preliminary influence test of TDP-43 on cervical cancer was also reported. In HeLa cells, overexpression of TDP-43 caused partially p53-dependent G2/M arrest and p53-independent cell death (93). Another study revealed that TDP-43 depletion increased the R-loop accumulation and associated genome instability in HeLa cells (27). More investigations of TDP-43 in cervical cancer are needed.



Other Cancers

Several cancers only reported a few about the expression pattern of TDP-43, which indicates a potential regulatory function in tumorigenicity. Mutation rs9430161 [P = 1.4 × 10−20; odds ratio = 2.2), located 25 kb upstream of TDP-43, was associated with susceptibility to Ewing sarcoma. The variant was associated with TDP-43 expression levels (94). To screen the differentially expressed nucleolar proteins in leukemic cell lines with dimensional difference gel electrophoresis analyses, TDP-43 was found to be strongly expressed in the nucleoli of the leukemic pre-B-ALL cell line MHH-CALL3, suggesting that its identification effect differentiates various leukemia subtypes (95). The biomarker value of TDP-43 was also reported in prostate cancer. TDP-43, as a member of the detection panel, improved the detection rate with a magneto-nanosensor assay for serum circulating autoantibodies. Human serum samples from 99 patients (50 with non-cancer and 49 with clinically localized prostate cancer) were evaluated in this study. The area under the curve of TDP-43 receiver operating characteristic curves was 0.793 (95%CI, 0.512–1.00) (96). 1α,25-Dihydroxyvitamin D3 [1,25(OH)2D3] was reported to be a potential anticancer agent for various cancers, including colon cancer. To explore the mechanism of 1,25(OH)2D3 action on human colon cancer cells, a proteomic analysis was conducted, and it revealed that a large group of identified proteins, including SFPQ, SMARCE, KHSRP, TDP-43, and PARP1, were involved in RNA processing or modification in colon tumorigenicity (97).




Conclusion

As a member of hnRNP family RBP, TDP-43 plays a significant role in RNA metabolism in various diseases, especially the cancers discussed here. The complex regulation network composed of mRNA active splicing, transport, stability, miRNA processing, and lncRNA interaction comes into focus and is realized by scientists for investigating the mechanisms of carcinogenesis and tumor progression. All the above-mentioned reviews indicate us the important role of TDP-43 involved in various cancers. We can conclude it in several aspects: (1) TDP-43-mediated important oncogene or tumor suppressor mRNA splicing and stability regulation, (2) the interaction between TDP-43 and miRNAs (miRNA processing or co-regulation), and (3) regulating downstream targets that interacted with lncRNA or other RBPs. We hope that this conclusion would provide some research experience or any ideas for other researchers who want to investigate this field. However, a small shortcoming is that only some preliminary findings indicate that TDP-43 is rather important in certain tumors, and the precise molecular mechanisms mediated by TDP-43 are still unclear, which need further investigation in the future. Considering the dysregulated expression pattern, it is also promising to find the target drug or translate it into a sensitive and specific biomarker for tumor therapy and diagnosis. To conclude, we hope that this review could provide detailed and systematic concepts and knowledge of cancer-associated TDP-43.
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The RNA-binding motif (RBM) proteins are a class of RNA-binding proteins named, containing RNA-recognition motifs (RRMs), RNA-binding domains, and ribonucleoprotein motifs. RBM proteins are involved in RNA metabolism, including splicing, transport, translation, and stability. Many studies have found that aberrant expression and dysregulated function of RBM proteins family members are closely related to the occurrence and development of cancers. This review summarizes the role of RBM proteins family genes in cancers, including their roles in cancer occurrence and cell proliferation, migration, and apoptosis. It is essential to understand the mechanisms of these proteins in tumorigenesis and development, and to identify new therapeutic targets and prognostic markers.
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Introduction

RNA-binding proteins (RBPs) are a kind of crucial intracellular protein, which can be widely involved in a variety of post-transcriptional regulation processes, such as RNA splicing, transport, localization, and translation. RBPs are divided into many kinds according to different functions, including Hu-antigen R (HuR), heterogeneous nuclear ribonucleoprotein family (hnRNP), the arginine/serine-rich splicing factor protein family (SRSF), and RNA-binding motif (RBM) proteins family, etc. (1). RBM proteins family is a subgroup of RBPs, which has the same domain characteristics as RBPs, including RNA-recognition motifs (RRMs), RNA-binding domains (RBM), ribonucleoprotein (RNP), cold-shock domain (CSD), and zinc finger (ZnF), etc. (1). RRM is a central structural motif of the RBM proteins family; usually, RBM protein has one or more RRMs, such as RBM3, which includes one RRM, and RBM19 contains up to six RRMs. The member of the RBM proteins family is named sequentially after confirming that they contain RRM. Up to now, more than 50 RBM proteins have been identified (Table S1). It is worth noting that not all the RRM-containing RNA-binding proteins are designated as RBM proteins. Once the exact functions of the RBM protein are determined, the RBM protein will be renamed according to its function, and the ‘‘RBM’’ designation can be removed (2).

Like RBPs, the RBM proteins family are involved in multiple biological activities, such as RNA metabolism, including pre-mRNA splicing, RNA stability, mRNA translation, etc. (Figure 1) (3–7). RBM proteins can regulate alternative splicing by binding to the exon/intron region near the splice site of mRNA. For example, RBM10 can bind to the intron region near the splice site on mRNA, thus interfering with the recognition of splice site, while RBM5 and RBM6 can bind to the exon region near the splice site and recruit splicing components (8). And RBM4 has been reported can regulate the selection of 5’ splice sites or exons in vitro and antagonize the effect of SRSF protein on the selection of 5’ splice sites (9). In addition, RBM proteins can regulate the stability of RNA by directly binding its target mRNAs, such as RBMS1, RBM38, and RBM3 (10–13). Among them, RBM3 also participates in the translation regulation of cyclooxygenase-2 (COX-2) mRNA by recognizing and binding COX-2 AU-rich elements (ARE) sequence. Overexpression of RBM3 can improve the mRNA translation of COX-2 in HCT116 cells (13). Over the past few decades, different effects of the RBM proteins family have been gradually found in various cancer-related studies. In this review, we focused on the role of the RBM proteins family in cancer and summarized the effects of the RBM proteins family members on the occurrence, progression, and treatment of cancer.




Figure 1 | The RBM proteins family can affect gene expression and function by intervening mRNA transport, translation, capping, splicing, and stability. The three colored rectangles represent different exons, black lines represent introns, reddish brown circles represent 5 ‘cap, light blue circles represent RBM family proteins, and green rectangles represent the RRM domain. The central circle is the structure of RBM protein, usually, it has one or more RRMs.





RBM Proteins Family Is Frequently Related to the Occurrence of Cancer

Several studies showed that the RBM proteins family is closely related to the occurrence of cancer. RBM3, a cold-induced RNA-binding protein, was found to be upregulated in several types of cancers (14–17). However, Zeng et al. found that the overexpression of RBM3 in PC3 cells (a human prostate cancer cell line) weakened the stem cell-like characteristics of these cells (18). They indicated that RBM3 hindered the occurrence of prostate cancer because the tumor formation rate of PC3 cells overexpressed with RBM3 in nude mice was significantly lower than that in the control group (18). p53 is the most common mutant gene in human cancer and mutant p53 has been reported to promote tumor metastasis. RBM38, also known as RNPC1, is a target gene of the p53 family; it can inhibit p53 translation by interacting with eIF4E on p53 mRNA (11, 19, 20). Zhang et al. found that RBM38 can jointly regulate mutant p53 and PTEN, a key regulator of T cell development, to affect the occurrence of T cell lymphomas. They showed that the deletion of RBM38 enhanced the expression of mutant p53, and decreased the expression of tumor suppressor PTEN, which promoted the occurrence of lymphoma (21). And Zhang et al. found that mice who deleted RBM38 were more prone to aging and spontaneous tumors (20). These researches indicated that RBM38 could interact with p53 to form a negative feedback regulatory loop to involve tumorgenesis. RNA-binding motif single-stranded interacting protein 3 (RBMS3), another member of the RBM proteins family, has been reported could suppress the morphogenesis of non-small cell lung cancer (NSCLC) (22). Based on these studies, some RBM proteins, such as RBM38, RBM3, and RBMS3, play an inhibitory role in tumorigenesis. However, whether other RBM proteins family have the same effect in tumorigenesis has not been reported. Therefore, the role of the RBM proteins family in tumorigenesis and related molecular mechanisms still needs to be further explored.


RBM Proteins Family Can Promote Tumor Cell Proliferation

Studies have found that RBM proteins family can promote the proliferation of tumor cells. The mechanism of the RBM proteins family promoting proliferation is complex and usually involves the following aspects.


RBM Proteins Family Can Affect Tumor Cell Proliferation by Regulating Cancer-Related Genes and Signaling Pathways

SM Sureban et al. reported that RBM3 could promote the proliferation of colon cancer cells by enhancing the stability and translation ability of COX-2, IL-8 and VEGF mRNA (13). Hypoxic and other adverse conditions that are detrimental to cell growth, RBM3 participates in the survival of colon cancer cells mainly through a COX-2 signal transduction mechanism (23). Furthermore, RBM3 could promote the growth and proliferation of hepatocellular carcinoma (HCC) cells in the stearoyl-CoA desaturase (SCD)-circRNA-2-dependent manner by control SCD-circRNA-2 formation (24). Lin et al. found that RBM4 inhibits the apoptosis of breast cancer cells by upregulating the expression of transcripts IR-B and MCL-1S (25). In the U251 cell line, RBM17 decreased the expression of apoptosis related factors caspase 3, caspase 9 and PARP, and promoted the proliferation of glioma cells (26).



RBM Proteins Family Can Promote Cell Proliferation by Participating in the Regulation of Cell Cycle

HAN et al. found that inhibiting RBM17 expression can significantly reduce the proliferation of hypopharyngeal carcinoma cells, promote their apoptosis, and block their cell cycle progression at the G2/M phase (27). RBM17 plays a similar role in HCC and glioma. Li et al. showed that inhibiting RBM17 expression can decrease the proliferation of HCC cells, arrest cells at the G2/M phase, and significantly increase the apoptosis rate (28). In breast cancer cells, knocking down the RBM7 gene also inhibits cell proliferation, and induces G1 cell cycle arrest. Whereas overexpressing RBM7 promotes the proliferation of breast cancer cells by binding to AU-rich elements of cyclin-dependent kinase1 (CDK1) 3’-UTR and then stabilizing CDK1 mRNA (29).

Other RBM proteins family members also participate in promoting proliferation in various cancers, such as RBM5-AS1, RBM11, RBM15, RBM23, RBM33, etc. (Table 1). The proliferative effects of the RBM protein family members, as mentioned above that on tumor cells, may contribute to tumor progression. Nevertheless, the RBM proteins family can also play anti-tumor effects in cancers.


Table 1 | The RBM family proteins effect promotes a role in cancers.






RBM Proteins Family Inhibits Tumor Cell Proliferation

To date, studies on the anti-tumor proliferation effects of the RBM proteins family on cancer have mainly focused on the following aspect.


RBM Protein Inhibits Cell Proliferation by Targeting the Expression of Proto-Oncogene or Anti-Oncogene

RBM38 can suppress c-Myc protein expression to suppressed cell proliferation by directly binding to target AU-rich elements in the 3’-UTR of c-Myc mRNA. Conversely, c-Myc negatively regulates RBM38 expression by binding to the E-box in the promoter region of the RBM38 gene in breast cancer (30). RBM38 can also increase the expression of phosphatase and tensin homolog gene on chromosome 10 (PTEN) by binding to the 3’-UTR of PTEN transcript, thereby inhibiting the cell proliferation of breast cancer (31). Zhang et al. reported that RBM38 is phosphorylated at Ser195 by glycogen synthase kinase 3 (GSK3), promoting the translation of p53 mRNA and inhibiting tumor cell growth and proliferation (32).



RBM Proteins Family Can Inhibit Cell Proliferation by Regulating the Cell Cycle in Cancer

P21 protein is a cyclin-dependent kinase inhibitor that can arrest the cell cycle and prevent cell proliferation. RBMS2 positively regulates the stability of P21 mRNA by binding to its 3’ -UTR and therefore inhibits the proliferation of breast cancer cells (33). RBM43 is another tumor suppressor gene in the RBM proteins family. It is significantly downregulated in tumors, and its low expression is associated with a poor prognosis (34). Overexpression of RBM43 can inhibit the cell cycle progression by directly binding to the 3’ -UTR of CyclinB1 and then reducing CyclinB1 expression in HCC cells (34).



RBM Protein Can Inhibit Tumor Proliferation by Regulating Signal Pathway

Yong et al. found that RBM4 can inhibit the proliferation of gastric cancer cells in vitro and in vivo. RBM4 inhibits the activity of MAPK dependent signal pathway by inhibiting the expression of MAPK pathway protein, so it plays a role in inhibiting the proliferation of gastric cancer cells (35). RBM5 is a tumor suppressor gene in lung cancer and breast cancer, but its role in the pathogenesis of medulloblastoma (MB) remains unclear. Yu et al. Found that RBM5 knockdown induced Daoy and ons-76 cells proliferation, and the β-Catenin protein expression level was up-regulated in Daoy cells, Therefore, RBM5 may regulate Wnt/β- Catenin signal transduction plays a tumor suppressive role in MB (36). Jiang et al. Found similar results. In human glioma, RBM5 inhibits Wnt/β- Catenin signal transduction to play a role in tumor inhibition (37). Rbm10 can inhibit Notch signal transduction and cell proliferation by regulating the variable splicing of numb. RBM10, a splicing factor, inhibits cell proliferation by switching hTERT transcripts to generate a function-less isoform and suppressing the telomerase activity in pancreatic cancer (38). RBM10 is also an alternative splicing regulator of the Notch regulator gene NUMB. Jordi Hernandez et al. found that RBM10 can inhibit cell proliferation by promoting exon 9 skipping of NUMB in lung adenocarcinoma (LUAD) (39). The inhibitory effect of RBM10 on cell proliferation can be obtained through inactivating RAP1/Akt/CREB signaling pathway in LUAD cells (40).

Other RBM proteins family members also participate in suppressing proliferation in different cancers, such as RBM6, RBMS1, RBMS2, RBMS3, etc. (Table 2). In fact, many RBM proteins family members have dual effects on tumor cells, namely promoting proliferation and inhibiting proliferation, including RBM3, RBM4, RBM10, RBMX, etc. The mechanism of these genes’ dual effect in different tumors is not precise. It may be related to the characteristics of tumors and the location of gene expression, still need more research.


Table 2 | RBM family proteins effect as an inhibitor in cancers.









The Effect of RBM Proteins Family on Tumor Cell Apoptosis

The studies mentioned above indicate that the RBM proteins family members play essential roles in tumor proliferation. In addition, many studies have found that the RBM proteins family also involve in the regulation of apoptosis in cancer, mainly in two aspects.


RBM Proteins Family Can Regulate Tumor Cell Apoptosis by Induced Pro-Apoptotic Genes and Apoptosis Regulatory Proteins, Including Bax and p53

Garabito et al. found that the expression of RBM genes (RBMX, RBM3, and RBM10) on the X chromosome is remarkably associated with the pro-apoptotic gene Bax in breast cancer cells (41). RBM10, a vital member of the RBM genes on the X chromosome, can also promote cell apoptosis by enhancing the expression of TNF-α and regulating the alternative splicing of related genes, including FAS and BCL-X (42, 43). Rbm10 can also increase the stability of p53 by inhibiting MDM2 mediated ubiquitination and degradation of p53 and prolong the half-life of p53 to induce apoptosis to inhibit cancer cell proliferation and induce apoptosis.



RBM Proteins Family Can Affect Apoptosis by Enhanced Mitochondrial Apoptotic Activity and Upregulated the Expression of Autophagy-Related Proteins

Zhao et al. found that RBM5 protein expression significantly decreased in prostate cancer tissues than in normal tissues. Mitochondrial apoptotic activity is significantly increased when RBM5 is overexpressed in prostate cancer cells (44). The upregulation of RBM5 can induce cell apoptosis and increased cell sensitivity to certain apoptotic stimuli by altering the apoptosis regulatory proteins (44, 45). Loiselle et al. reported that RBM5 could directly regulate the cell cycle and apoptosis in small-cell lung cancer (SCLC) (46). RBM5 upregulates the level of autophagy-related proteins, such as LC3, Beclin1, and LAMP1, which further induce cell autophagy in LUAD (47). Similarly, down-regulation of RBM5 in bladder cancer cells leads to inhibition of apoptosis by increasing the expression of β-catenin-mediated mir-432-5p (48). The pro-apoptotic effect of RBM protein may contribute to inhibit tumor progression. Hence, it can accelerate tumor cell death by inducing the expression of RBM proteins family members. And this mechanism may benefit targeted therapy of tumors in the future.




The RBM Proteins Family Affect the Invasion and Migration of Tumor Cells

In addition to playing a role in tumor cell proliferation and apoptosis, the RBM proteins family can also affect the migration and invasion of tumor cells. Most RBM proteins family effect as an inhibitor in the invasion and metastasis of cancer, the primary biology mechanism as the following.


RBM Proteins Family Protein Can Inhibit Tumor Cell Invasion and Metastasis by Targeted Gene Expression

Zonula occludens-1 (ZO-1) is a member of the membrane-associated guanylate kinase (MAGUK) family of proteins, which can control endothelial cell-cell tension, cell migration, and barrier formation (49). RBM38 can positively regulate the ZO-1 gene by directly binding to AU/U-rich elements in the ZO-1 mRNA 3’-UTR. Therefore, overexpression of RBM38 can reverse the invasion and migration of breast cancer cells caused by the knockdown of ZO-1 (50). RBMS3 negatively regulates the expression of Twsit1 and reduces the level of Matrix metalloproteinase 2 (MMP2) induced by Twist1, thus inhibiting the invasion and metastasis of breast cancer cells (51). In human prostate cancer, RBM25 binding directly to an Amotl1-derived circRNA, circAMOTL1L, resulted in the relief of the miR-193a-5p repression of the Pcdha gene cluster, whereas p53 regulates EMT via directly activating the RBM25 gene (52).



RBM Proteins Family Could Inhibit Cancer Invasion and Metastasis by Involving Signaling Pathways, and Regulation mRNA Stability, etc

RBM47 could inhibit the metastasis of NSCLC by increasing the stability of AXIN1 mRNA and then inhibiting Wnt/β-catenin signal transduction (53). In breast cancer, RBM47 also plays a similar role. Dickkopf-1(DKK-1), as a WNT signaling pathway inhibitor 1, was bound with RBM47 to inhibit the activation of the WNT pathway and exert a tumor suppressor effect (54). As a post-transcriptional regulator of RNA stability, RBMS1 has clear significance for the progression of colon cancer. In a mouse model of xenotransplantation, silencing RBMS1 increased the metastatic ability of colon cancer cells while restoring RBMS1 weakened the metastatic capacity of colon cancer cells (10). Some studies have also shown that RBM5 could inhibit the metastasis and invasion of lung cancer (55, 56). Moreover, RBM3 downregulation is related to the distant metastasis of esophageal squamous cell carcinoma (57).



RBM Proteins Family Also Can Promote Cancer Cell Invasion and Metastasis

However, Huang et al. reported that RBM4 promotes the migration and invasion of esophageal cancer. They found that RBM family protein could promote tumor invasion and metastasis by participating in the alternative splicing of some genes, such as tropomyosin I (TPM1). Knockout of the RBM4 gene resulted in specific down-regulation of TPM1 variants V2 and V7, which might inhibit migration and filamentous group formation in esophageal cancer cells (58). RBM5-AS1 can be used as an oncogenic factor in multiple cancers, such as hepatocellular carcinoma, osteosarcoma, and oral squamous cell carcinoma. Mu et al. showed that RBM5-AS1 could decrease miR-132/212 by recruit PRC2 complex, and facilitate HCC cell migration and invasion (59). Fu et al. found that RBM11 was highly expressed in ovarian cancer and could promote tumor cell invasion and metastasis by activating Akt/mTOR signaling (60). circRBM33 was generated from the RBM33 and could promote gastric cancer cells migration and invasion through the circRBM33/miR-149/IL-6 axis (61).

In conclusion, RBM proteins family protein has a dual role in different cancers. Most RBM proteins family effect as an inhibitor in the migration and invasion of cancer cells, while a small group of RBM proteins family members could facilitate tumor cell migration and invasion. It is necessary to explore further why RBM proteins family play different roles in tumor cells. And the relative molecular mechanism of the RBM proteins family may provide a theoretical basis for future research and clinical application.




RBM Proteins Family Can Use As a Predictor for a Prognosis of Cancer

Recently, it was reported that in various tumors, such as liver cancer, gastric cancer, lung cancer, and breast cancer, the expression level of RBM proteins is related to the tumor size, invasion depth, lymph node metastasis, and prognosis. Yong et al. found that RBM4 expression in gastric cancer tissues was significantly lower than that in adjacent normal tissues. The downregulation of RBM4 was significantly associated with poor differentiation, lymph node metastasis, distant metastasis, and advanced Tumor Node Metastasis (TNM) stage in gastric cancer (62). They found that compared with the RBM4 high-expression group, the RBM4 low expression group had worse overall survival (OS) and disease-free survival (DFS) (62). Gao et al. showed that the overexpression of RBM3 in patients with colorectal cancer, gastric cancer, or melanoma predicted a good prognosis (63). Besides, RBM15 was identified as high-confidence interactors with Wilms tumor-associated protein (WTAP) in proteomic analysis. WTAP binds METTL3, the methyltransferase that mediates methylation of m6A in mRNA16, and is recruited to RNAs via an unknown adaptor protein to trigger m6A formation. Patil et al. found RBM15 is part of the WTAP-METTL3 N6-methyladenosine (m6A) methyltransferase complex and participates in M6A modification (64). Studies on RNA methylation regulators in papillary thyroid carcinoma (PTC) and gastric cancer have shown that RBM15 was significantly positively correlated with a better prognosis (65, 66). But in LUAD, the high expression level of RBM15 is related to a poor prognosis (67, 68).

And we further explored the relationship between the expression level of RBM proteins family members and prognosis in different cancers by TCGA. The results showed that members of the RBM proteins family were significantly correlated with tumor prognosis, and the expression levels of many RBM members could predict the prognosis of tumor patients (Figure 2). For example, a high expression of the RBM proteins was associated with shorter survival in ACC. Conversely, low expression of the RBM proteins in kidney renal clear cell carcinoma (KIRC) was associated with a worse prognosis.




Figure 2 | The correlation analysis between RBM proteins family expression and the patient’s prognosis in the TCGA. p < 0.05 was considered statistically significant.





RBM Can Be Used as a Potential Therapeutic Target in Cancers

As mentioned above, there are significant differences in the expression levels of RBM proteins in lung cancer, breast cancer, liver cancer, colon cancer, and other human cancers, and their expression levels are significantly correlated with prognosis. Therefore, targeting RBM protein may be a new therapeutic strategy for the treatment of human cancer. In fact, previous studies have shown that RBMX is highly expressed in HCC tissues and cell lines, resulting in increased drug resistance of HCC cells (69, 70). And targeting RBMX can be used as a new strategy for HCC treatment. RBM39 can bind to c-Jun and stimulate its transcriptional activity, promoting its involvement in many aspects of cancer development. Studies have found that RBM39 is highly expressed in breast cancer tissues and can promote tumor cell proliferation. Considering the role of RBM39 in breast cancer, Shannon D Chilewski et al. developed an RBM39 peptide to treat triple-negative breast cancer (71). A bioinformatics analysis also showed that RBM39, a target gene of miR-494, can be used as a biomarker to predict trastuzumab resistance in breast cancer (72). Additionally, Wu et al. found that loss of RBMS3 might increase the chemical resistance of epithelial ovarian cancer (73). Downregulation of mir-383 induced RBM24 mediated NF-κB signal activation. Therefore, RBM24 can become a potential therapeutic target to reverse the chemoresistance of lung adenocarcinoma cells (74). In patients treated with oxaliplatin, a first-line chemotherapy drug, high expression of RBM3 is an independent predictor of prolonged survival in patients with metastatic colorectal cancer (75). In epithelial ovarian cancer cell lines, RBM3 expression silencing resulted in decreased sensitivity to cisplatin. It was suggested that RBM3 might be a useful therapeutic predictor in epithelial ovarian cancer (76).

Although the role of other members of the RBM proteins family in tumor treatment and prognosis is not clear, existing studies have shown that some members of RBM proteins family, such as RBM3, RBM4, and RBM39, play an essential role in tumor treatment and prognostic markers. Therefore, RBM proteins may be a potential target for tumor treatment and prognosis.



Conclusion

In recent years, increasing attention has been paid to the RBM proteins family, and their various roles in multiple cancers have been continuously revealed. It was shown that some members of the RBM proteins family play a tumor-suppressive role in cancers, inhibiting tumorigenesis and cell proliferation, promoting tumor cell apoptosis, and limiting cell migration and invasion, such as RBM6 and RBM38. While some members play the opposite role, promoting cell proliferation and the invasion of cancer, including RBM7, RBM11, and RBM15. Besides, another part of RBM proteins plays a dual function of cancers (Table 3). For instance, RBM3 plays a cancer-promoting role in breast and colorectal cancer, while it inhibits tumorigenesis in prostate cancer. And RBM5 and RBM5-AS1 play opposite effects in tumor cells. RBM5 can inhibit tumor cell growth in gastric cancer and lung cancer. RBM5-AS1 promotes the migration and invasion of osteosarcoma tumor cells. It was not clarified that why RBM proteins family members play a dual role in tumors. Kido et al. found that the dual role of RBM proteins family genes may be related to time and space (77). They discovered that RBMY acts as a suppressor in the early stages of the tumor and shows a cancer-promoting effect in the long-term progression of tumors. However, the specific mechanism still needs more in-depth exploration. The dual function of RBMs may provide a novel idea for the treatment and research of tumors, as some tumor-promoting factors may also be turned into tumor suppressor factors under some conditions. Besides, it can also amplify the tumor suppressor role of RBM protein that may be used as a new target for clinical treatment of tumors. In future studies, further exploration of the dual role of RBM proteins family in tumors and elucidating the related molecular mechanisms may contribute to the development of new therapeutic targets.


Table 3 | RBM family proteins serves dual functions in cancers.





In summary, based on the current research, the influence of the RBM proteins family on cancer is diverse, and these proteins are involved in various aspects of tumorigenesis and development. And RBM protein can be used as novel tumor markers for clinical application in early diagnosis and prognosis evaluation of multiple cancers.
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Neural precursor cell expressed developmentally downregulated 4-like (NEDD4L) is an E3 ubiquitin ligase that has been reported to participate in multiple cellular procedures by regulating of substrate ubiquitination and subsequent protein degradation. A great amount of evidence has demonstrated that NEDD4L mainly functions as a tumor suppressor in most cancer types, while it also acts as an oncogene in a few cancers. In this review, we summarize the potential role of NEDD4L in carcinogenesis and the related underlying molecular mechanism to improve our understanding of its functions in the tumorigenesis of human malignancies. Developing clinical drugs targeting NEDD4L could be a potential therapeutic strategy for cancer therapy in the future.
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Introduction

Ubiquitination is a cellular biological process that specifically modifies posttranslational proteins and results in substrate degradation, stabilization or relocation (1). Several successive enzyme reactions constitute a cascade of ubiquitination. Ubiquitin was originally linked to E1 ubiquitin activating enzymes for its activation in an ATP-dependent manner and then instantaneously shifted to E2 ubiquitin conjugating enzymes. Afterward, the transfer of ubiquitin from E2 to the substrate is mediated by E3 ubiquitin protein ligases (E3s) (2, 3). Abnormalities of ubiquitination have been confirmed to be related to tumor occurrence and development (4). It is known that E3s determine the substrate specificity of the system to a large extent (5); therefore, the disorders of E3s might lead to the initiation of human cancer.

To date, there have been more than 600 E3s in the human genome, which are mainly sorted into three categories: really interesting new gene (RING) finger family E3s, the RING-between-RING (RBR) family E3s, and homologous to the E6-AP C-terminus (HECT) family E3s (6). HECT family E3s have an active site for cysteine, where cysteine binds to ubiquitin for an intervening thioester prior to its substrate (7). Specific recognition of substrates is based on the nonconservative N-terminus of HECT family E3s (8). As the most familiar and studied group of HECT family E3s, the neural precursor cell expressed developmentally downregulated 4 (NEDD4) subfamily has nine members, including NEDD4 (known as NEDD4-1), NEDD4-like (NEDD4L, also named NEDD4-2), ITCH, Smurf1, Smurf2, WWP1, WWP2, NEDL1 (also named HECW1) and NEDL2 (also named HECW2), and is characterized by a WW domain and a C2 domain (9, 10). NEDD4-like, is a member of the NEDD4 subfamily and is reported to regulate various ion channels and virus budding (11). NEDD4L plays a potential role in the growth of the central nervous system, the regulation of hypertension and the development of cancer and so on (12). In recent years, compelling evidence has shown that NEDD4L accelerates or weakens the progression of various types of cancers by targeting different substrates (13, 14). As a result, this review presents the structure of NEDD4L and aims to summarize the function of NEDD4L in diverse cancer types.



Structure and Function of NEDD4L

In the NEDD4 ubiquitin ligase family, NEDD4L is the most analogous homolog of NEDD4, the archetypal member of the family (15). NEDD4L is widely distributed and highly conserved in vertebrates (11). Human NEDD4L is located on chromosome 18q21.31 and has 41 exons. NEDD4L exists as two protein bands in various tissues, including human tissue, one of which changes marginally due to tissue specificity, and the other one, a stably expressed protein, containing an N-terminal C2 domain, 4 WW domains and a C-terminal HECT domain (Figure 1) (11). The chief function of the C2 domain consists of Ca2+ binding, membrane targeting and protein-protein interactions (16). The WW domains play a pivotal role in discriminating and provoking the specific substrates of NEDD4L (17). The HECT domain contains the catalytic cysteine 42 and participates in catalyzing polyubiquitin chain packaging, a two-step mechanism implicated in two E2 ubiquitin binding sites (18). The C2 domain and the HECT domain restrain each other to control their own activity in normal circumstances (19). This state of equilibrium is broken when intracellular Ca2+ binds to the C2 domain, thus stimulating the ubiquitin ligase activity of NEDD4L and then recruiting it to the plasma membrane (20). Expectedly assembling substrate-linked ubiquitin chains, including Lys-63, Lys-48, Lys-27, Lys-11 and Lys-6 linkages, NEDD4L can result in substrate degradation by lysosomes or the proteasome, and/or change the cell signaling pathway (18, 21, 22).




Figure 1 | The structure of NEDD4L is illustrated.



The original and most familiar function of NEDD4L is to regulate the epithelial Na+ channel (ENaC), which is closely related to the fluctuation of blood pressure (23). In addition, NEDD4L also participates in DNA repair, antiviral immunity and tumor development (24–26). To date, multiple reports have shown that the expression of NEDD4L in cancers is abnormal, and various proteins have been validated to bind with NEDD4L or be ubiquitinated by NEDD4L, thus modulating the cancer development (27). For instance, DNA damage-binding protein 2 (DDB2) suppresses the expression of NEDD4L and then affects the transforming growth factor-β (TGF-β) signaling in ovarian cancer (28). This review focuses on the potential role and related molecular mechanisms of NEDD4L in carcinogenesis and tumor progression.



The Involvement of NEDD4L in Different Signaling Pathways

NEDD4L is implicated in the regulation of various signaling pathways. For example, NEDD4L induced the ubiquitination of Unc51-like kinase 1 (ULK1), an autophagy initiation related protein, to control autophagy (29, 30). Endoplasmic reticulum stress increases the level of NEDD4L to trigger autophagy (31). 8-Oxoguanine DNA glycosylase (OGG1) is the central cellular enzyme applied in the excision of 8-oxoguanine DNA base lesions in DNA via the base excision repair pathway, and NEDD4L is involved in OGG1 ubiquitylation in response to DNA damage (24). In addition, NEDD4L catalyzed Dishevelled 2 (Dvl2) polyubiquitination, and Dvl2 was considered as a major mediator of both Wnt/β-catenin and Wnt/planar cell polarity pathways (21), suggesting that NEDD4L inhibited Wnt signaling. In addition, NEDD4L mediated the ubiquitination of PIK3CA and then weakened PI3K-AKT signaling (32). It was also reported that NEDD4L might enhance MAPK/ERK signaling but few studies have focused on concrete mechanisms (13). The specific recognition of the TGF-β-triggered phosphoThr-ProTyr motif in the junction region by the WW domain of NEDD4L contributed to Smad2/3 polyubiquitination and degradation, thus inhibiting TGF-β signaling (33).



The Function of NEDD4L in Cancer


Gastric Cancer

Gastric cancer ranks the fifth among the most common cancers and is the third-leading cause of cancer death (34). To date, it has been reported that the expression of NEDD4L is positively related to the outcomes of gastric cancer patients (35). Patients with negative NEDD4L expression tended to have lymphatic infiltration, metastasis and vascular invasion in sharp contrast to those with positive NEDD4L expression (35). In addition, a high level of NEDD4L generally corresponded to a low level of HIF-1α in gastric cancer tissues and led to a favorable prognosis (36). Collectively, NEDD4L might affect the metastasis of gastric cancer and together with HIF-1α, could predict the prognosis of patients. However, further experiments at the cellular and animal levels are needed to test the function of NEDD4L in gastric cancer development.



Liver Cancer

Liver cancer, as the second most lethal cancer worldwide, emerges in approximately 900, 000 people and causes about 830, 000 patient deaths every year (37). In hepatocellular carcinoma (HCC), the Wnt/β-catenin signaling pathway is frequently abnormally regulated (38). A study showed that the expression of NEDD4L was elevated when Wnt/β-catenin was activated in HCC (39). However, another study revealed that the decreased expression of NEDD4L could enhance the proliferation ability of HCC cells (13). In an in vivo experiment, overexpression of NEDD4L attenuated the growth of xenograft tumors in nude mice (13). In addition, both of in vivo and in vitro experiments suggested that NEDD4L might advance the MAPK/ERK signaling pathway to weaken the proliferation of HCC cells via the induction of apoptosis (13). In patients, it was found that the expression of NEDD4L in HCC tissues was lower than that in paracancerous tissues and the patients with high NEDD4L expression had better outcomes than those with low expression of NEDD4L (13). Consequently, NEDD4L might act as a tumor-suppressor gene to repress the malignant biological behavior of HCC, while the relationship between NEDD4L and the Wnt/β-catenin signaling pathway needs further investigation to prove.



Colorectal Cancer

Colorectal cancer (CRC) is the third most frequent cancer and the second most deadly cancer globally (37). By inhibiting the destruction of the LGR5 receptor, the absence of NEDD4L could facilitate the signal transduction of Wnt/β-catenin and the number of intestinal stem cells, thus promoting the susceptibility and progression of colorectal tumors (40). Moreover, the expression of NEDD4L was all reduced in various stages of colorectal cancer specimens, in contrast to that in adjacent normal mucosal tissues. NEDD4L significantly suppressed the Wnt/β-catenin signaling pathway in CRC cells (41). NEDD4L can degrade serine/threonine kinase 35 (STK35) by ubiquitination and then inhibit glycolysis, increasing the apoptosis of CRC cells by suppressing the Akt signaling pathway and modulating the chemoresistance of CRC cells (42). In addition, a study revealed that the expression of NEDD4L in rectal cancer patients was upregulated after radiotherapy, suggesting that NEDD4L might be helpful for the treatment of rectal cancer patients (43). Taken together, NEDD4L possibly weakens the development of CRC and more in vivo experiments are required to validate the function of NEDD4L.



Pancreatic Cancer

Pancreatic cancer is a malignant cancer with a poor prognosis and takes approximately 466,000 lives away every year (37). Mounting studies have discovered that NEDD4L plays a pivotal role in the development of pancreatic cancer. MicroRNA-23A (miR-23A) inhibits the expression of NEDD4L to collaborate with miR-21 and miR-27A, thus promoting the progression of pancreatic cancer (44, 45). NEDD4L was demonstrated to be linked to iron metabolism in pancreatic cancer. N-myc downstream regulated gene-1 (NDRG1), an iron-regulated metastasis suppressor, upregulated the expression of NEDD4L in PANC1 pancreatic cancer cells (46). NEDD4L mediates the degradation of the iron-binding transport protein lactotransferrin (LTF) by ubiquitination to hinder the malignant biological behavior of pancreatic cancer (47). Besides, NEDD4L impeded autophagy and cancer cell proliferation by being involved in the degradation of ULK1, and weakening the expression of the glutamine transporter ASCT2 by the ubiquitination pathway in pancreatic cancer (30). Hence, NEDD4L acts as a tumor-suppressor gene in pancreatic cancer.



Gallbladder Cancer

Although gallbladder cancer is an uncommon cancer, delayed diagnosis and poor prognosis are distinctive features (48). A study demonstrated that the expression of NEDD4L in the cytoplasm of invasive cancer cells is much higher than that in normal or dysplastic epithelial cells (14). Furthermore, NEDD4L enhanced the invasion ability of gallbladder carcinoma cells by increasing metalloproteinase-1 (MMP-1) and MMP-13 expression (14). Interestingly, downregulation of NEDD4L did not affect cell growth in gallbladder cancer (14). Unlike with most cancer types, NEDD4L might exert a tumor-promoting effect on gallbladder cancer.



Lung Cancer

Lung cancer is the main cause of cancer death and seriously threatens the lives of people worldwide (49). It was reported that NEDD4L is considered as one of the central drivers in lung adenocarcinoma (LUAD) and might affect the prognosis of the patients (50). Downregulation of NEDD4L was found in nonsmall cell lung cancer (NSCLC) samples in contrast to those of normal tissues. In NSCLC patients, NEDD4L rs11660748 A>G and rs73440898 A>G had adjusted hazard ratios (HRs) of 1.31 and 1.27, respectively, for overall survival, which means that the mutations at these two sites might impair the prognosis of patients. Moreover, low expression of NEDD4L was prone to lymph node invasion, late stage and deprived prognosis (51, 52). These results suggest that NEDD4L might inhibit the progression of lung cancer. Further studies demonstrated that NEDD4L suppressed the proliferation, migration and invasion of lung cancer cells (51). Enhancer of zeste homolog 2 (EZH2) is a highly conserved histone methyltransferase (HMTase) and is abnormally expressed in various cancers (53). Notably, EZH2 could weaken the expression of NEDD4L to serve as an oncogene in lung cancer (51). In addition, miR-93 is a member of the miR-106b-25 cluster and a driving force for the development of numerous cancers, such as bladder cancer, prostate cancer and lung cancer (54–56). MiR-93 mediated the decrease in NEDD4L expression and then enhanced TGF-β signaling to activate epithelial-to-mesenchymal transition (EMT) in lung cancer (57). Tumor-associated macrophages (TAMs) play a pivotal role in tumor aggressiveness and M2 macrophage-derived exosomes (MDEs) are critical communication media in the tumor microenvironment (50). MDE was reported to reduce the expression of NEDD4L and then stabilize the c-Myc protein to induce chemoresistance in lung cancer by transferring miR-3679-5p to cancer cells (58). In addition, NEDD4L be involved in the ubiquitination of multidrug resistance-associated protein 1 (MRP1), which was negatively correlated with the prognosis of patients with lung cancer (59). However, NEDD4L might act as an oncogene to some extent. NEDD4L could repress the expression of general control nonderepressible kinase 2 (GCN2) to control its proapoptotic effect on lung cancer cells (60). Overexpression of GCN2 aggravated cell apoptosis that was induced by Na+, K+-ATPase ligand in A549 lung cancer cells, indicating that NEDD4 might repress apoptosis of lung cancer cells by targeting GCN2 (60). In summary, NEDD4L could inhibit the progression of lung cancer by targeting multiple signaling pathways, but might suppress the apoptosis of cancer cells to a certain extent.



Nasopharyngeal Carcinoma

Nasopharyngeal carcinoma is an epithelial carcinoma that is closely related to the Epstein -Barr virus (EBV) infection. There are approximately 133,000 new cases and 80,000 deaths worldwide every year (37). A study utilized whole-exome capture/sequencing in 251 patients with different EBV infections (205 affected, 21 obligate carriers and 25 unaffected) and revealed that NEDD4L might regulate EBV infection (61). However, the mechanism of modulating EBV infection by NEDD4L and the role of NEDD4L in the initiation and progression of nasopharyngeal carcinoma are poorly understood. Further studies are needed to verify the function of NEDD4L in nasopharyngeal carcinoma.



Ovarian Cancer

Ovarian cancer is one of the top 10 most common cancers in females, with an approximately 46% five-year survival rate (62). The expression of NEDD4L was reduced in invasive ovarian cancer tissues in sharp contrast to that in normal ovarian epithelial tissues (63). Furthermore, the patients with higher levels of NEDD4L tended to have an early clinical stage, few lymph node metastases and good survival (63). However, NEDD4L might exert a tumor-promoting effect, and the expression of NEDD4L was downregulated by DNA damage-binding protein 2 (DDB2) (28). DDB2 participates in many biological processes including gene transcription and cell cycle regulation and is identified as a critical factor in tumor development (64, 65). DDB2 could attenuate the expression of NEDD4L and then stimulate TGF-β signaling to inhibit the proliferation of ovarian cancer cells (28). These data suggested that TGF-β might be a potential substrate of NEDD4L. However, the mechanism of inhibition of NEDD4L on TGF-β signaling was not investigated in this study; thus, more studies are needed to verify the relationship between NEDD4L and TGF-β. Few studies have investigated the independent effect of NEDD4L on ovarian cancer, and more research needs to be carried out.



Endometrial Cancer

Endometrial cancer is the sixth most common cancer in women, and the incidence and mortality of this cancer have increased in recent years (59). Endometrial cancer tissues showed decreased expression of NED44L compared with endometrial hyperplasia tissues utilizing immunohistochemical staining (66). However, there is a lack of research investigating the relationship between the level of NEDD4L and the initiation, development and outcomes of endometrial cancer.



Prostate Cancer

The expression and functions of NEDD4L in prostate cancer are still ambiguous. The expression of NEDD4L was decreased in prostate cancer specimens compared with benign prostatic hyperplasia (67). Interestingly, the expression of three NEDD4L transcripts, NEDD4Lf, NEDD4Lg and NEDD4Lh, was upregulated in prostate cancer cells after androgen administration (68, 69). NEDD4L was also downregulated in androgen-independent prostate cancer cells (70). It was suggested that the dysregulation of NEDD4L might result from the level of androgen. Additionally, SOX5 and DNA methylation possibly acted as regulators of NEDD4L in androgen-independent cancer cells (70). However, the study failed to show the molecular mechanisms by which NEDD4L modulated prostate carcinogenesis. Unexpectedly, Hellwinkel et al. reported that the level of NEDD4L was higher in prostate cancer tissues than in adjacent normal tissues (71). Furthermore, NEDD4L might contribute to the development of prostate cancer by reducing the TGF-β signaling pathway (71). Hence, the function of NEDD4L in prostate cancer is not clear.



Renal Cancer

Renal cell carcinoma (RCC) is a common malignant tumor in the urinary system (37). It was reported that the expression of NEDD4L was positively related to overall survival and disease-specific survival (DSS) in clear cell renal cell carcinoma (ccRCC) and chromophobe cell renal carcinoma (CCRC) (72, 73). In further studies, NEDD4L could limit the proliferation and metastasis of ccRCC cells by weakening the ERBB3 and MAPK signaling pathways (73). Consequently, NEDD4L can be considered as a potential therapeutic target in ccRCC.



Breast Cancer

Breast cancer is the most common malignancy in females, and hormones, reproduction and lifestyle may affect the tumorigenesis of breast cancer (74). It was reported that a high level of NEDD4L might indicate a beneficial prognosis with free recurrence (75). In various breast cancer cells, miR-106b-25 could inhibit the expression of NEDD4L to upregulate the level of NOTCH1, which was instrumental in tumor-initiating cell (TIC) induction (75, 76). In addition, pseudokinase Tribble 3 (TRIB3) interacted with Akt and repressed NEDD4L-mediated ubiquitination of Forkhead box O1 (FOXO1) and then promoted the expression of Sry-related high-mobility box 2 (SOX2), a transcription factor of cancer stem cells, to exacerbate the development of breast cancer stem cells (77). NEDD4L modulated the degradation of copper transporter 1 (CTR1) in ubiquitination and exerted tumor inhibition through the CTR1-Akt signaling pathway (78). Several studies found that NEDD4L was probably implicated in the anticancer or cancer-promoting effects of some substances in breast cancer. For instance, selenium (Se) is a lurking anticancer nutrient (79), and NEDD4L is considered as a key gene in the regulatory network of the Se-stimulated epigenome (80). Unexpectedly, Orai3 advanced calcium influx, activated NEDD4L and reduced the apoptosis of breast cancer cells by weakening the expression of p53 (81). The relationship between NEDD4L and p53 has been reported, and NEDD4L might promote the survival of cancer cells (82). In brief, most research suggests that NEDD4L suppresses the malignant biological behavior of breast cancer cells, and further studies are necessary to discover its underlying mechanism in breast carcinogenesis.



Other Human Cancers

NEDD4L, activated by a functional polypeptide (JP1), induced degradation of SP1 via the ubiquitin-proteasome pathway and then attenuated the transcription of integrin αvβ3 to inhibit cell proliferation and metastasis of melanoma (83). In addition, serum- and glucocorticoid-regulated kinase 1 (SGK1) inhibited the degradation of the transcription factor JunB by NEDD4L to enhance TH2 differentiation (84). The number of lung tumors in SGK1-deficient mice was much less than that in control mice after injection of melanoma cells into the tail vein (84). This finding indicated that NEDD4L might exert antitumor effects in melanoma. However, a study found that the expression of NEDD4L in cutaneous melanoma and lymph node metastatic melanoma was higher than that in normal melanocytes or benign nevus tissue (85). Overexpression of NEDD4L promoted the growth of A2058 melanoma cells in vivo, and downregulation of NEDD4L reduced the growth of G361 melanoma cells in vitro (85). Therefore, the role of NEDD4L in the development of melanoma is controversial and needs to be further clarified.

The expression of NEDD4L was in negatively correlated with the pathological grade of malignant glioma, and low expression of NEDD4L indicated poor outcomes (86). In addition, NEDD4L was reported as a direct target of miR-513a-5p, delayed the growth of glioma cells and amplified the cytotoxicity of temozolomide (TMZ) (87). Moreover, NEDD4L mediates the ubiquitination of the tumor oncogene sphingosine kinase 2 (SphK2) and thus suppresses the development of malignant glioma (88). Consequently, NEDD4L mainly crippled the malignant biological behavior of glioma. The role of NEDD4L in lymphoma has also been investigated. A study demonstrated that the expression of NEDD4L in Sezary syndrome (SS) was much higher than that in healthy controls (89). It was reported that NEDD4L might be involved in the progression of diffuse large B cell lymphoma (DLBCL) (90). Nevertheless, the specific effect of NEDD4L on lymphoma has not been confirmed. NEDD4L was found to be downregulated and correlated with biosynthesis and metabolism in clear-cell renal cell cancer (ccRCC) by integrated bioinformatics analysis. Low expression of NEDD4L was associated with dismal prognosis in ccRCC, suggesting that NEDD4L could act as a prognostic biomarker and therapeutic target in ccRCC (72). A bioinformatics analysis revealed that NEDD4L was downregulated in esophageal cancer patients and might be associated with esophageal cancer prognosis (91).




Targeting NEDD4L for Cancer Therapy

Emerging evidence has demonstrated that several compounds can target the expression of NEDD4L. For example, β,β-dimethyl-acryl-alkannin (ALCAP2), a natural small-molecule compound separated from the root of Lithospermum erythrorhizon, could increase the expression of NEDD4L to hinder the nuclear translocation of β-catenin and stimulate the conjunction of ubiquitin and β-catenin, thus blocking the Wnt signaling pathway and inhibiting cell proliferation and metastasis as well as inducing apoptosis and cell cycle arrest in LUAD (92). Dexamethasone, a pretreatment drug, has been used for cancer treatment to reduce the toxic effect of chemotherapy. Dexamethasone was reported to promote the lung metastasis of breast cancer by regulating the PI3K-SGK1-CTGF pathway through the NEDD4L-Smad2 axis (93). AG490, an inhibitor of the Janus tyrosine kinase 2 (JAK2), can promote human organic anion transporter-3 (hOAT3) ubiquitination and degradation by enhancing the binding of NEDD4L with hOAT3 and reducing NEDD4L phosphorylation (94). Wogonin, a natural flavonoid agent, was revealed to upregulate the expression of NEDD4L and suppress the PI3K/Akt pathway (95). Therefore, targeting NEDD4L with these compounds might be helpful for cancer therapy in the future.



Conclusions

In conclusion, NEDD4L suppresses the carcinogenesis by elevating the degradation of substrates of NEDD4L in most cancer types, while the role of NEDD4L in a few cancer types still remains controversial (Figure 2 and Table 1). Modulating upstream genes can affect the expression of NEDD4L and thus influence the progression of cancers (Figure 2 and Table 2). It is important to mention that NEDD4L has mutations, copy number variations (CNV) gains, and CNV losses in a variety of human cancers (Figure 3). In some specific malignant tumors, the design of the NEDD4L enhancer may contribute to the better treatment of cancer patients, but the targeted inhibition of NEDD4L probably controls the procedure of some other cancer types. Additionally, the concrete mechanisms have not been fully elucidated, although there are abundant studies proving that NEDD4L plays oncogenic or tumor-suppressive roles in cancers by modulating its substrates. More detailed mechanistic research should be carried out to fully understand the function and role of NEDD4L in tumorigenesis. It is also critical to design and develop NEDD4L enhancers and inhibitors for cancer treatment in patients with dysregulation of NEDD4L. We believe that the clinical application of NEDD4L enhancers or inhibitors in cancer therapy will be prospective in the near future.




Figure 2 | Upstream and downstream genes of NEDD4L are illustrated.




Table 1 | NEDD4L gene modulates downstream genes and its impact on cancers.




Table 2 | Upstream gene modulates NEDD4L gene and its impact on cancers.






Figure 3 | The status of mutation (A), CNV gains (B) and CNV losses (C) of NEDD4L is illustrated. ACC, Adrenocortical carcinoma; BLCA, Bladder Urothelial Carcinoma; BRCA, Breast invasive carcinoma; CESC, Cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, Cholangiocarcinoma; COAD, Colon adenocarcinoma; DLBC, Lymphoid Neoplasm Diffuse Large B-cell Lymphoma; ESCA, Esophageal carcinoma; GBM, Glioblastoma multiforme; HNSC, Head and Neck squamous cell carcinoma; KICH, Kidney Chromophobe; KIRC, Kidney renal clear cell carcinoma; KIRP, Kidney renal papillary cell carcinoma; LAML, Acute Myeloid Leukemia; LGG, Brain Lower Grade Glioma; LIHC, Liver hepatocellular carcinoma; LUAD, Lung adenocarcinoma; LUSC, Lung squamous cell carcinoma; MESO, Mesothelioma; OV, Ovarian serous cystadenocarcinoma; PAAD, Pancreatic adenocarcinoma; READ, Rectum adenocarcinoma; SARC, Sarcoma; SKCM, Skin Cutaneous Melanoma; STAD, Stomach adenocarcinoma; UCEC, Uterine Corpus Endometrial Carcinoma.
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Pleckstrin-2 is a member of pleckstrin family with well-defined structural features that was first identified in 1999. Over the past 20 years, our understanding of PLEK2 biology has been limited to cell spreading. Recently, increasing evidences support that PLEK2 plays important roles in other cellular events beyond cell spreading, such as erythropoiesis, tumorigenesis and metastasis. It serves as a potential diagnostic and prognostic biomarker as well as an attractive target for the treatment of cancers. Herein, we summary the protein structure and molecular interactions of pleckstrin-2, with an emphasis on its regulatory roles in tumorigenesis.
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INTRODUCTION

Pleckstrin was first initially described as a prominent substrate of protein kinase C (PKC) in hematopoietic cells. In its naming, “PLEC” is derived from platelet and leukocyte C kinase substrate, and “KSTR” is derived from the amino acid sequence KSTR. Pleckstrin protein sequences are highly conserved across human and mouse, which is about 97% homologous to each other. Accordingly, the protein structures and functions of these two different species are also almost same. Pleckstrin-1 (PLEK1), specifically expressed in hematopoietic cells, is composed of two pleckstrin homology (PH) domains at the amino- and carboxyl-terminal and a central disheveled-Egl-10-pleckstrin (DEP) domain (Figure 1A). As a major substrate of PKC in platelets and leukocytes, the phosphorylation of PLEK1 was used as a marker for platelet activation (Hu et al., 1999; Inazu et al., 1999).


[image: image]

FIGURE 1. The pleckstrin family of proteins. (A) Structural domain overview of human PLEK1 and PLEK 2. Both PLEK1 and PLEK1 contain two pleckstrin homology (PH) domains (PH, shown in blue) at the amino- and carboxyl-terminal and a central disheveled-Egl-10-pleckstrindomain (DEP, shown in green). There are three sites (Ser113, Thr114, and Ser117) between DEP domain and the N-terminal PH domain of PLEK1, which can be phosphorylated by PKC (shown in red) (B) Comparison of the deduced amino acid sequence of human PLEK1 and PLEK2. The similar amino acids are shown in red, and the same ones are highlighted as red.


Pleckstrin-2 (PLEK2) is another member of pleckstrin family, which is 65% homologous and 39% identical to paralog PLEK1 (Figure 1B). Similar to PLEK1, PLEK2 harbors a central DEP domain flanked by two PH domains (Figure 1A). However, PLEK2 is widely expressed, especially in thymus, stomach, large and small bowels, and prostate (Hu et al., 1999; Inazu et al., 1999).

Both isoforms can induce the formation of large lamellipodia and peripheral ruffle of cells, thereby facilitating cell spreading, in which PLEK1 is entirely regulated by its phosphorylation by PKC (Ma and Abrams, 1999; Roll et al., 2000). In contrast, PLEK2 is not efficiently phosphorylated by PKC but rather by the local generation of PI3K-phosphorylated phospholipids (Bach et al., 2007; Hamaguchi et al., 2007). Recently, roles of PLEK2 in other cellular events beyond cell spreading are gradually being identified. Several lines of evidences suggest that PLEK2 is a potential therapeutic target for the treatment of cancers (Zhao et al., 2018; Shen et al., 2019; Wu et al., 2020; Liu et al., 2021; Wang et al., 2021a; Yang et al., 2021).



STRUCTURE OF PLEK2

Three-dimensional (3D) protein structures have contributed enormously to our understanding of atomic and molecular structure, and help delineate complex macromolecules and their functions, as well as how they operate in the real world. Although the amino sequence of PLEK2 has been characterized with well-defined domains, its protein architecture is poorly investigated. Only the solution structures of C-terminal PH domain and DEP domain of PLEK2 had been reported, respectively (Table 1). Due to the similarity in the structure of the two proteins, the studies on structure of PLEK1 may provide insights for the study of PLEK2. C-terminal PH domain of human PLEK1 (PDB code:1XX0, 1 × 05) was first reported by two independent groups in 2005 (Edlich et al., 2005). Its crystal structure was identified in 2006 (PDB code:1ZM0) (Jackson et al., 2006) and further confirmed by the crystal structure in complex with D-myo-Ins(1,2,3,5,6)P5 (PDB code:2I5F) and D-myo-Ins(1,2,3,4,5)P5 (PDB code:2I5C), respectively, in 2007 (Jackson et al., 2007). Furthermore, it has been suggested that myo-inositol pentakisphosphates regulate the interaction between PH domain and phosphoinositides through direct competition binding to PH domain (Jackson et al., 2007). Although the solution structures of DEP and N-PH domains had been published, their physical structures need to be further confirmed by protein crystal.


TABLE 1. Three-dimensional protein structures of PLEK2 and PLEK1.

[image: Table 1]The structures of PH domain and DEP domain had been well characterized, respectively, however, full-length structures of PLEK1 and PLEK2 are still largely unknown. Improvements in protein production, crystallization, as well as structure solution and refinement methods have brought the field to the verge of rapid protein structure determination. The major bottle neck to this process remains protein production and crystallization. It has been suggested that DEP interacts intramolecularly with the N-terminal PH domain to mediate membrane anchoring of PLEK1 (Civera et al., 2005). Such interaction may also occur between two PLEK molecules, which accounts for the formation of irregular polymers of PLEK2. This is further supported by the endogenous oligomerization of PLEK2 (Hamaguchi et al., 2007). Indeed, our group previously tried to acquire the protein crystal of PLEK2 but with no success. The failure was due to the difficulty to purify the protein monomer from irregular polymers of PLEK2.

Examining the crude 3D model built with the sequence for mouse PLEK2, two putative small molecule binding grooves appear to exist near K13 and R14 residues (N-PH domain) and at K256 residues (C-PH domain), respectively. Consistently, these sites have been suggested to be response for the phospholipid binding domains (Bach et al., 2007; Jackson et al., 2007). Furthermore, at N156,N157 and D166 (DEP domain) also a potential ligand binding groove exists in the preliminary model.



BIOLOGICAL FUNCTION OF PLEK2

Due to the highly similarity of protein structural features, it is not surprise that both of these two pleckstrin proteins regulate cell protrusions such as lamellipodia and filopodia, which are important for cellular shape change and spreading (Figure 2). Meanwhile, PLEK2 exhibits distinct roles in other cellular events through the individual molecular interactions and regulatory mechanisms (Table 2).
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FIGURE 2. The biological function of PLEK2 and PLEK1.


TABLE 2. The biological functions and interacting molecules of PLEKs.
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Pleckstrin Homology Domain and Disheveled-Egl-10-Pleckstrin Domain of PLEK2

PLEKs are best known for containing two PH domains at the amino- and carboxyl-terminal and a central DEP domain. PH domain is a functional domain consisting of approximately 120 amino acids, which has been found in a variety of proteins involved in cellular signaling or cytoskeletal functions. It plays an important role in cellular signal transduction by recruiting host proteins to cell membrane via phospholipid binding (Lemmon et al., 1996). DEP, a globular protein domain that is present in about ten human protein families, has also been shown to facilitate the translocation of the host proteins to the plasma membrane through diverse mechanisms. In addition, DEP domain is also involved in the interaction of host proteins with various partners at the membrane including phospholipids and membrane receptors (Consonni et al., 2014). Given that neither motif has enzymatic activity, the function of PLEKs most probably involves multiple intermolecular interactions mediated by these domains.

As a prominent substrate of PKC, the biological function of PLEK1 largely depends on its phosphorylation. There are three sites (Ser113, Thr114, and Ser117) between DEP domain and the N-terminal PH domain, which can be phosphorylated by PKC (Figure 1A; Abrams et al., 1995). N-terminal PH domain binds to certain phospholipids and then regulates PLEK1 anchoring to membrane (Ma et al., 1997). Furthermore, DEP domain of PLEK1 interacts with its N-terminal PH domain intramolecularly, participating in membrane localization of PLEK1 indirectly, after the phosphorylation by PKC (Civera et al., 2005).

Unlike PLEK1, PLEK2 is a poor substrate of PKC and regulated by the local generation of phosphatidylinositol 3-kinase (PI3K)-phosphorylated phospholipids (Dowler et al., 2000; Bach et al., 2007). Both PH domains contribute to lamellipodia formation and membrane anchoring of PLEK2 via the phospholipid binding (Hu et al., 1999; Bach et al., 2007). Importantly, PLEK2 colocalizes with actin to induce the reorganization of cytoskeleton and peripheral ruffle formation via its PH domains. Although DEP domain is not essential for the phospholipid binding of PLEK2, it plays a role in membrane ruffles and cell spreading by cooperating with PH domains (Bach et al., 2007).



PLEK2 in Cell Spreading

PLEKs was firstly found to be involved in cytoskeletal rearrangement. Expression of PLEK1 results in cell spreading and rearrangement of cytoskeleton characterized by morphologic change such as formation of peripheral membrane ruffles or dorsal projection, which is dependent upon the Rac activity and integrin binding (Ma and Abrams, 1999; Roll et al., 2000; Bach et al., 2007). PLEK2 expressed in a variety of adherent cells is concentrated at the cell membrane, including the membrane of lamellipodia, ruffles and other membrane protrusions (Hu et al., 1999; Hamaguchi et al., 2007). Although Rac is also suggested to co-precipitate with PLEK2, actin rearrangements induced by PLEK2 is dependent of PI3K but not the interaction of Rac and PLEK2 (Hamaguchi et al., 2007). PLEK2 interacts with membrane-associated phosphatidylinositols generated by PI3K, to participate in actin rearrangement and coordinate with actin cytoskeleton, which causes cell spreading (Bach et al., 2007; Hamaguchi et al., 2007). Accordingly, a PLEK2 mutant incapable of binding to the PI 3-kinase products did not show any effect on actin rearrangement (Hamaguchi et al., 2007).



PLEK2 in Inflammation

It has been well documented that rearrangement of cytoskeleton is fundamental to the immune synapse formation in lymphocytes (Dustin and Cooper, 2000). PLEK2 functions as a regulatory node for PI3K-mediated cytoskeletal reorganization in lymphocyte spreading and immune synapse formation (Bach et al., 2007). PLEK2 is recruited to the cell membrane and induces matrix-dependent lamellipodia formation and cell spreading upon stimulation of the T-cell receptor or α4β1, which is dependent upon the binding of PI3K-generated membrane-bound phospholipids. On the other hand, PLEK2 colocalizes with F-actin and organizes the cytoskeleton to promote lymphocyte spreading and immune synapse formation.

Given that PLEK1 is exclusively expressed in monocytes, macrophages, lymphocytes, and granulocytes, it is acceptable for the roles of PLEK1 in inflammation. In addition to the critical effects on platelet aggregation and secretion that was mediated by PKC, PI3K and Actin assembly (Baig et al., 2009a, b; Lian et al., 2009). PLEK1 has shown to be highly phosphorylated and accumulated on the cell membrane to regulate phagocytosis of macrophages in response to bacterial LPS and IFNγ, however, the association of PLEK1 with phagosomes is independent of its phosphorylation (Brumell et al., 1999). Similar phosphorylation and subcellular redistribution of PLEK1 are also occurred in the stimulation of neutrophils and B lymphocytes (Brumell et al., 1997; Kienzle et al., 1997). Moreover, PLEK1 functions as a critical molecule in modulating proinflammatory cytokine secretion by mononuclear phagocytes of diabetics (Ding et al., 2007). Consistently, it has also been suggested that PLEK1 is involved in the development and progression periodontitis and other chronic inflammatory diseases (Lundmark et al., 2015; Song et al., 2015).



PLEK2 in Erythropoiesis

PLEK2 has shown high expression level in erythroid cells and a critical role in erythropoiesis that starts with erythroid progenitors committed from hematopoietic stem cells to mature red blood cells (Zhao et al., 2014). Binding of PLEK2 prevents cofilin’s mitochondrial entry and consequent apoptosis of early stage erythroblasts in response to the high level of reactive oxygen species (ROS) (Zhao et al., 2016). On the other hand, PLEK2 serves as a docking site and regulates actin cytoskeleton integrity that is critical for erythroblasts proliferation and differentiation, and terminal enucleation (Zhao et al., 2014). However, PLEK2-knockout mice were largely normal at the young age but showed mild anemia with age due to ineffective erythropoiesis (Zhao et al., 2018), suggesting that PLEK2 plays a critical role in stressed erythropoiesis. Accordingly, loss of PLEK2 led to the embryonic lethality due to the worsening ineffective erythropoiesis in β-thalassemic mice (Feola et al., 2021), and also reverted the excessive erythropoiesis in the polycythemia vera mouse model (Zhao et al., 2018).

During terminal erythropoiesis, the nucleus is gradually condensed, and the highly condensed nucleus in the orthochromatic erythroblast is extruded out from the erythroblast (Ji, 2015). The erythroid membrane and cytoskeleton also undergo remodeling and dynamics dynamic that is critical for terminal enucleation (Mei et al., 2020). PLEK2 is not required for cell differentiation in the late stage of terminal erythropoiesis but still critical for enucleation (Zhao et al., 2014). It is demonstrated that PLEK2 regulated actin dynamics through interaction with cofilin. Given that PLEK2 showed colocalization with Rac (Hamaguchi et al., 2007), it is also possible that PLEK2 functions through Rac GTPases to regulate enucleation. Rac GTPases has been not only shown to regulate actin rearrangement, but also reported to regulate the formation of contractile actin ring between the pyknotic nucleus and incipient reticulocyte through formin protein mDia2 (Ji et al., 2008, 2011).



PLEK2 in Tumorigenesis


The Role of PLEK2 in Hematological Malignancy

Myeloproliferative neoplasms (MPNs) are a group of bone marrow diseases with excessive production of blood cells, increasing risk of arterial or venous thrombosis, and a propensity to transform into acute myeloid leukemia. JAK2V617F mutation is the leading cause of the Philadelphia-chromosome-negative MPNs. Recently, PLEK2 has been identified to be a downstream effector for JAK2/STAT5 signaling in hematopoietic cells upon the stimulation of corresponding cytokines (Zhao et al., 2018). Importantly, it is upregulated in a JAK2V617F-positive MPN mouse model and in patients with MPNs. Loss of PLEK2 substantially ameliorates the myeloproliferative phenotypes, including erythrocytosis, neutrophilia, thrombocytosis and splenomegaly. Meanwhile, loss of PLEK2 reverts the JAK2V617F-induced widespread vascular occlusions and lethality, mainly through the reduction of whole-body red blood cell mass. Altogether, PLEK2 functions a key factor in the pathogenesis of JAK2V617F-induced MPNs, pointing to PLEK2 as a viable target for the treatment of MPNs.

In addition, a recent bioinformatics study has also suggested that PLEK2 is significantly associated with survival of patients, as well as a novel therapeutic target for multiple myeloma (Yang et al., 2020).



The Role of PLEK2 in Tumorigenesis and Metastasis

Increasing evidences suggest that PLEK2 plays a cancer-promoting role in tumorigenesis and metastasis (Table 3). PLEK2 expression has been demonstrated to be highly upregulated in several malignancies, and its knockdown leads to the inhibition of cancer cell proliferation, migration and invasion, including non-small cell lung cancer (Wu et al., 2020), gallbladder cancer (Shen et al., 2019), osteosarcoma (Liu et al., 2021), pancreatic cancer (Yang et al., 2021), gastric cancer (Wang et al., 2021a), and esophageal squamous cell carcinoma (Wang et al., 2021). Although two recent studies showed that PLEK2 mRNA expression is down-regulated in multiple myeloma bone marrow progenitor cells and prostate cancer, its expression is thought to be positively correlated with the poor prognosis (Wang et al., 2020; Yang et al., 2020). Furthermore, it has also been indicated to be associated with poor prognosis in other tumors. PLEK2 is identified as an prognosis factor for prostate cancer, lung adenocarcinoma and head and neck squamous cell carcinoma in independent bioinformatics analysis with gene signature-based risk assessment models (Yin et al., 2016; Jiang et al., 2020; Wang et al., 2020, 2021b; Zhang et al., 2020). Its expression in pancreatic cancer is positively correlated with the expression of insulin-like growth factor 2 mRNA binding protein IMP2 that is oncogenic protein known to be overexpressed in different types of cancers (Dahlem et al., 2019). A genome-wide expression profiling study suggested that PLEK2 expression is correlated with the metastasis of breast cancer (Naume et al., 2007) and melanoma (Luo et al., 2011). Moreover, PLEK2 has been reported to be highly correlated with long no coding RNA LOC541471 that serves a core role in the tumorigenesis of glioblastoma multiforme (Chen et al., 2019).


TABLE 3. Dysregulation of PLEK2 in cancer.

[image: Table 3]The epithelial-to-mesenchymal transition (EMT) process is a crucial mechanism in the progression of tumor metastasis (De Craene and Berx, 2013; Dongre and Weinberg, 2019). Regulation of EMT is implicated in the tumor cell invasion and migration during metastasis. During EMT, cells progressively redistribute or downregulate their apical and basolateral epithelial-specific proteins, such as E-cadherin, catenin, and cytokeratin, and re-express mesenchymal molecules, such as vimentin, fibronectin, and N-cadherin. These changes lead to the abrogation of cell-cell junctions and the gain of cell invasive and migratory capabilities, which involve a dramatic reorganization of the actin cytoskeleton and the concomitant formation of membrane protrusions including lamellipodia, filopodia and invadopodium and podosomes (Yilmaz and Christofori, 2009). PLEK2 expression has been reported to be positively correlated with migration and invasion in numerous tumors (Yin et al., 2016; Shen et al., 2019; Wu et al., 2020; Zhang et al., 2020). Given that PLEK2 exerts strong regulatory effects on actin cytoskeletal actin rearrangement and subsequent formation of large lamellipodia and the peripheral ruffle of cells, PLEK2 upregulation may directly lead to enhanced invasive capability of cancer cells.

Despite conclusive evidence supporting PLEK2 is involved in cell migration and invasion, its regulatory roles in tumor cell invasion and metastasis remains largely limited. It has been demonstrated that PLEK2 interacts with epidermal growth factor receptor (EGFR) and suppresses EGFR ubiquitination mediated by c-CBL, leading to downstream CCL2 transcriptional overexpression and EMT process activation in gallbladder cancer (Shen et al., 2019). Additionally, PLEK2 expression is upregulated by TGF−β stimulation through ELK1 and Smad2/3 in non-small cell lung cancer and esophageal squamous cell carcinoma, respectively (Wu et al., 2020; Wang et al., 2021). It interacts with and targets SHIP2 for degradation that activates PI3K/AKT signaling to mediate lung cancer cell migration and vascular invasion. Similarly, PI3K/AKT signaling mediated by PLEK2 is also involved in osteosarcoma tumorigenesis (Liu et al., 2021) and metastasis and in self-renewal and proliferation of pancreatic cancer stem cells (Yang et al., 2021).



MOLECULAR INTERACTION PARTNERS OF PLEK2

Interaction partners are essential for the study of molecular mechanism of proteins in cell biology. Our understanding of PLEK2 function is limited mainly due to the poorly identification of interaction partners (Table 2). As mentioned above, PLEK2 interacts with PI (3,4,5) P3 and PI (3,4) P2 generated by PI3K, to anchor on the cell membrane and regulate lamellipodia formation and cell spreading (Bach et al., 2007; Hamaguchi et al., 2007). On the other hand, PLEK2 directly binds to Actin (Hu et al., 1999; Zhao et al., 2014), or interacts with Rac GTPase (Hamaguchi et al., 2007; Feola et al., 2021), to regulate the cytoskeleton dynamics. Similarly, Rac has also been reported to be interplayed with PLEK1 to reorganize the cytoskeleton in addition to integrin (Ma and Abrams, 1999; Roll et al., 2000).

SHIP2, well known to negatively regulate the signaling via dephosphorylation of the 3-position of PI(3,4,5)P3 to generate PI(4,5)P2, is one of the two recently identified interaction partners of PLEK2. PLEK2 mediates degradation of SHIP2 in a ubiquitin-dependent manner, which is further activated PI3K/AKT signaling to promote lung cancer metastasis and vascular invasion (Wu et al., 2020). The other one is EGFR, which is involved in the EMT process activation in gallbladder cancer. PLEK2 interacts with EGFR to protect it from proteasomal mediated degradation, leading to constitutive activation of EGFR signaling (Shen et al., 2019).



CONCLUDING REMARKS

As our understanding of the biological functions of PLEK2 increases, it is becoming clear that PLEK2 plays important roles in other cellular events beyond cell spreading, such as inflammation, erythropoiesis, tumorigenesis and metastasis (Figure 3). However, its regulatory roles in these cellular activities remains poorly understood. Further identification of interaction partners and exact regulatory mechanisms that are involved in such cellular process regulation, is required for a full understanding of the functional roles of PLEK2 and the development of targeted therapy.


[image: image]

FIGURE 3. Emerging roles of PLEK2 in the regulation of different biological events.


The role of PLEK2 in tumor development is gradually being recognized, and it serves as a potential diagnostic and prognostic biomarker as well as an attractive target for the treatment of cancers. However, there is no reported small molecule inhibitor for PLEK1 or PLEK2. Therefore, the development of small molecules that modulate the function of PLEK2 is not only beneficial for the treatment of diverse cancers, but also provides extremely useful tools for studying PLEK2 functions as a powerful complementary method to the genetic methods.

Importantly, the three-dimensional protein structure is essential for designing and generating small molecules targeting PLEK2. Although there is no reported full-length structure of PLEK2, the prediction of the 3D structure of PLEK2 based on the solution structures of fragments through homology modeling methods (Vyas et al., 2012; Jaramillo-Martinez et al., 2021), could provide potential small molecule binding pockets for the high-throughput virtual screening and subsequent drug discovery. This promises to enable to validate and use PLEK2 as drug targets in the future.
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The emergence, in recent decades, of an entirely new area of “Mitochondrial dynamics”, which consists principally of fission and fusion, reflects the recognition that mitochondria play a significant role in human tumorigenesis and response to therapeutics. Proteins that determine mitochondrial dynamics are referred to as “shaping proteins”. Marked heterogeneity has been observed in the response of tumor cells to chemotherapy, which is associated with imbalances in mitochondrial dynamics and function leading to adaptive and acquired resistance to chemotherapeutic agents. Therefore, targeting mitochondria-shaping proteins may prove to be a promising approach to treat chemotherapy resistant cancers. In this review, we summarize the alterations of mitochondrial dynamics in chemotherapeutic processing and the antitumor mechanisms by which chemotherapy drugs synergize with mitochondria-shaping proteins. These might shed light on new biomarkers for better prediction of cancer chemosensitivity and contribute to the exploitation of potent therapeutic strategies for the clinical treatment of cancers.
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Introduction

Mitochondria are important dynamic organelles which can remodel morphology and functions, when cells are exposed to severe conditions, such as hypoxia, viral infections, and nutrient deprivation (1, 2). These cellular organelles are directly involved in the development of diseases such as diabetes, neuropathy, cardiovascular malfunctions, and cancer (3, 4). Mitochondrial dynamics consist principally of two mutually constrained remodeling processes, mitochondrial fission and fusion (5). Several shaping proteins are involved in this process and mainly include fission proteins, such as mitochondrial dynamin-related protein 1 (Drp1) and mitochondrial outer membrane receptor proteins [i.e., mitochondrial fission 1 protein (Fis1), mitochondrial fission factor (Mff), and mitochondrial dynamics protein of 49/51kDa (MiD49/51)], and fusion proteins such as mitofusin1/2 (Mfn1/2) and optic atrophy 1 (OPA1) (6, 7). Tumor cells can adjust their mitochondrial morphology in response to specific stressors to maintain functions that can promote tumor phenotypes (8). These adjustments have pivotal significance in tumorigenesis, ranging from enhanced malignant transformation and tumor progression to the impact on the response to treatment and anticancer immune monitoring (9–12). Importantly, mitochondria are major organelles associated with chemotherapeutic drug resistance and imbalances in mitochondrial dynamics influences sensitivity to chemotherapy, which are related to oxidative stress states, changes in mitochondrial metabolism-related enzymes and metabolites, and alterations in the mitochondrial-associated death pathway (13–15).



Mitochondrial Dynamics and Cancers


Mitochondrial Fission and Tumors

Divided mitochondria exhibit dot-like and fragmentary features. This dynamic process participates in tumor heterogeneity, promotes the malignant phenotype, accelerates tumor progression and invasion, and affects treatment and prognosis (16, 17). Mitochondrial fission is thought to be a multi-step and complex process (Table 1). Raised cytosolic calcium triggers the activation of endoplasmic reticulum (ER) protein inversion formulator 2 (INF2) which redistributes actin filaments around mitochondria and expands the ER-mitochondria contact point to generate forces that reduce mitochondrial diameter (18, 19, 33); Spire (22), profilin, cofilin, and Arp2/3 (23) are best known as regulators of actin filament, bind to almost all formins (6) that facilitate the actin assembly (34). Then, Myosin II is recruited to the fission site and acts on anti-parallel actin filaments, causing network deformation and leading to mitochondrion shrinkage (20). Drp1, a marker of mitochondrial dynamics, encoded by the DNM1L gene, is a cytosolic GTPase (25). The activity of Drp1 is regulated by post-translational modifications, including phosphorylation, ubiquitination, and SUMOylation. Nextly, activated Drp1 is recruited by mitochondrial fission factors like Fis 1, Mff and MiD49/51 to the marked division sites. This binding promotes Drp1 oligomerization, constituting a ring-like structure that benefits an further narrowing of the mitochondrial outer membrane (OMM) (20). Additionally, mitochondrial calcium uniporter (MCU), anchored in the inner mitochondrial membrane (IMM), is the most significant single-way channel responsible for Ca2+ influx into mitochondria (24). MCU upregulates the expression of Drp1/Fis1 and facilitates the migration of Drp1 into mitochondria (35). At the same time, GTP hydrolysis results in conformational changes which further augment membrane contraction. In spite of the fact that Drp1 can make the membrane tubular, it fails to perform membrane cleavage (36). In fact, the GTPase Dynamin 2 (DNM2) assembles in the Drp1-regulated mitochondrial constriction neck to push mitochondrial scission by the adaptor proteins Endophilin B1 (Bif-1 and SH3GLB1) (21, 37). Finally, the mitochondrion splits into two daughter mitochondria and the fission complex is disassembled (Figure 1). Generally, phosphorylated Ser616/Ser637 in human and Ser600/Ser579 in mouse levels are critical for the activity of Drp1 (38). Phosphorylation of Drp1 Ser616 promotes the translocation of Drp1 from the cytoplasm to the outer mitochondrial membrane, which upregulates the Drp1 activity, whereas phosphorylation of Ser637 has opposite effects (39, 40). However, a new study revealed that phosphorylated Drp1 Ser637 distributes to both the cytosol and mitochondria. MiD49/51 and Mff interact with phospho-Drp1 Ser637 and nonphospho-Drp1Ser637, which do not play a major role in controlling mitochondrial fission in 293T cells. Importantly, elevated Drp1 activity not only promotes tumor cell proliferation and migration, but also assists in maintaining cell stemness and influences tumor invasion and metastasis as well as response to tumor therapy (41). Recently, inhibition of Drp1 activity in lung cancer cells was reported to promote cancer cell cycle arrest and increase transient apoptosis (42). In addition, analysis of clinical glioma tissue samples revealed that patients with higher levels of phosphorylated Drp1 Ser616 had a poorer survival prognosis (43). These studies further suggest that targeting the Drp1 protein to suppress mitochondrial fission may be a new strategy to overcome tumor survival.


Table 1 | The functions of mitochondria-shaping proteins.






Figure 1 | The mechanism of mitochondrial fission. INF2 causes the polymerization of actin at the ER-mitochondrial contact point to generate forces that drive ER tubules around the mitochondria and reduce mitochondrial. Actin-regulatory factors induce actin filament nonequilibrium assembly. Myosin II is recruited to the fission site, causing mitochondrion shrinkage. Subsequently, DRP1 is recruited to the marked division sites to bind to its OMM receptors (Fis 1, Mff, MiD49/51). DNM2 assembles in the DRP1-regulated mitochondrial constriction neck to push mitochondrial scission. GTP hydrolysis results in conformational changes which further augment membrane contraction. Finally, mitochondrion splits to two daughter mitochondria, and the fission complex are disassembled.





Mitochondrial Fusion and Tumors

Fused mitochondria exhibit an interconnected and networked structure. Mitochondrial over-fusion is associated with cancer biology and etiology (27, 44). This dynamic procedure is performed by both outer and inner membranes, with outer membrane fusion mediated by the outer membrane protein, Mfn1/2, and inner membrane fusion mediated by the optic nerve atrophy protein, OPA1 (28, 31) (Table 1). Mitofusins contain two transmembrane (trans) domains in between HR1 and HR2 domains. Firstly, the HR2 domain of mitofusins constitute an anti-parallel coiled coil and tie the OMMs together in trans (45). MitoPLD, a member of the phospholipase D family, is bound to the OMM, where it converts cardiolipin to phosphatidic acid, allowing the recruitment of adaptor proteins, bring the membranes closer together (19). Then, GTP hydrolysis triggers a massive conformational rearrangement of mitofusins, which result in mitochondrial pairing and an increase of OMMs junctions (46). In addition, Bax and Bak proteins are involved in regulating the activity of Mfn2. Bax drives the focal localization of Mfn2 on the outer mitochondrial membrane, reduces the membrane mobility and increases the assembly of Mfn2 (30). Moreover, misato (MSTO1) is a soluble cytoplasmic protein that moves to the outer face of the MOM, where it can augment or start MOMs fusion by interacting with mitofusins (29). Following outer membrane fusion, OPA1 is proteolytically hydrolyzed by two endosomal peptidases: Oma1 and the i-AAA protease Yme1l to create two active forms. Long L-OPA1, which is anchored to the mitochondrial inner membrane, and soluble short S-OPA1, which is located at the mitochondrial intermembrane space (32). IMMs fusion is completed by the combined action of L-OPA1 and S-OPA1 (47). Transient head-to-tail assembly of L-OPA1 induces membrane curvature that producing unstable tips on two opposing IMMs (27). After GTP of L-OPA1 hydrolysis, IMMS fused together and cristae maintenance (47) (Figure 2). The involvement of Mfn1/2 in the regulation of tumorigenesis is assumed and its activity is less well-reported. Accumulated evidence has shown that tumor cells usually have a low fusion protein phenotype (48–51). For example, lung cancer (49) and colon cancer cells (42) have been shown to often exhibit an imbalance in mitochondrial network structure (i.e., more fission than fusion). This phenotype can be reversed by upregulation of Mfn2, thereby promoting cell cycle arrest and increased apoptosis. Clinically, the Mfn2 protein is poorly expressed in human gastric tumors, with predominant mitochondrial hyper-division and a poor survival prognosis (51). Consistent with this report, lower Mfn2 expression is correlated with more malignant breast tumors (52), which is proposing Mfn1/2 as a tumor suppressor. Moreover, breast cancer cells with low Mfn1 expression are more migratory and thus overexpression of Mfn1 is associated with mitochondrial elongation, which significantly inhibits the metastatic ability of breast cancer cells (53). Recently, cumulative studies have revealed the function of OPA1 in tumor advancement (47, 50, 54). Emerging evidence indicates that hepatocellular carcinomas have higher levels of OPA1 expression compared to non-tumor tissues. Targeting OPA1 depresses mitochondrial fusion and leads to cell death (50). The tubular network of mitochondria meditated by OPA1 favors tumor cell proliferation signals that may be linked to c-Myc activation (54).




Figure 2 | The mechanism of mitochondrial fusion. The HR2 domain of Mfn1/2 constitute an anti-parallel coiled coil and ties the OMMs together in trans. MitoPLD can bring the membranes closer together. Then, GTP hydrolysis triggers a massive conformational rearrangement of Mitofusin, placing two OMMs together. Following outer membrane fusion, L-OPA1 is anchored to the mitochondrial inner membrane, transient head-to-tail assembly of L-OPA1 induces membrane curvature that producing unstable tips on two opposing IMMs. After GTP of L-OPA1 hydrolysis, IMMS fused together. S-OPA1 is located at the mitochondrial intermembrane space.






The Mechanism of Mitochondria-Shaping Proteins and Chemotherapy

Mitochondrial dynamics confer bioenergetic plasticity to tumor cells, allowing them to escape chemotherapy-induced death pathways under stressful conditions. Understanding whether mitochondrial fission or fusion serve as pro- or anti-cell death factors is important, specifically with relevance to cell type, cell state, and death initiators (55). Therefore, comprehending the mechanisms of imbalanced mitochondrial dynamics during tumor development and progression is critical for effective cancer treatment.


Mitophagy Serves as a Bridge to Mitochondria-Shaping Proteins Dependent on Chemosensitivity

Mitophagy is the process of selective mitochondrial degradation through autophagy, an evolutionarily conserved cellular procedure for removing overabundant and impaired mitochondria from eukaryotic organisms (56). The general pathways of mitophagy can be categorized into two forms: ubiquitin-mediated mitophagy and receptor-mediated mitophagy. Parkin can ubiquitinate several outer mitochondrial membrane proteins, such as Mfn1, Mfn2, VDAC (57). Ubiquitinated proteins such as Mfn1/2 can be recognized and bound by autophagy-associated protein LC3 to induce mitochondrial autophagy (58). In the face of stress, mitophagy receptors such as FUNDC1 and BNIP3 can promote mitochondrial fission (59). For example, FUNDC1 acts directly with Drp1 and recruits it to the outer mitochondrial membrane to contribute to mitochondrial fragmentation (60). In addition, BNIP3 can directly interact with OPA1 and facilitate the breakdown of OPA1 oligomers, which increases mitochondrial fission in HeLa cells (61). In the initial stage of chemotherapeutic drug intervention, mitophagy keeps normal cellular metabolism and suppresses tumorigenesis. With the prolongation of chemothrapy, however, the occurrence of mitophagy improves the tolerance of tumor cells and continuously screens tumor cells to retain cells with stemness, leading to chemoresistance (62).

Interestingly, several mitophagy receptors, including BNIP3, NIX and BCL2L13, belong to the BCL2 family (60). BCL2 family proteins have been described to be involved in both apoptosis and mitophagy processes, which keeps them at the center of mitochondrial homeostasis (63). Dysregulation of these key molecules involved in the induction of mitochondrial apoptosis and mitophagy are the main mechanisms of increased tumor chemoresistance, which includes decreases in the ratio of the pro-apoptotic protein, Bax, to the anti-apoptotic protein, Bcl2 (64). Importantly, fragmented mitochondria are conducive to mitophagy (62, 65). Hepatocellular carcinoma (HCC) cells carry their own defense mechanisms, including autophagy and mitophagy. With cisplatin intervention, the activation of Drp1 induced mitophagy in favor of HCC survival. Thus, the Drp1-specific inhibitor, Mdivi-1, targets mitochondrial autophagy, upregulates Bax and downregulates Bcl-xL, increases mitochondrial membrane permeability, and stimulates cytochrome c release, thereby increasing cisplatin-induced apoptosis in HCC (66). Similar with it, a finding in colorectal cancer reported that high-mobility group box 1 protein (HMGB1) secreted from tumor cells after chemoradiotherapy which promotes tumor cells regrowth, proliferation and metastasis. HMGB1/receptor for advanced glycation end product (RAGE)/Erks signal triggers the activation of Drp1, inducing LC3 and p62-dependent mitophagy for chemoresistance in colorectal cancer cells. Furthermore, rectal cancer patients with high phospho-Drp1Ser616 are associated with high risk on developing tumor relapse and poor survival time after chemoradiotherapy treatment (67). These indicate that signals facilitating mitophagy are associated with mitochondrial fission-regulated chemoresistance, whereas apoptosis is often accompanied by mitochondrial fusion-dependent chemosensitivity (68).

Although only limited evidence is available, mitochondrial fission appears to be one of the mechanisms by which cisplatin induces cytotoxicity. Stress-inducible cellular protein P62 acts as a signaling center to modulate multiple cellular traits, such as autophagy and apoptosis. The Bcl2 inhibitor ABT737 triggers selective aggregation of p62 during mitochondrial fission. Increasing the ratio of the Drp1 60kD form to the Drp1 80kD form subsequently activates mitochondria-dependent autophagy, which increases sensitivity to cisplatin. This investigation demonstrates that the 60kD form of Drp1, located in the mitochondria, may be the main pro-fission driver, which could enhance autophagy in favor of chemotherapy (69). However, another study showed that inhibiting mitophagy plays antitumor effects in breast cancer. Liensinine, a new inhibitor of mitophagy, in combination with doxorubicin inhibits the over-accumulation of mitophagosomes to enhance mitochondrial fission-dependent apoptosis and improve chemosensitivity (70).



P53 in the Mitochondrial Shaping Protein-Regulated Chemotherapy

The C-terminus of the p53 protein contains the mitochondrial localization sequence (71) that enhances mitochondrial localization to mediate chemoresistance. P53 can elevate the activity of Drp1 by its mitochondrial translocation and the phosphorylation of Drp1 Ser616 (72). Cyclooxygenase-2 (COX-2) increases the stemness of nasopharyngeal carcinoma (NPC) cells by enhancing the mitochondrial translocation of p53 that triggers the activation of Drp1. Importantly, the natural compound resveratrol (RSV) inhibits the COX-2/p53/Drp1 signaling axis to reduce mitochondrial fission, leading to increased sensitivity of NPC to the chemotherapy drug, 5-fluorouracil (5-FU) (41). However, a study revealed that p53 is the downstream regulator of Drp1. Repeated administration of nedaplatin contributes to extensive hepatocellular injury and resistance in patients of hepatocellular carcinoma by inactivating the p53/Bcl-2 pathway (73). Additionally, Drp1 has been reported to inhibit the expression of p53 and enhance progression into the HCC cells cycle. Therefore, we demonstrated that mitochondrial shaping protein Drp1 negatively regulates p53 leading to chemoresistance (74).

In addition, p53 exerts the dual function of mitochondrial translocation and nuclear activation, which increases chemotherapy sensitivity by driving mitochondria-shaping proteins. For instance, wild-type p53 moves to the mitochondria in response to cell cycle arrest, DNA damage response, and the induction of apoptosis (75). In gynecological cancers, decreasing the level of phosphorylated Drp1 Ser637 promotes mitochondrial fragmentation and diminishes chemoresistance (76, 77). Piceatannol, an extract from grapes and red wine, is capable of inducing p53 nuclear activation and suppresses the X-linked inhibitor of apoptosis protein (XIAP) (76). Also, the enhanced mitochondrial fission or reduced fusion have been shown to be related to chemoresensitive. Following the cisplatin-induced DNA damage response, p53 is phosphorylated and translocated to the mitochondria, where it pushes the self-cleavage and activation of the mitochondrial protease OMA1. OMA1 inactivates OPA1 by cleaving L-OPA1 to S-OPA1, which inhibits mitochondrial fusion and induces apoptosis (78, 79). Furthermore, mitochondrial chaperone protein CLPB sustains the mitochondrial cristae structure by interacting with the cristae-shaping protein OPA1, while its deletion facilitates apoptosis by causing cristae remodeling and mitochondrial stress reactions. Targeting CLPB conquers venetoclax resistance regulated by p53 loss and renders acute myeloid leukemia (AML) cells sensitive to the co-treatment with Venetoclax and Azacitidine through the induction of pro-apoptotic proteins (80). These studies further indicated that chemotherapy-sensitive cancer cells are mitochondria fission-dependent (Figure 3).




Figure 3 | Mitophagy and p53 in mitochondrial shaping protein-regulated chemotherapy. In chemosensitive cells, cisplatin-induced DNA damage exerts dual functions of p53 nuclear activation and mitochondrial translocation, which drives mitochondria-shaping proteins to promote mitochondrial fission and inhibit fusion, thereby increasing apoptosis. However, chemotherapeutic drugs can stimulate p53 mitochondrial translocation or directly increase mitochondrial fission by activation of Drp1, thus promoting autophagy to escape apoptosis in chemoresistant cells.





Hypoxia-Induced ROS Stress-Dependent Drp1 Mediated-Mitochondrial Fission in Chemotherapy

Chemotherapy has long been the cornerstone of cancer treatment, but its ability to kill tumor cells is oxygen-dependent. Hypoxia induces an increased expression of Drp1, thereby promoting mitochondrial fission and enhancing the ability of metastatic tumor cells to invade and metastasize in breast cancer. Thus inhibition of Drp1-dependent mitochondrial fragmentation attenuated this hypoxia-induced invasive metastasis (81). Interestingly, this study also reported that cisplatin induced significant apoptosis in cells exhibiting a high mitochondrial fission state. Moreover, Mdivi-1 targeted Drp1 and siRNA silencing of Drp1 effectively increased the mitochondrial membrane potential (MMP), the generation of ROS, and apoptosis in breast cancer cells (81). This suggests that the inherent metastatic properties of breast cancer may be due to the fission of the mitochondria under hypoxia. Drp1-driven mitochondrial division can increase the antitumor activity of cisplatin in breast cancer cells. In contrast, a new reports identified that hypoxia-induced ROS triggers mitochondrial fission by down-regulating phosphorylated Drp1 (Ser637) and Mfn1 expression levels in ovarian cancer cells, thereby inducing cisplatin resistance (82). This may be attributed to the observation that chemoresistant cells showed greater oxidative stress activity and increased mitochondrial division compared to chemosensitive cells, favoring cell proliferation and autophagy (83).

Generally, oncogenic transformation is followed with an increase in ROS levels in cells, contributing to redox imbalance (84). Most tumor cells are killed by oxidized free radicals and excess ROS (85). For example, the inhibitor of proviral integration site for moloney murine leukemia virus (PIM) kinases induces the production of mitochondrial ROS by leading to Drp1-dependent mitochondrial fission which results in docetaxel sensitivity (86). Therefore, overcoming anticancer activity and improving the sensitivity of chemotherapy by effectively interfering with hypoxia or ROS is crucial. Notably, oxidative stress is an important mechanism of cisplatin toxicity and mitochondria are the main targets of cisplatin-induced oxidative stress, with excess ROS production eventually leading to cell death. For example, co-culture of bone marrow mesenchymal stem cells (MSCs) with acute leukemia cells stimulates activation of extracellular signal-regulated kinases (ERKs), which trigger Drp1-dependent mitochondrial fragmentation and leads to decreased mitochondrial ROS levels and promotion of the glycolytic phenotypic switch resulting in chemoresistance (87). This study proposes that mitochondria fission interferes with cisplatin-induced oxidative stress to reduce cytotoxicity and escape death, while undergoing metabolic reprogramming to increase metabolic activity, leading to chemoresistance.




Remodeling of Mitochondria-Shaping Proteins and Energy Metabolism to Modulate Chemoresistance

Tumor metabolism is inextricably linked to mitochondrial dynamics, and mitochondrial fission and fusion are adaptive processes that continually adjust mitochondrial size, shape, and subcellular location to adapt to changes in the cellular environment. These changes obviously contribute to mitochondrial quality control and cellular responses to energy stresses (88).


Mitochondrial Fission Prefers Glycolysis to Resist Chemotherapy

During metabolic reprogramming of tumor cells, mitochondrial morphology changes, with a predominant preference for fragmentation. Reports indicate that most tumor stem cells are more prone to glycolysis, and such tumors were recognized as glycolysis-addictive tumors, based on increased glucose uptake, lactate production, and expression of glycolytic enzymes, which may be related to their mitochondrial hyper-fragmented state (89–91). Glycolysis-additive cancers include lung, gastric, breast, glioma, colon, neuroblastoma, ovarian, pancreatic, and melanoma with high levels of Drp1 and low levels of Mfn1/2 proteins. Thus, inhibition of Drp1 or overexpression of Mfn1/2 that remodels mitochondrial shape and metabolism could result in decreased proliferation and increased apoptosis of tumor cells (42, 51, 53, 92).

For instance, mitochondrial shaping protein Drp1 affects the metabolic reprogramming of brain tumor-initiating cells (BTICs). Compared with normal neural stem cells, the mitochondria of BTICs are highly fragmented and upregulation of GLUT3 increases glycolytic flux, indicating that the coupling of glycolysis and mitochondrial division is essential in neuronal CSCs (43). Indeed, some findings indicated that oncogene-mediated Drp1 activity-driven metabolic changes are associated with high levels of ROS and glycolytic flux (88, 93, 94). These studies suggest that Drp1-dependent mitochondrial fission and glycolytic metabolism are mutually reinforcing processes in tumor progression and that oncogenic gene-regulated metabolic reprogramming will result in changes in mitochondrial morphology to support metabolic alterations. In addition, deletion of Mfn1 increased a shift in the metabolic pattern of hepatoma cells from OXPHOS to glycolysis, with enhanced cell proliferation and epithelial-mesenchymal transition (EMT) capacity. The glycolysis inhibitor 2-deoxy-glucose (2-DG) reverses vascular invasive metastasis in cancer cells with loss of Mfn1 (95).

These findings imply that mitochondrial fission supports metabolic alterations as a non-negligible factor in tumor initiation and progression. Importantly, it is also closely related to chemotherapy. Some interesting researches revealed that anti-apoptotic protein complex induces mitochondrial fragmentation by up-regulating the translocation of Drp1 to mitochondria and inhibits mitochondrial respiratory complex I, thereby preventing the accumulation of ROS (96, 97). The loss of energy production due to OXPHOS can be compensated for by an increase in glycolysis. Thus, the glycolysis inhibitor 2-DG can attenuate the anti-apoptotic effects of survivin and decrease tumor cell proliferation, making the tumor sensitive to chemotherapeutic agents (96, 97). Recently, we revealed that Epstein-Barr virus latent membrane protein 1 (EBV-LMP1) increases the mitochondrial fission-induced glycolytic metabolic phenotype for NPC cells survival to resist chemotherapy, and phosphorylation of Drp1 Ser616 or dephosphorylation of Drp1Ser637 is essential for LMP1-regulated enhancement of glycolytic metabolism (98). In addition, our earlier studies have shown that LMP1 activates HK2, a key metabolic enzyme in the glycolysis, and facilitated NPC cells proliferation by blocking apoptosis (99). This suggests that the tumor-causing protein LMP1 alters mitochondrial morphology, possibly through the modifications of enzymes related to glycolytic metabolism in NPC cells and then performs metabolic reprogramming to increase chemoresistance.



Mitochondrial Fusion Favors OXPHOS to Resist Chemotherapy

Increasing evidence indicates an upregulation of OXPHOS in many types of cancer, such as diffuse large B-cell lymphoma and pancreatic cancer, and identifies them as OXPHOS-addictive tumors (100, 101). Studies in pancreatic cancer have shown that subsets of cancer stem cells with elevated metastatic and neoplastic potential are OXPHOS-dependent (102). Fused mitochondria in tumor stem cells are more dependent on OXPHOS because they increase MMP expression, oxygen consumption, and mitochondrial biogenesis (100, 103). Usually, larger mitochondrial networks arising from fusions are observed in metabolically active cells (104). High expression of Mfn2, enhanced OXPHOS respiratory complex and ATP synthase, which facilitates the proliferation and progression of tumor cells, thus inducing doxorubicin resistance in Jurkat leukemia cells (105). In hepatoma cells, highly activated mTOR signaling increases the interaction of the M2 isoform of pyruvate kinase 2 (PKM2) and Mfn2 by phosphorylating Mfn2 and thereby inhibiting the activity of PKM2 and glycolysis. This further suggests that the mTOR/Mfn2/PKM2 signaling axis couples the shift of glycolysis to OXPHOS to promote cancer cell growth (106). The mechanisms probably involves mitochondrial fusion proteins, which would mediate metabolic related-enzymes through multiple signaling pathways to achieve resistance to apoptosis.

Consistent with these findings, the mitochondrial characteristics of paclitaxel-resistant lung cancer cells are significantly altered. These changes include decreased mitochondrial volume and membrane potential and a high activation of the mitochondrial biotransformation pathway, with decreased expression of the outer mitochondrial membrane receptor protein Fis1 and increased expression of PGC-1 and the fusion protein Mfn1/2 (107). PGC-1 is a co-regulator that mediates transcription factors for mitochondrial biogenesis and influences mitochondrial respiration, reactive oxygen defenses, and fatty acid metabolism (108). The paclitaxel-resistant cells with high levels of PGC-1 induced mitochondria to form a net-like structure to resist external damage and help mitochondria escape autophagy by increasing the efficiency of ATP synthesis. All of these studies show that the mitochondrial fusion protein Mfn1/2 can stimulate the mitochondrial biogenesis pathway and maintain mitochondrial activity in paclitaxel-resistant cancer cells (107). In addition, with long-term exposure to cisplatin, OPA1-dependent mitochondrial fusion gradually increases. Thus, the expression of PARP-1 and tumor cell apoptosis was decreased leading to cisplatin resistance. At the same time, histone deacetylase Sirt1 was also increased. Sirt1 is an important assessment marker for tumor cell remodeling and the mitochondrial metabolic shift to OXPHOS and resistance to cisplatin treatment (109). This heightened resistance may be attributable to the observation that the activity of SIRT1 is closely controlled by the content of the mitochondrial OXPHOS metabolite NAD+. Thus mitochondrial elongation favors its cristae formation and the assembly of respiratory complexes enhancing OXPHOS. This mitochondrial change activates SIRT1 by enhancing NAD+ levels, which inhibited glycolysis in response to energy stress and promotes tumor cell survival (110). This study implies that tumor cells respond to chemotherapeutic agents by adjusting mitochondrial morphology and that mitochondrial fusion supports enough energy to lead to the long-term effect of cisplatin-resistant therapy (Figure 4).




Figure 4 | Mitochondrial shaping protein-dependent metabolism and chemoresistance. Tumors addicted to glycolysis exhibit fragmented mitochondria that are predominantly Drp1-dependent with high reactive oxygen species (ROS) levels to enhance chemoresistance. In contrast, tumors addicted to OXPHOS exhibit high Mfn1/2-regulated fused mitochondria possessing elevated ATP, MMP, OCR, and mitochondrial biogenesis to resist chemotherapy.





Micro RNA Drives Mitochondrial Dynamics and Energy Metabolism to Modulate Chemoresistance

Generally, miR-488 exhibits low expression in chemoresistant cancer cells, which can suppress mitochondrial fission proteins, such as Drp1 and Fis1, by decreasing downstream oncoprotein Six1. As mitochondrial fission reduces, the increased activity of the respiratory chain complex allows for the induction of ROS production and a decrease in MMP. This indicates that dampening the Six1/Drp1 signaling pathway contributes to the suppression of cisplatin resistance (111). In addition, different microRNAs perform various functions. For instance, miR-148a-3p governs cisplatin sensitivity by downregulating A-kinase anchoring protein 1 (AKAP1), which in turn promotes mitochondrial fission. As a substrate of the energy metabolic regulator AMPK, AKAP1 is upregulated in cisplatin-resistant gastric cancer tissues and induces phosphorylation of Drp1 Ser637. The outcome showed inhibition of Drp1 activity and reduced mitochondrial fission, which promoted cell survival leading to increased cisplatin resistance (112). These discoveries implied that microRNA rebuilding of mitochondrial structure can synergize with chemotherapeutic agents to inhibit tumor growth.




Virus-Driven Drp1-Dependent Mitochondrial Fission Mediates Chemoresistance

Recently, tumor mitochondrial fission conducted by various onco-viruses has been demonstrated. Hepatitis B and C viruses (HBV, HCV) enhance the expression and activity of Drp1 in hepatocellular carcinoma cells, causing an induction of mitochondrial fission and mitophagy that alleviate virus-evoked apoptosis (113, 114). In gastric and breast cancers, the EBV latent membrane protein 2A (LMP2A) stimulates mitochondrial fission and triggers cell migration and EMT (115), suggesting that virus-driven mitochondrial fission boosts tumor cell survival and may be an important mechanism by which viruses mediate resistance to cancer therapy. Our recent study revealed that EBV-LMP1 differentially regulates the signaling axes of AMPK/p-Drp1Ser637 and cyclin B1-Cdk1/p-Drp1Ser616 leading to remodeling of mitochondrial morphology and function. Furthermore, clinical NPC samples indicate that high Drp1 activity is associated with a poor prognosis (98). EBV-LMP1 induced mitochondrial fragmentation, resulting in an increased IC50 value of cisplatin in NPC. Metformin and cucurbitacin E targeting the Drp1 signaling axes enhanced the sensitivity of cisplatin in vitro and in vivo. This is probably due to the observation that in cisplatin-resistant cancer cells, mitochondria are able to tolerate mtDNA damage and accelerate fission. Importantly, regaining control of mitochondrial mass and maintaining cancer cell survival, suggests an integrated link between mitochondrial dynamics and chemoresistance triggered by tumor virus-stress offers new research directions for cancer therapy.



Targeted Drugs for Mitochondria-Shaping Proteins

Mitochondria-shaping proteins can be used as cancer therapeutic targets, and their expression and activity can be predictive of tumor development or as prognostic biomarkers. A variety of drugs directly targeting mitochondria-shaping proteins have shown great promise in reducing the viability and proliferation of cancer cells. For instance, Mdivi-1 is a specific Drp1 inhibitor that is currently widely used in tumor research (116). It impairs the oligomerization of Drp1 on OMM and its ability to promote GTP hydrolysis (116). Given the role of Drp1-mediated mitochondrial fission in tumor cell proliferation and metastasis, Mdivi-1 has potential antitumor effects (117). Thus, Mdivi-1 can inhibit cell proliferation by antagonizing the highly activated Drp1 in tumor cells, with potential chemosensitizing functions. However, it has been reported that in neuronal cell lines, mdivi-1 regulates mitochondrial ROS levels and ETC complex I, which was independent of mitochondrial length or Drp1 (118). Another Drp1 inhibitor, p110, blocks the recruitment of Drp1 by Fis1, thereby inhibiting Drp1 translocation to the outer mitochondrial membrane, leading to mitochondrial fragmentation and massive ROS production, which in turn affects apoptosis and cell viability, and is mainly used in neurodegenerative diseases (119). Leflunomide is an FDA-approved drug for the treatment of rheumatoid arthritis, and its pharmacological role is to activate Mfn2-mediated mitochondrial fusion by inhibiting dihydroorotate dehydrogenase (DHODH) (120). In pancreatic cancer cells, leflunomide activates Mfn2, and through inhibition of de novo pyrimidine synthesis, prevents tumor cell growth and enhances the chemosensitivity of gemcitabine (121). To date, evidence suggests that specific inhibitors or activators of mitochondrial fission and fusion are not widely used in the clinic. In fact, most studies deal with only non-specific targeting agents, as exemplified by the inhibitor of upstream regulators that have been approved for clinical use. The synergistic interaction of these compounds with chemotherapeutics can also emphasize the multidimensional function of mitochondrial dynamics in cancer chemotherapy (Table 2). More relevant, a critical need exists to develop and identify more drugs that directly interfere with mitochondria-shaping proteins.


Table 2 | Summary of targeted mitochondrial dynamics synergistic chemotherapy.





Conclusion

Lately, mitochondrial dynamics has been extensively applied in classifying tumors, predicting clinical prognosis, and assessing therapeutic response. The study of delicate modifications of mitochondrial fission and fusion in relation to tumor development appears to be an active academic frontier. The chemoresistant phenotype of tumor cells may result from alterations in mitochondrial dynamics proteins and their signaling pathways, affecting tumor cell death and metabolic changes.

Disturbed energy metabolism is an increasingly recognized mechanism by which mitochondria-shaping proteins mediate chemoresistance. Tumors addicted to glycolysis show predominantly Drp1-dependent mitochondrial fragmentation in order to enhance chemoresistance. In contrast, tumors addicted to OXPHOS exhibit high Mfn1/2-regulated fused mitochondria to resist chemotherapy. On the basis of metabolic typing, Drp1 or Mfn1/2 proteins might serve as markers for further stratification of tumor chemotherapy resistance. Furthermore, our recent findings reveal that the onco-virus protein EBV-LMP1 exerts a signaling function that indirectly regulates mitochondrial shaping protein-induced chemoresistance. Other tumor causing viruses, such as HBV and HCV have been reported to drive mitochondrial fission by activating Drp1 to evade apoptosis. The biological effects may affect chemotherapy sensitivity of HBV- or HCV-related liver cancer, but the mechanism is still unclear. Of course, these viruses may play an indirect regulatory role similar to EBV viruses or encoded proteins might translocate to the mitochondria and interact with mitochondria-shaping proteins directly, which needs to be further investigated.

Overall, we reviewed the alterations of mitochondrial dynamics in cancer chemotherapy from a tumor cell perspective. Moreover, its role in the tumor microenvironment should also be brought to our attention. Mitochondria have essential functions in both innate and adaptive immunity. Mitochondrial remodeling allows quiescent immune cells to rapidly change their metabolism and become activated, producing mediators, such as cytokines, chemokines and even metabolites to execute an effective immune response (122).

In innate immunity, mitochondrial fusion enhances the formation of (extra-neutrophilic traps) NETs in neutrophils (123) and promotes M2-like polarization of bone marrow-derived macrophages (124). Furthermore, hypoxia invokes excessive mitochondrial fission in liver tumor-infiltrating NK cells, while enhancing mTOR-Drp1 signaling and decreasing the anti-tumor activity of NK cells (125). In adaptive immunity, mitochondria-shaping proteins are required for T cell activation, differentiation, migration (126). OPA1-regulated T cell mitochondrial fusion promotes T memory cell metabolism by altering mitochondrial cristae, leading to activation of the ETC complex and efficient OXPHOS, improving cellular immunotherapy against tumors (127).

The main effect of chemotherapeutic drugs in killing tumor cells is non-immunotoxicity dependent, but there is some immune activating or inhibiting activity (128). Based on this, some questions need to be further explored, whether chemotherapeutic drugs act on mitochondria-shaping proteins of immune cells and ultimately affect their anti-tumor immune response. Whether targeting mitochondria-shaping proteins to regulate mitochondrial morphology in tumor cells also affects the dynamics of mitochondria in immune cells. A dual role in the development of tumor chemotherapy by intervening in mitochondrial dynamics, which is able to both accelerate the death of tumor cells and enhance the anti-tumor effect of immune cells. Therefore, a comprehensive understanding of the role of mitochondrial dynamics in cancer chemotherapy cannot ignore the activity of the immune system.
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Ubiquitin-Specific Peptidase 7 (USP7), or herpes virus-associated protease (HAUSP), is the largest family of the deubiquitinating enzymes (DUBs). Recent studies have shown that USP7 plays a vital role in regulating various physiological and pathological processes. Dysregulation of these processes mediated by USP7 may contribute to many diseases, such as cancers. Moreover, USP7 with aberrant expression levels and abnormal activity are found in cancers. Therefore, given the association between USP7 and cancers, targeting USP7 could be considered as an attractive and potential therapeutic approach in cancer treatment. This review describes the functions of USP7 and the regulatory mechanisms of its expression and activity, aiming to emphasize the necessity of research on USP7, and provide a better understanding of USP7-related biological processes and cancer.
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1 Introduction

The ubiquitin-proteasome system (UPS), comprising ubiquitin, 26S proteasome, and four families of enzymes [ubiquitin‐activating enzyme E1, ubiquitin‐conjugating enzyme E2, ubiquitin ligase enzyme E3, and deubiquitinating enzymes (DUBs)] (1), regulates most intracellular protein degradation, cellular functions and maintains protein homeostasis (2) (Figure 1). The UPS is involved in many biological processes, including immune response, cell cycle progression, signal transduction, and tumorigenesis (3). Ubiquitination, one of the most important posttranslational modifications (PTMs), takes part in regulating the stability, localization, and activity of proteins (4). The balance between protein synthesis and degradation is essential for homeostasis in cells (5). Ubiquitin is conjugated to the target protein via an enzymatic cascade, including E1, E2, and E3 (1). First, E1 activates ubiquitin, which is mediated by ATP (4). Subsequently, ubiquitin is transferred to E2 through trans-thiolation (4). Then, an isopeptide bond is formed following the conjugation between ubiquitin and a lysine residue of the target protein (6), subsequently recognized by 26S proteasome (5). Finally, the isopeptide bond is hydrolyzed by deubiquitinating enzymes (1).




Figure 1 | Ubiquitin-proteasome system. Ubiquitination of the target protein is catalyzed through E1, E2, and E3. Ub is activated by E1 in an ATP-dependent manner, which is subsequently transferred to E2. Then, an isopeptide bond is formed following the conjugation between ubiquitin and a lysine residue of the target protein via E3. Finally, the target protein is recognized by 26S proteasome, leading to the degradation of protein. The presence of DUBs rescues the target protein from being degraded, and contributes to its stabilization through deubiquitination. Dotted arrow: deubiquitination. Ub, ubiquitin; E1, ubiquitin‐activating enzyme; E2, ubiquitin‐conjugating enzyme; E3, ubiquitin ligase enzyme; DUB, deubiquitinating enzyme.



As one of the parts within UPS, the functions of DUBs are to reverse and antagonize the ubiquitination effect on the target protein, and participate in the balance between ubiquitination and deubiquitination. Recent studies have shown that, the aberrant activity and expression levels of DUBs correlates to numerous diseases, such as cancer.

DUBs mainly consist of 7 families: ubiquitin-specific proteases (USPs) (the largest family), ovarian tumor proteases (OTUs), Ub C-terminal hydrolases (UCHs), Machado–Joseph disease protein domain (MJD) proteases (MJDs), Jab1/MPN domain-associated metallo-isopeptidases (JAMM/MPM+), monocyte chemotactic protein-induced proteases (MCPIPs), and Zinc finger UB-specific proteases (ZUP/ZUFSP) (4).

Among the USPs family, ubiquitin-specific protease 7 (USP7), or herpes virus-associated protease (HAUSP), is well- characterized. USP7 is a multi-domain protein that contains 1102 amino-acid residues (5), including (i) a catalytic domain (CD) with finger, thumb, and palm domain (7), (ii) a C-terminal domain that contains ubiquitin like domains (UBL) 1-5 (4), and (iii) a tumor necrosis factor (TNF) receptor associated factors (TRAFs) like domain in its N-terminal domain (4). The catalytic domain participates in cleaving the peptide bond between the substrates of USP7 and ubiquitin (8). Unlike other USPs, the conserved catalytic domain of USP7 has no catalytic capacity (4), which makes USP7 quite unique compared with other USPs. Both of the UBL domains in the C-terminal domain and the TRAFs like domain in the N-terminal domain are able to recognize multiple substrates of USP7 (8). The TRAFs like domain has been proved to interact with p53 and MDM2/MDMX (1, 9). A recent study also shows that, deleting the TRAF-domain effects nuclear localization of USP7 (4). Different UBL domains recognize different substrates: UBL1-2 has the binding sites of ring finger protein (RNF) 168 and 169 (the negative regulator of RNF168), xeroderma pigmentosum complementation group C (XPC), DNA methyltransferases 1 (DNMT1), and ICP0 (10–14). HDM2 is recognized by UBL3 (8, 15), and UBL4-5 binds the tumor suppressor p53 (8, 15) and forkhead box O4 (FOXO4) (8, 16). In addition, the C-terminal domain also plays a key role in modulating the catalytic activity of USP7 through regulating the activity or localization of the enzyme (17), the incomplete structure of which greatly impairs USP7 activity (15, 18).

USP7 functions as an essential role in different cell processes through interacting with its multiple substrates (Table 1), such as DNA damage and repair, immune responses, epigenetic control, and tumor progression (4). The expression and activity of USP7 are also regulated by multiple regulators through gene transcription and PTMs. Recently, many studies have shown that dysregulated cell processes mediated by USP7 may contribute to numerous diseases, such as cancers. Moreover, USP7 with aberrant expression levels and abnormal activity also correlates with cancers. Therefore, given the association between USP7 and cancers, targeting USP7 could provide a potential therapeutic strategy in cancer treatment.


Table 1 | Substrates or related proteins of USP7.



This review summarizes various functions of USP7 in diverse cellular processes and cancers, as well as the regulatory mechanisms of its expression levels and activity, aiming to emphasize the necessity of research on USP7, and provide a better understanding of USP7-related biological processes and cancer.



2 Physiological and Pathological Roles of USP7

USP7 has been shown to be involved in a variety of biological processes in cells, and is associated with many cancers through the regulation of its downstream substrates.


2.1 USP7 and Immune Signaling

Multiple proteins have been shown to be the substrates of USP7 in immune signaling. USP7 may promote inflammatory signaling by stabilizing NF-κB (19). IκB kinase γ (IKK-γ) polyubiquitination and IκB degradation can be suppressed when USP7 interacts with HSCARG, which subsequently inhibits NF-κB signaling (20). In the innate immune response, USP7 promotes deubiquitination of TRAF3 and TRAF6 by binding to vIRF2, resulting in extended transactivation of TRAF3 and TRAF6, thereby regulating the interferon response (21). Moreover, USP7 reduces NFκB -mediated innate immune responses through TRAF6 and IKK-γ deubiquitination, which appears to be directed by the USP7-ICP0 complex (22, 23). This may be the mechanism by which USP7 prevents HSV from innate host immunity (22).

During the adaptive immune response, USP7 contributes to the evasion of tumors by promoting the deubiquitination and stability of proteins, such as Tip60 and Forkhead box P3 (Foxp3) (31), which act a pivotal part in promoting the suppressive functions of both Treg and Teff (59). In mice treated by DSS, it appears that a novel small molecule cambogin relieves the symptoms of enteritis and reduces the production of pro-inflammatory cytokines (60). This may be due to the effect of cambogin on the promoter of USP7, which promotes the deubiquitination and expression of Foxp3, and reduces inflammation by affecting the immune response mediated by Treg cells (61). DNMT1 and Ubiquitin‐like, containing PHD and RING finger domains 1 (UHRF1) play essential roles in modulating Treg function and development (62), and the stability of the former is also regulated by USP7 (62). In mouse models, USP7 deletion in Treg cells has been found to induce lethal systemic autoimmunity (63). In addition, deleting USP7 also down-regulates the expression of many transcription factors that are essential to Treg cell development (48), and is correlated to the increased-level of IFNγ and IL-2 expression (62), resulting in the impairment of Treg suppressive functions (31), which seems to promote antitumor immunity (62) and break immunotolerance (31). Therefore, given the suppressive functions of USP7 inhibitors in regulating Foxp3+Treg cells, USP7 could be a potential target in cancer immunotherapy.



2.2 DNA Damage Responses

In response to DNA damage, USP7 regulates multiple proteins in double-strand DNA breaks (ATR-CHK1 and ATM-CHK2 signaling cascade), homologous recombination repair (HRR), cell cycle checkpoint activation, nucleotide excision repair (NER), and DNA damage bypass, where p53 functions as one of the key factors (Figures 2 and 3).




Figure 2 | USP7 interacts with tumor suppressors in response to DNA damage. This model describes how USP7 effects DNA damage responses by interacting with tumor suppressive proteins, p53 and CCDC6. Dotted arrow: deubiquitination; Brackets with a “+”: promotional effect; Brackets with a “-”: inhibitory effect. USP7, ubiquitin-specific peptidase 7; DAXX, death-associated protein 6; PPM1G, protein phosphatase 1G; CCDC6, coiled-coil domain containing 6.






Figure 3 | Interactions between USP7 and its substrates in double-strand DNA breaks, homologous recombination repair (HRR), cell cycle checkpoint activation, nucleotide excision repair (NER), and DNA damage bypass. In response to DNA damage, USP7 regulates multiple proteins in double-strand DNA breaks (ATR-CHK1 and ATM-CHK2 signaling cascades), homologous recombination repair (HRR), cell cycle checkpoint activation, nucleotide excision repair (NER), and DNA damage bypass. Dotted arrow: deubiquitination; Brackets with a “+”: promotional effect; Brackets with a “-”: inhibitory effect. USP7, ubiquitin-specific peptidase 7; CHK1, checkpoint kinase 1; MDC1, mediator of DNA damage checkpoint 1; PHF8, plant homeodomain finger‐containing protein 8; RNF168, ring finger protein 168; RNF169, ring finger protein 169; XPC, xeroderma pigmentosum complementation group C; UVSSA, UV-stimulated scaffold protein A; HLTF, helicase-like transcription factor.



During DDR, USP7 acts as a pivotal role in the regulation of genomic stress and cell fate through deubiquitinating and stabilizing the key factor, tumor suppressor p53 (Figure 2). The interaction between p53 and USP7 leads p53 to effect DNA damage repair at the level of gene transcription (35). DNA damage results in USP7 dephosphorylation via protein phosphatase 1G (PPM1G), which is in a way dependent on ATM (64). This causes lower USP7 affinity to HDM2 and increases its affinity towards p53 instead, driving p53-dependent DDR (8, 64). DNA damage also leads to the disrupted association between USP7 and DAXX, resulting in the ubiquitination of HDM2 and stabilization of p53 later (21). Moreover, USP7 is also required for DDR and DNA repair via its interaction with another tumor suppressor, coiled-coil domain containing 6 (CCDC6) (1), which has been shown to produce the pro‐apoptotic protein (65) (Figure 2).

During double-strand DNA breaks (DSBs), USP7 acts as an essential part of the ATR-CHK1 branch (8) by regulating checkpoint kinase 1 (CHK1), thereby playing a vital role in DDR (41). USP7 promotes CHK1 phosphorylation mediated by ATR (1), and is required for the regulation of claspin that is key to CHK1 activation (66). Another crucial part of DDR, the ATM-CHK2 pathway, is also regulated by USP7 (67). USP7 indirectly activates p53 through deubiquitinating Tip60 (21), which activates the ATM-CHK2 signaling cascade through acetylating ATM, causing the acetylation and activation of p53 (33).

USP7 plays a role in recruiting DNA repair proteins towards DSB lesions, and influences homologous recombination (HR) through regulating the mediator of DNA damage checkpoint 1 (MDC1) (51). In cells depleted of MDC1, the failure of DNA repair proteins recruitment is found after DNA damage, and a similar defect is found in USP7-depleted cells (51). In chronic lymphocytic leukemia (CLL), inhibition of USP7 suppresses HRR and induces cell death in a manner independent of ATM-p53 (1). Additionally, E3 ligase RNF168 deubiquitinates the histones that function as a signal in the recruitment of DNA damage factors (21), and controls the access of proteins related to DDR to chromatin (11, 12). USP7 has been shown to regulate cell cycle checkpoint activation, in response to DNA damage, through the deubiquitination and stabilization of RNF168, RNF169, and the histone demethylases, plant homeodomain finger‐containing protein 8 (PHF8) (4, 8, 11, 12).

Protein XPC plays a vital part in recognizing damage, functions as a lesion sensing factor (10), and initiates NER by interacting with USP7 following DNA damage induced by UV (1, 10). ANXA1 (Annexin‐1), one of the substrates of USP7, acts as a stress protein or protective protein during the UV‐induced DDR (53). Additionally, UVSSA (UV-stimulated scaffold protein A) functions as an initiating factor of transcription‐coupled nucleotide excision repair (TC-NER) (44). During the UV-induced TC-NER process, USP7 interacts with RNA polymerase II and UVSSA to stabilize CSB (cockyane syndrome B) that also plays a vital role in the regulation of TC-NER, in response to DNA damage (1). Studies have shown that USP7 depletion causes TC-NER deficiency, such as reduced UV survival and decreased recovery in RNA synthesis following UV (44, 45).

USP7 regulates the stability of trans-lesion synthesis (TLS) DNA polymerase, polη, via a USP7‐HLTF‐PCNA molecular network, in response to DNA damage (54, 55). Following genotoxic stress, USP7 is involved in the regulation of error-free bypass replication through the interaction with helicase-like transcription factor (HLTF), and helps elongate nascent daughter strand DNA through Rad18 (46) (68). The defect in elongation of nascent DNA strands is found in cells depleted of USP7 after UV exposure, which may be due to the regulation of USP7 on PCNA sliding clamp ubiquitination (46, 55, 69, 70). In addition, USP7 also plays a role in DNA damage tolerance by regulating Rad18 stability (8). Lower levels of HLTF and Rad18, suppressed PCNA ubiquitination, and suppressed Polη foci formation are all found in cells depleted of USP7 (35).



2.3 USP7 and Cancers

Accumulated evidence has shown that abnormal expression and activity of USP7 are associated with a variety of cancers. Here is a summary of the mechanisms of USP7 for effecting tumor initiation and progression through interaction with its downstream proteins, as detailed below.


2.3.1 Cell Proliferation

USP7 regulates MDM2/MDMX-p53 circuitry and controls the stabilities of related proteins, thereby influencing cell proliferation, cancer initiation, and progression (31). In prostate cancer, inhibition of USP7 expression is found to have an anti-proliferative effect on cancer cells (71). USP7 also influences the cell cycle by stabilizing the Ki-67 antigen (49), which has been shown to help maintain mitosis and heterochromatin (72). In addition, USP7 regulates the target of the cell cycle, cyclin A2, through the deubiquitination and stabilization of PHF8 demethylase, which acts as an up-regulator of cyclin A2 (48, 52). Moreover, upregulation of USP7, PHF8, and cyclin A2 has also been found in breast cancers, colon and rectum cancers (48).



2.3.2 Cell Migration

In colorectal cancer (CRC) (50) and medulloblastoma (73), USP7 overexpression contributes to the increased rate of cell proliferation and migration through its association with histone LSD1 and DNMT1 (4). In prostate cancer, emerging evidence has proved that USP7 contributes to tumor migration and invasion through stabilizing EZH2 (74). The decreased rate of cell migration and invasion is found in PC3 and DU145 depleted of USP7 (74). Combined treatment with USP7 and EZH2 inhibitors has been shown to reduce the migration and invasion of cancer cells (74). In osteosarcoma (OS), overexpression of USP7 significantly improves the ability of cell migration and invasion, while USP7 depletion has the opposite effects, indicating the key role of USP7 in regulating the migratory and invasive ability of osteosarcoma cells (75).



2.3.3 Cell Metastasis

USP7 is involved in tumor metastasis through deubiquitination and localization of PTEN, which results in the inactivation of PTEN (57, 58). It has been shown that USP7 promotes epithelial-mesenchymal transition (EMT) of OS cells through Wnt/β-catenin signaling (75), which is one of the key parts in promoting cell metastasis (76). In non-small cell lung cancers (NSCLC), USP7 dysregulation is also related to EMT and cell metastasis, leading to poor prognosis (77). Moreover, in both epithelial ovarian cancer (78) and prostate cancer (31), the overexpression of USP7 is found to promote cell invasion, the increased expression level of which is also related to poor survival of ovarian cancer patients (78).



2.3.4 Cell Immunosuppression

During an innate immune response, USP7 has been found to diminish NFκB through its interaction with ICP0 (22, 23). ICP0-USP7 complex participates in the deubiquitination and inactivation of both IKK-γ and TRAF6 (22), leading to the inhibition of innate immunity. Besides, IKK-γ polyubiquitination and IκB degradation can be suppressed when USP7 interacts with HSCARG (20, 21), which subsequently inhibits NF-κB signaling (20). It has also been shown that the recruitment of USP7 by HSV-1 results in HSV-1 evasion of innate immune response (79). Moreover, recent studies have identified the role of USP7 as a target of VP24 from the Ebola virus, which is a protein that plays a pivotal part in innate immune evasion (32).

In the stage of the adaptive immune response, USP7 promotes tumor immune escape through deubiquitination and stabilization of both Foxp3 and Tip60 (31), which play key roles in inhibiting Treg and Teff (59, 63). Conversely, USP7 knockdown results in the instability of Foxp3, which subsequently impairs the immunosuppressive function of Treg (62, 80), and promotes tumor suppression mediated by the immune system (63). In addition, induced lethal systemic autoimmunity has been found in mouse model with USP7 depletion (63). Taken together, all of these data indicate the essential role of USP7 in modulating the immune response.



2.3.5 Cell Apoptosis

Studies have demonstrated the duality of USP7 functions in cancer progression. In other words, USP7 displays tumor-promoting and/or -suppressive functions under different conditions (Figure 4).




Figure 4 | Overview of USP7 effects on cell apoptosis by interacting with its substrates. This model summarizes how USP7 effects p53-dependent cell apoptosis (A) and p53-independent cell apoptosis (B, C). Dotted arrow: deubiquitination; Brackets with a “+”: promotional effect; Brackets with a “-”: inhibitory effect. USP7, ubiquitin-specific peptidase 7; FOXO4, forkhead box O4; TRIM27, tripartite motif protein 27; TNF-α, tumor necrosis factor-alpha.



USP7 effects p53-dependent apoptosis through its interaction with p53 and negative regulator of p53, MDM2. In most cases, USP7 shows a higher affinity to MDM2, leading to p53 ubiquitination, which indicates the tumor-promoting effect of USP7. Daxx plays an anti-apoptotic function in cancer cells through the formation of ternary complex USP7-MDM2-Daxx, which stabilizes MDM2, and later promotes degradation of p53 (5). In NSCLC, defect of USP7 leads to p53 upregulation, subsequently causing p53-induced apoptosis through p53 downstream target, Bax (81). In colorectal cancer cell lines, it has been revealed that FAM188B may be the mediator that controls the combination between USP7 and p53/MDM2 (82). The interaction between USP7 and FAM188B effects p53 stability, which may be one of the reasons why p53-dependent apoptosis is induced by FAM188B downregulation (82). Notably, USP7 also induces p53-dependent apoptosis by interacting with Tip60, which is involved in K120 acetylation that is located in the DNA-binding domain of p53 (35).

Accumulated studies have also shown the apoptotic function of USP7 inhibition in a p53-independent manner. In chronic myelogenous leukemia (CML), USP7 is required for stabilization of BCR-ABL and activation of BCR-ABL signaling (83).Inhibiting USP7 was shown to cause BCR-ABL destabilization and to trigger apoptotic signaling pathways (83). In CLL cells, USP7 inhibition induces cell apoptosis by restoring nuclear localization of PTEN (84). Additionally, FOXO4 transcriptional activity is promoted through USP7 inhibition, which induces apoptosis in an HDM2-independent manner (79). In multiple myeloma cell (MM) cells, Maf transcriptional activity is promoted by USP7 through deubiquitination and stabilization of Maf (85). Inhibiting USP7 leads to Maf downregulation, thereby inducing apoptosis (85). USP7 also promotes apoptotic escape of breast cancer cells by deubiquitinating and stabilizing Erα (86). Silencing or inhibiting USP7 induces apoptosis and inhibits cell growth in breast cancer (86). Moreover, USP7 inhibition may cause aberrant mitosis and apoptosis through downregulation and degradation of PLK1 (87). Studies have also shown that USP7 participates in the stabilization of anti-apoptotic protein MCL-1, leading to the upregulation of MCL-1 levels in tumor cells (88). In addition, inhibiting USP7 induces endoplasmic reticulum stress triggered by ubiquitinated proteins accumulation, which promotes NOXA expression levels and leads to NOXA-induced apoptosis (89). Interestingly, USP7 also promotes TNF-induced apoptosis through its combination with TRIM27 and receptor-interacting protein 1 (RIP1) (90), indicating the tumor-suppressive role of USP7.

Collectively, USP7 plays a complex role in regulating apoptosis. Specific mechanisms that could explain how USP7 interacts with its substrates in apoptosis are needed to explore the different roles of USP7 in various cancers.





3 Regulation of USP7 Activity and Expression Levels

With multiple downstream target proteins, USP7 is also influenced by a plethora of regulators. Here is a review of the mechanisms of USP regulation, including the regulation of its expression levels and deubiquitinase activity.


3.1 Transcription Regulation

Several transcription factors are involved in the regulation of USP7 (Table 2). USP7 ubiquitination is found to be catalyzed by ICP0, a protein derived from a virus that functions as an E3 (96), leading to USP7 degradation and decreased levels (95). Downregulation of USP7 mediated by signal transducer and activator of transcription 3 (STAT3) has been found in colon cancer (94). Forkhead box O6 (FOXO6) upregulates USP7 transcription by binding to its promoter (91). In lung carcinoma, cell proliferation is found to be inhibited through the promoted expression of USP7 induced by FOXO6 (91). In acute lymphoblastic leukemia, NOTCH1 contributes to the upregulation of USP7 levels, and USP7, in turn, influences the stability of NOTCH1, which possibly forms a positive-feedback interaction between the two proteins (92). And the similar feedback loop has been demonstrated between USP7 and PHF8 (48, 93). Some regulators of USP7 can indirectly influence its downstream substrates, and thus regulate related processes. For instance, PPM1G reverses USP7’s functions on MDM2 and p53 following the down-regulation of USP7 caused by PPM1G (64). Moreover, LKB1 activation induces HuR to translocate from the nucleus to the cytoplasm, leading to stabilization of USP7 mRNAs and phosphorylation of p53, thereby influencing apoptosis (97). Remarkably, the expression of USP7 is also found to be enhanced by the HIV-1 virus, because USP7 plays an essential part in regulating the stability of the trans-activator of transcription (TAT) (21), which is involved in regulating the levels of HIV genes (98).


Table 2 | Regulators of USP7 levels.





3.2 Posttranslational Modifications

USP7 activity is regulated through PTMs, mainly including ubiquitination and phosphorylation, as detailed below (Table 3).


Table 3 | Regulators of USP7 activity.




3.2.1 Ubiquitination

The region where USP7 is ubiquitinated is located near the site where it binds to the E3 ubiquitin ligase ICP0 (96). ICP0 functions as a catalyzer in USP7 ubiquitination, leading to its degradation and decreased levels (95). The feedback interaction is found between USP7 and ICP0, as USP7 could in turn participate in the deubiquitination of ICP0 (95). Interestingly, the ubiquitination of USP7 is also found in cells that do not express ICP0 (5), indicating that USP7 could be ubiquitinated in an ICP0-independent way. However, the specific DUB and E3 ligases that participate in the ubiquitination of USP7 have not been identified (5). Recently, another E3 ligase Trip12 has also been shown to ubiquitinate USP7 (99). In addition, polyubiquitinated USP7 promotes TNF-α induced apoptosis by interacting with E3 ligase TRIM27 on Lys869 and RIP1 (90). However, USP7 protease activity does not always require ubiquitination, without which USP7 is still able to deubiquitinate MDM2 and p53 (5).



3.2.2 Phosphorylation

Casein kinase 2 (CK2) improves the affinity of USP7 or USP7 isoform (USP7S) to HDM2 or MDM2 by phosphorylating USP7 or USP7S at Ser18, while dephosphorylating USP7 or USP7S enhances their affinity for p53 (64). In addition, the effect of USP7/USP7S on HDM2 and p53 could be reversed by the ATM-dependent phosphatase PPM1G (64). Activated ATM signaling promotes USP7/USP7S dephosphorylation mediated by PPM1G, inactivates and downregulates USP7/USP7S, and leads to decreased levels of MDM2 and p53 upregulation (64). Moreover, in chronic leukemia, it has been shown that BCR-ABL could aberrantly phosphorylate USP7 at Tyr243, contributing to the function of USP7 as a deubiquitinase for PTEN (8, 100). And dysregulated PTEN caused by phosphorylated USP7 is associated with the pathogenesis of leukemia (100).





4 Conclusion

This review summarizes the physiological and pathological functions of USP7 in immune signaling, DNA damage response, and cancers, as well as the regulatory mechanisms of its expression and activity. However, in respect of the various functions of USP7 in cell processes, the association between USP7 and cancers, and USP7 targeted cancer therapy, there are still many fields that need to be further explored.

In order to illuminate the real roles of USP7 in carcinogenesis, it is requisite to further investigate the dual effects of USP7 in tumor regulation. Additionally, considering the critical part that tumor suppressor p53 plays in various cancers, targeting the USP7-MDM2-p53 axis will still be one of the popular topics in the future. Further research is needed to explore whether there are other regulatory factors of USP7 on p53 and MDM2, and USP7-specific transcription inhibitors and factors, the discovery of which could have future implications for the study of cancer with an intact p53 regulatory axis.

Accumulated studies have shown p53 mutation and p53-independent role of USP7 in quite a few cancer cases. For example, in melanoma cells, USP7 expression levels are found to increase in a p53-independent manner (101), and inhibiting USP7 results in endoplasmic reticulum stress and DNA damage, which is in a way independent of p53 (102, 103). Most USP7 inhibitors are developed based on wild type (WT) p53, however, a recent study has shown that inhibiting USP7 plays a suppressive role in tumor progression with both WT p53 and p53 mutation (104). All of these indicate that USP7 may effect carcinogenesis by interacting with other substrates, which needs to be further explored.

Given the association between USP7 and a few signaling pathways in tumor progression [such as NF-κB pathway (105), Wnt/β-Catenin pathway (106), Hippo pathway (107), and NOTCH pathway (108)], more related mechanistic investigations on USP7 regulation are needed to develop new targeting strategies in cancer therapy.

In addition to the nuclear deubiquitinase role, USP7 also participates in the recycling of endosomal proteins (109). Exploring additional functions of USP7 is required for improving our understanding of its roles in biological and pathological processes.

In the process of developing USP7 inhibitors, there are still some issues that remain to be solved. Theoretically, for instance, the full-length structure of USP7 has not been fully studied, and co-crystal structures of USP7 in complex with small molecules also remain unclear. How USP7 is activated, how does USP7 recognize its various substrates, and how USP7 inhibitors work? A complete and deeper understanding of these fundamentals of molecular theory and mechanisms are essential to the development of USP7 inhibitors. In general, many reported USP7 inhibitors so far have been shown to have poor selectivity, low specificity, and low efficacy (low micromolar potency). Unsatisfactory pharmacokinetic characteristics of USP7 inhibitors also limit their evaluation in vivo. In order to improve their selectivity and specificity, manipulation of USP7’s affinity to specific target substrates may be feasible, which requires support on the theoretical basis of USP7 recognition mechanisms. Further studies should also focus on the development of better screening methods, which will undoubtedly improve the accuracy and efficiency of inhibitor evaluation. Additionally, it appears that quite a few USP7 inhibitors could also target other related DUBs (such as USP47, which has high homology with USP7) with similar potency. As a result, this kind of cross effect adds difficulty in determining the contribution of USP7 inhibition to the effect of the tested compound in cancer progression.

According to the discussion above, the development of USP7 inhibitors is still in a primary and long-term stage. However, notably, there have also been some breakthroughs in recent years. The inhibition mechanism of P22077 and P50429 on USP7 has been revealed by Pozhidaeva et al. (110). Gavory et al. have reported the first reversible USP7 inhibitor with high efficacy (nanomolar potency) and high selectivity, which has been shown to have no interaction with USP47 when targeting USP7 (111). Schauer et al. reported the first irreversible USP7 inhibitor with high efficacy (sub-nanomolar potency) and high selectivity (112). Moreover, P5091 has been shown to have efficacy and very low toxicity in tumor treatment in vivo (113–115). In sum, all of the issues are not insurmountable for the development of more ideal inhibitors.

Excitingly, the combination of USP7 inhibitors and several current major cancer treatments has been shown to possess promising therapeutic prospects, mainly including chemotherapy, radiotherapy, and immunotherapy (such as PD-L1 treatment), which will be one of the study directions in the future. For example, the resistance to bortezomib appears to be overcome through the combination of USP7 inhibitors P22077 and cytotoxic drugs used for chemotherapy (4, 116). USP7 inhibition may also improve the effectiveness of Olaparib treatment by increasing drug sensitivity through CCDC6 downregulation (117, 118). In addition, given the essential roles of PHF8 and CHK1 that act as USP7 substrates in DNA damage response, combination of USP7 inhibitors and chemotherapy/radiotherapy may reduce breast cancer cell resistance (42, 63), which is expected to accelerate the development of breast cancer therapy. Besides, targeting USP7 inhibits cell apoptosis in response to chemo-/radiotherapy (5), indicating the promising role of USP7 inhibitors in reducing adverse reactions in cancer treatment. Moreover, during anti-tumor immunotherapy, it has been shown that USP7 inhibition causes PD-L1 increased level (119) and IL-10 downregulation by attenuating Treg function (120), which may contribute to enhancing the therapeutic effect of PD-L1 treatment. Meanwhile, given the suppressive function of USP7 inhibitors in regulating Treg cells (31), a non-negligible concern about the safety of inhibitors is raised: Whether the host immune response will be impaired due to functional inhibition of Treg? Therefore, in order to ensure the availability and effectiveness of USP7 inhibitors in cancer therapy, evaluation of drug safety is very necessary, which requires more data from in vivo experiments.

In sum, clinical application of targeting USP7 possesses a broad prospect, and research on USP7 is necessary, which still has a long way to go.
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Aberrant alternative splicing of pre-mRNA is an emerging cancer hallmark. Many cancer-associated genes undergo alternative splicing to produce multiple isoforms with diverse or even antagonistic functions. Oncogenic isoforms are often up-regulated, whereas tumor suppressive isoforms are down-regulated during tumorigenesis. Serine/arginine-rich splicing factor 6 (SRSF6) is an important splicing factor that regulates the alternative splicing of hundreds of target genes, including many cancer-associated genes. The potential roles of SRSF6 in cancers have attracted increasing attentions in the past decade. Accumulated pieces of evidence have shown that SRSF6 is a potential oncogenic gene that promotes oncogenic splicing when overexpressed. Targeting SRSF6 may suppress tumorigenesis. In this review, we describe the gene, mRNA, and protein structure of SRSF6; summarize the current understanding of the expression, functions, and regulatory mechanisms of SRSF6 during tumorigenesis; and discuss the potential application of targeting SRSF6 in cancer treatment.
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1 INTRODUCTION
Serine/arginine-rich splicing factor 6 (SRSF6), also called SRp55 or SFRS6, was initially identified in Drosophila by using mAb104, a monoclonal antibody that recognizes phosphorylated serine/arginine-rich (SR) RNA-binding proteins (Roth et al., 1991). Human SRSF6 protein was also identified by the same antibody (Zahler et al., 1992), and its gene was cloned later (Screaton et al., 1995). SRSF6 is highly conserved across species and is the key regulator of RNA constitutive and alternative splicing. In Drosophila, SRSF6 plays important roles in tissue development (Fic et al., 2007), and the deletion of SRSF6 causes lethal defects during development (Ring and Lis, 1994). SRSF6 is a multi-function protein that is involved in several biological processes besides RNA splicing, including translation (Swanson et al., 2010) and transcription (Juge et al., 2010). Besides cancer, SRSF6 has been associated with numerous human diseases, such as pleural fibrosis (Liang et al., 2021), Huntington’s disease (Cabrera and Lucas, 2017), Alzheimer’s disease (Mai et al., 2019), diabetes (Juan-Mateu et al., 2018), and systemic sclerosis (Manetti et al., 2011).
Most eukaryotic genes contain both exons and introns. After transcription, introns should be spliced out from pre-mRNA, and exons are connected to produce mature mRNA, which is crucial for gene expression. However, the definition of exon or intron in pre-mRNA is not always constant (De Conti et al., 2013). Some exons or introns could be spliced alternatively, which is called alternative splicing (Berget et al., 1977; Chow et al., 1977). One gene can produce multiple transcripts via alternative splicing, which increases the encoding capacity of genomes dramatically and plays important roles on the regulation of gene expression (Kornblihtt et al., 2013). Notably, alternative splicing profiles in cancer cells are significantly different from normal cells (Cherry and Lynch, 2020). With the progress of transcriptomic sequencing, aberrant alternative splicing has been increasingly recognized as an important cause of cancer (Liu and Rabadan, 2021).
Splicing factors refer to the important regulators in the alternative splicing of pre-mRNA. Serine and arginine-rich (SR) proteins are major splicing factor family (Manley and Tacke, 1996). SRSF6 belongs to the SR protein family, which all possess at least one N-terminal RNA recognition motif (RRM) domain and a C-terminal RS domain, and play important roles in RNA alternative splicing (Shepard and Hertel, 2009). Strikingly, accumulated pieces of evidence have demonstrated that most SR members are involved in tumorigenesis (Kedzierska and Piekielko-Witkowska, 2017). The potential roles of SRSF6 in cancers have also attracted increasing attentions in the past decade. In this review, we attempted to summarize the current understanding toward the expression, functions and regulatory mechanisms of SRSF6 during tumorigenesis, and discuss the potential application of targeting SRSF6 in cancer treatment.
2 GENE, MRNA AND PROTEIN STRUCTURE OF SERINE/ARGININE-RICH SPLICING FACTOR 6
Human SRSF6 gene is located in chromosome 20, and it includes at least seven exons and six introns. Exon 3 is an alternative exon that contains an in-frame stop codon. Therefore, isoform 2 with exon 3 (accession number: NR_034009) is a subject of nonsense-mediated decay (NMD). By contrast, isoform 1 without exon 3 (accession number: NM_006275) encodes a full-length SRSF6 protein, which has 344 amino acids, and includes a RRM 1 (RNA recognition motif 1), a RRM2 (also called RRM homolog, RRMH), and a C-terminal RS (arginine and serine dipeptides) domain (Zahler et al., 1992; Shepard and Hertel, 2009) that functions as a protein interaction domain. Isoform 2 may encode a truncated SRSF6 protein without most of RRM2 domain and whole RS domain (Figure 1). Similar to some other members of the SR protein family, SRSF6 is also a shuttle protein between the nucleus and the cytoplasm (Sapra et al., 2009), by which SRSF6 is also involved in translation.
[image: Figure 1]FIGURE 1 | Gene, pre-mRNA, mature mRNA, and encoded protein structure of human SRSF6. Human SRSF6 gene contains 7 exons. Exon 3 is an alternative exon and contains an in-frame pre-mature stop codon. Transcripts with exon 3 may encode a truncated SRSF6. Transcripts without exon 3 encode full-length SRSF6 protein that has two RNA recognition domains (RRM1 or RRM2) and an arginine and serine-rich domain (RS).
3 THE NORMAL CELLULAR FUNCTIONS OF SERINE/ARGININE-RICH SPLICING FACTOR 6
SRSF6 plays important roles in normal cellular processes. For example, SRSF6 is required for the mitochondrial respiration process. SRSF6 knockdown decreased mitochondrial respiration and impaired ATP production and insulin release in human pancreatic β-cell (Juan-Mateu et al., 2018). Moreover, SRSF6 is negatively associated with cellular early responses to DNA damage (Filippov et al., 2007). Recently, Yang et al. showed that SRSF6 regulates the alternative splicing of a set of genes enriched in DNA damage response pathway including BRCA2 via transcriptomic analysis (Yang et al., 2020). Intriguingly, Tammaro et al. found that SRSF6 also controlled the inclusion of exon 11 of BRCA1, another gene responsible for DNA repair, by interacting with a splicing regulatory motif in exon 11 (Tammaro et al., 2014). SRSF6 may also be involved in the cell proliferation of some normal cells. Liang et al. showed that SRSF6 knockdown significantly inhibited cell proliferation of pleural mesothelial cells stimulated by inflammation (Liang et al., 2021). In neuron cells, SRSF6 helps maintain microtubule stability by promoting the inclusion of Tau exon 10, which is important for the assembly and stability of microtubule in neuron cells (Yin et al., 2012).
SRSF6 may also play roles in some other cellular processes. SRSF6 is a nucleocytoplasmic shuttling protein, which is similar to two other members of the SR protein family, namely, SRSF3 and SRSF7 (Sapra et al., 2009). SRSF3 can bind NXF1 and promote RNA export to cytoplasm (Huang and Steitz, 2001). SRSF7 can enhance the translation of constitutive transport element (CTD)-containing RNA (Swartz et al., 2007). Therefore, SRSF6 may also play roles in the export and translation of mRNA. Indeed, SRSF6 can enhance the translation of human immunodeficiency virus (HIV) type 1 Gag mRNA, which is an unspliced RNA (Swanson et al., 2010). Probably, SRSF6 may also regulate the translation of some cellular genes.
4 EXPRESSION AND CLINICAL SIGNIFICANCE OF SERINE/ARGININE-RICH SPLICING FACTOR 6 IN CANCERS
Several SR family members, such as SRSF1 (Karni et al., 2007), SRSF3 (Jia et al., 2010), and SRSF5 (Yang et al., 2018), have been demonstrated to be oncogenes and overexpressed in cancers. Recently, SRSF6 was also reported to be overexpressed in some cancers (Table 1).
TABLE 1 | Expression and clinical significance of SRSF6 in cancers.
[image: Table 1]4.1 Colon and Colorectal Cancer
SRSF6 expression in colon and colorectal cancer has been studied extensively. Most studies demonstrated that SRSF6 was overexpressed in cancer tissues. For example, Cohen-Eliav et al. reported that SRSF6 mRNA was overexpressed in colon cancer, and its gene was amplified in some colon cancer patients (37%) (Cohen-Eliav et al., 2013). Wan et al. showed that SRSF6 is significantly overexpressed in colorectal cancer patients from the TCGA database and their cohort in transcriptional level. Furthermore, SRSF6 overexpression is significantly associated with poor overall survival (Wan et al., 2019). Park et al. showed that SRSF6 protein was overexpressed in a cohort of colorectal patients by Western blot (Park et al., 2016), which was further confirmed in another study by Western blot (Si et al., 2021). However, Lin et al. showed that SRSF6 protein was downregulated in colorectal cancer tissues in eight patients compared with adjacent normal tissues by Western blot (Lin et al., 2017). More studies in larger cohorts may be required to evaluate SRSF6 expression in colorectal cancer.
4.2 Other Cancers
SRSF6 is significantly overexpressed in a set of subtypes of skin cancer, including basal-cell carcinoma, squamous-cell carcinoma, and malignant melanoma (Jensen et al., 2014). SRSF6 gene is also reported to be amplified in some lung cancer patients (12%) (Cohen-Eliav et al., 2013), and overexpressed (Cohen-Eliav et al., 2013; Kim et al., 2016).
In ovarian cancer, Mayer et al. showed that cancer tissues expressed significantly higher SRSF6 than normal tissues in a small cohort (Mayer et al., 2015). However, another study showed that the expression level of SRSF6 is not significantly superior to normal controls in a small cohort of patients with ovarian cancer. Interestingly, patients with metastasis showed significant higher SRSF6 expression (Iborra et al., 2013). More studies in larger cohorts are required to determine the association between SRSF6 expression and ovarian cancer. In addition, Li et al. showed that pancreatic cancer tissues expressed less SRSF6 than adjacent normal tissues, suggesting that SRSF6 may be not overexpressed in some cancers (Li et al., 2020).
So far, only a few studies reported the relationship between SRSF6 expression and cancer patient prognosis. Besides colorectal cancer, SRSF6 expression is also associated with poor prognosis in T-cell acute lymphoblastic leukemia (T-ALL) (Zhou et al., 2020b). More pieces of evidence are required to determine the association between SRSF6 expression and cancer patient prognoses.
In summary, SRSF6 may be overexpressed in most cancers. However, the association between SRSF6 expression and disease prognosis remains largely unclear. Therefore, to understand the value of SRSF6 expression in cancer diagnosis and prognosis, more studies are required to investigate the expression and clinical significance of SRSF6 in cancers.
5 MUTATIONS OF SERINE/ARGININE-RICH SPLICING FACTOR 6 IN CANCERS
Gene mutation is an important cause of cancer. Mutations of some splicing factors have been reported in hematological malignancies and solid cancers (Yoshida and Ogawa, 2014). For example, splicing factor SF3B1 mutation led to the missplicing and downregulation of PPP2R5A gene and resulted in the stabilization of Myc protein and promotion of tumorigenesis (Liu et al., 2020). SRSF2 mutations altered its binding specificity from G-rich sequences to C-rich sequences (Kim et al., 2015) and associated with poor outcome in patients with leukemic transformation of myeloproliferative neoplasms (Zhang et al., 2012). Mutations in SRSF6 gene may also change its binding specificity. So far, only few studies reported mutations in SRSF6 gene. We summarized SRSF6 mutations in different types of cancer according to cBioPortal online TCGA cancer database (Table 2). SRSF6 mutation frequencies in cancers are relatively lower (<5%) compared with those in SRSF2 [10–50% in hematologic malignancies (Chen et al., 2021b)]. Further studies are required to understand the roles of SRSF6 mutations in cancer.
TABLE 2 | Mutations of SRSF6 gene in cancers according to cBioPortal online TCGA cancer database.
[image: Table 2]6 FUNCTIONS AND REGULATORY MECHANISMS OF SERINE/ARGININE-RICH SPLICING FACTOR 6 IN TUMORIGENESIS
As a splicing factor, SRSF6 controls alternative splicing of a number of target genes, through which SRSF6 regulates almost all key aspects of tumorigenesis (Figure 2), such as transformation, cell proliferation, metastasis, immunosuppression, and drug resistance.
[image: Figure 2]FIGURE 2 | Functions and regulatory mechanisms of SRSF6 in tumorigenesis. SRSF6 can transform cells and control the alternative splicing of several target genes to promote cell proliferation, metastasis, and drug resistance. SRSF6 may also play anti-cancer function by inhibiting angiogenesis.
6.1 Transformation
The overexpression of some SR proteins, such as SRSF1 (Karni et al., 2007; Anczukow et al., 2012) or SRSF3 (Jia et al., 2010) can induce cell transformation. It is also true for SRSF6. Similar to SRSF1 and SRSF3, SRSF6 overexpression also transforms mouse embryonic fibroblast (Jensen et al., 2014). In non-transformed mouse or human lung epithelial cells, SRSF6 overexpression enables these cells to form colonies in soft agar and tumors in nude mice (Cohen-Eliav et al., 2013). In addition, in non-transformed mammary epithelial cells, SRSF6 overexpression induced significantly larger and dysmorphic acini morphology and increased the amount of proliferating acini in a short period of time, thereby indicating the potent transformation capability of SRSF6 (Park et al., 2019). Notably, most breast cancers originate from the mammary acini, which is the basic anatomical unit of the mammary gland. SRSF6 regulates the alternative splicing of genes associated with cell-cycle regulation, apoptosis, and cell adhesion, specifically increases exon10 inclusion of ARAP2, which is essential for cellular focal adhesion formation (Park et al., 2019).
Although SRSF6 overexpression can transform cells, it cannot be ruled out that the depletion of SRSF6 may also be involved in tumorigenesis in some tissues. Splicing factor SRSF3 is an example of this. SRSF3 overexpression in mouse embryonic fibroblast induced significantly tumor formation (Jia et al., 2010). However, specific knockout of SRSF3 in mouse hepatocytes impaired hepatocyte maturation and metabolism and induced spontaneous hepatocellular carcinoma (Sen et al., 2015). SRSF3 is required for protecting mice from tetrachloride-induced fibrosis and carcinogenesis in liver (Sen et al., 2015). Later, in human hepatocellular carcinoma cells, SRSF3 was found to be dephosphorylated and inactivated (Chen et al., 2021a). Therefore, the precise function of SRSF6 in a specific type of tissue or cell should be evaluated individually. In general, SRSF6 overexpression may be positively associated with cancers.
6.2 Cell Proliferation
6.2.1 SRSF6 is Required for Cancer Cell Proliferation
Unlimited cell proliferation is the key characteristic of cancer. Knockdown or the use of specific inhibitor of SRSF6 significantly inhibited colorectal cancer cell proliferation (Wan et al., 2019). SRSF6 silence also significantly inhibited colon cancer and lung cancer cell proliferation, colony formation in soft agar, and eventually repressed tumor formation (Cohen-Eliav et al., 2013; Kim et al., 2016). By contrast, SRSF6 overexpression significantly enhanced the proliferation of immortal mouse lung epithelial cells (Cohen-Eliav et al., 2013). SRSF6 is also essential for T-cell acute lymphoblastic leukemia (T-ALL) cell proliferation and cell cycle progression (Zhou et al., 2020b). Moreover, inducible SRSF6 overexpression in transgenic mouse caused severe hyperplasia in mouse skin, as well as in the intestine, characterized by high level of cell proliferation and failure of epithelial cell differentiation and maturation (Jensen et al., 2014). SRSF6 seems to promote the initial steps of differentiation, but inhibit terminal differentiation in epithelial cells (Jensen et al., 2014). SRSF6 can also promote normal cell growth. Fernando et al. found that the overexpression of SRSF6 induced strong upregulated transcriptional level of oncogene Myc and enhanced cell growth in Drosophila (Fernando et al., 2015).
6.2.2 Serine/Arginine-Rich Splicing Factor 6 Promotes Cell Proliferation via Multiple Molecular Mechanisms
SRSF6 promotes cancer cell proliferation via several molecular mechanisms, including repressing apoptosis, modifying energy metabolisms, and activating oncogenic signal transduction.
Cancer cells proliferate faster and undergo less apoptosis than normal cells. Cell cycle and apoptosis regulator 1 (CCAR1) gene is a transcriptional coactivator in apoptosis signaling pathway (Ou et al., 2009). CCAR1 has two isoforms produced by alternative splicing of exon 15–22. Full-length isoform encodes the pro-apoptosis CCAR1 protein. By contrast, isoform without exon 15–22 encodes an anti-apoptosis truncated CCAR1 protein. In T-cell acute lymphoblastic leukemia, SRSF6 inhibits apoptosis by binding to 3’ splice site of CCAR1 exon 22 and promoting exon 15–22 skipping (Lu et al., 2013). Moreover, a short isoform of Bim gene without exon 3 and 4, which is called BimS, is a potent apoptosis inducer. The overexpression of SRSF6 significantly reduced BimS isoform, and zinc ion can block SRSF6 binding to Bim RNA and induce cancer cell apoptosis by stimulating SRSF6 hyper-phosphorylation in normal HEK 293 cells (Hara et al., 2013). Another recent study showed that SRSF6 can increase the inclusion of Bcl-x exon 2b and produce more anti-apoptotic isoform Bcl-xL protein in 293T cells (Choi et al., 2021). However, SRSF6 overexpression might induce apoptosis by increasing BimS in melanoma cell line (Jiang et al., 2010; Lai et al., 2012). This phenomenon may be due to the higher expression levels of SRSF6 in cancer cells than in normal cells. Further increase in SRSF6 may cause some toxic effects in cancer cells.
SRSF6 can regulate energy metabolism to promote cell proliferation. Pyruvate kinase PKM gene has two isoforms, namely, M1 and M2, by mutual alternative splicing of exons 9 and 10 (Noguchi et al., 1986). M2 is mainly expressed in embryonic and cancer tissues and promotes cell proliferation (Christofk et al., 2008). SRSF6 overexpression specifically drives the splicing switch from M1 to M2 isoform (Jensen et al., 2014).
SRSF6 is responsible for the enhanced oncogenic signal transduction of oncogene RET. In medullary thyroid carcinoma (MTC), a somatic missense substitution mutation in the exon 11 of oncogene RET gene significantly increased the interaction between SRSF6 protein and exon 11 of RET RNA, and in turn increased the transcripts with the inclusion of exon 11 and the expression of full RET protein (Pecce et al., 2018), which may promote cell proliferation and tumorigenesis.
However, SRSF6 can also induce some tumor suppressive alternative splicing events. For example, FGFR1 has two isoforms generated by the alternative splicing of exon 3. The exclusion of exon 3 produces isoform FGFR1β, which is the preferred isoform in cancer and shows higher affinity for FGF1 than isoform FGFR1α in bladder cancer cells (Tomlinson and Knowles, 2010). The knockdown of SRSF6 significantly induced the switch from FGFR1α to FGFR1β (Jin and Cote, 2004). Unsurprisingly, SRSF6 shows some anti-tumor effects, which may be overwhelmed by its oncogenic effects in most cancer cells.
6.3 Metastasis
SRSF6 can promote cancer cell metastasis. SRSF6 overexpression increased migration and invasion in breast cancer cells (Park et al., 2019) and induced epithelial–mesenchymal transition (EMT) in colorectal cancer cells (Kong et al., 2016). Knockdown or using specific inhibitor of SRSF6 significantly inhibited colorectal cancer cell migration and invasion in vitro and metastasis in vivo (Wan et al., 2019). In principle, SRSF6 silence increased exon 23 inclusion of ZO-1 gene, which is an important cell adhesion molecule. ZO-1 isoform with exon 23, not isoform without exon 23, showed significant inhibitory role in cell motility (Wan et al., 2019). In skin cancer, SRSF6 promoted exon 10-15 inclusion of Tnc (extracellular-matrix protein tenascin C) gene, which can promote cell migration through its isoform with 10–15 exons (Jensen et al., 2014).
6.4 Immunosuppression
Immunosuppression helps cancer cells to escape from the immune system and progress. PBMCs in breast cancer patients contains several immune suppressive cells, such as myeloid-derived suppressor cells (MDSCs). Interestingly, peripheral mononuclear cells (PBMCs) from patients with metastasis showed dramatic increase in SRSF6 RNA than those without metastasis (Moradpoor et al., 2020). So far, little is known about the function of SRSF6 in cancer immunosuppression.
SRSF6 regulates the expression of a set of immune-associated genes. For example, IL-1b, the first altered signal was induced by SRSF6 (Jensen et al., 2014) upon wounding (Morasso and Tomic-Canic, 2005). CD44, a cell surface adhesion molecule, mediates T-cell homing (de la Hera et al., 1989), as well as tumor metastasis (Chen et al., 2018). The knockdown of SRSF6 increased CD44 alternative exon v7 and v10 inclusion in U2OS cells (Filippov et al., 2007). However, SRSF6 overexpression decreased exon v6 inclusion in breast cancer cells (Loh et al., 2016). CD45 is a transmembrane tyrosine phosphatase expressed by all leucocytes (Charbonneau et al., 1988) and required for TCR-mediated T cell activation (Pingel and Thomas, 1989). During T cell activation, the expression level of SRSF6 significantly increases, thereby promoting CD45 exon 4 inclusion (Lemaire et al., 1999). SRSF6 may regulate cancer-associated immunosuppression via these genes. In addition, Lu et al. found that the genome-wide modification of pre-mRNA alternative splicing induced neoantigens and elicited anti-tumor immunity (Lu et al., 2021), which showed a new way to enhance cancer immunotherapy. The suppression of SRSF6 expression or function may also induce neoantigens for immunotherapy because SRSF6 controls a number of target genes.
6.5 Drug Resistance
SRSF6 overexpression can increase the resistance of immortal mouse lung epithelial cells to cis-platinum treatment (Cohen-Eliav et al., 2013). In gastric cancer, SRSF6 is required for the resistance of gastric cancer cells to oxaliplatin and 5-FU. In principle, SRSF6 promotes phosphatidylinositol-binding clathrin assembly protein (PICALM) exon 14 inclusion to produce a full-length PICALM protein, which is required for the autophagy-induced resistance of gastric cancer cells to oxaliplatin and 5-FU (Zhang et al., 2021). By contrast, PICALM protein without exon 14 sensitizes cancer cells to chemotherapy (Zhang et al., 2021). PICALM participates autophagic precursor formation (Moreau et al., 2014) and can form a PICALM-MLLT10 fusion gene in leukemia, which is often associated with poor outcome (Savage et al., 2010).
6.6 Angiogenesis
SRSF6 controls the alternative splicing of many target genes. Sometimes, SRSF6 may play an anti-tumorigenesis role. Angiogenesis is an example of this. VEGF is a key regulator of angiogenesis in cancers. The alternative splice acceptor site usage in exon 8 (a terminal exon) produce two isoform families of VEGF. Isoforms that use proximal acceptor site encode pro-angiogenic VEGFxxx proteins. On the contrary, isoforms that use distal acceptor site encode anti-angiogenic VEGFxxxb proteins (Bates et al., 2002). SRSF6 binds to a 35-nucleotide motif in exon 8 and promotes the usage of distal acceptor site and VEGF165b expression (Nowak et al., 2008), which was further confirmed in systemic sclerosis patients (Manetti et al., 2011). Therefore, in terms of angiogenesis, increased SRSF6 may inhibit angiogenesis and have an adverse effect on tumor development.
However, VEGF165b isoform expression actually decreased in colorectal cancer (Diaz et al., 2008), which had SRSF6 overexpression. Other splicing factors may function against SRSF6 to suppress VEGF165b expression in cancers. Nowak et al. showed that oncogene SRSF1 can inhibit VEGF165b expression by relatively suppressing distal acceptor site usage (Nowak et al., 2008).
6.7 Serine/Arginine-Rich Splicing Factor 6 and Wound-Healing
Cancer is considered a kind of aberrant wound healing process (Dvorak 1986; Sundaram et al., 2018). For example, skin cancer shares similar gene-expression profile with wounded normal skin (Schafer and Werner, 2008). Notably, SRSF6 overexpression dramatically upregulated the expression of a set of genes involved in wound-healing by 13–154 fold, including keratin 6, keratin 16, IL-1b, Cxcl2, and Ccl3 in a transgenic mouse model (Jensen et al., 2014). Normal skin may only upregulate SRSF6 expression for several days after injury in contrast to the continuous SRSF6 overexpression in cancer (Jensen et al., 2014). This study revealed that SRSF6 exerted an important role in wound healing process, as well as in cancer when continuously overexpressed.
7 REGULATORY MECHANISMS OF SERINE/ARGININE-RICH SPLICING FACTOR 6 EXPRESSION AND FUNCTION
Splicing factors often control a number of alternative splicing events in cells, which have tremendous effects on multiple cellular biological processes. Therefore, to tightly maintain the relative stable SRSF6 expression level, cells have developed various regulatory pathways at multiple levels, including transcription, splicing, translation, protein stability, and function (Figure 3).
[image: Figure 3]FIGURE 3 | SRSF6 expression and function were regulated at multiple levels, including transcription, alternative splicing, mRNA stability, protein stability and function. Tumor suppressor p53 may inhibit SRSF6 transcription. SRSF6 itself, SRSF4, and SRSF5 inhibit SRSF6 exon 3 exclusion to produce a transcript with exon 3, which is a target of NMD or encode a truncated SRSF6 protein. Transcripts without exon 3 encode full-length SRSF6, and were inhibited by microRNA miR-128-5p, miR-26a-3p, and miR-66a, but rescued by lncRNA ZNF561-AS1, circRNA circFBXL5 via ceRNA mechanism. SRSF6 protein can be suppressed by lncRNA LINC01133. SRSF6 can be degraded via ubiquitination-proteasome. LncRNA CRNDE promotes SRSF6 ubiquitination, however, USP7 deubiquitinase can protect SRSF6 from ubiquitination and degradation.
7.1 Alternative Splicing of Serine/Arginine-Rich Splicing Factor 6 Poison Exon 3
An important regulatory mechanism of SRSF6 expression is the inclusion of its alternative exon 3, which is conserved across multiple species (Lareau and Brenner, 2015). Transcripts including this poison exon, which contains a pre-mature stop codon, are mostly degraded by nonsense-mediated decay (NMD) and may also encode a truncated SRSF6 protein. The inclusion of exon 3 is positively regulated by Nova1 (Lin et al., 2016), SRSF4 and SRSF5 (Leclair et al., 2020), and leads to reduce full-length SRSF6 protein level. SRSF6 can also promote the inclusion of exon 3 and autoregulate its own expression, which is also a conserved autoregulatory mechanism in SR family (Leclair et al., 2020). This mechanism exists not only in carcinoma cells, but also in leukemia cells (Leclair et al., 2020; Zhou et al., 2020b). Cancer cells prefer to impair autoregulatory mechanism and produce transcripts without exon 3 and then increase SRSF6 protein level (Zhou et al., 2020b). This phenomenon also exists in other SR proteins. For example, SRSF3 poison exon 4 inclusion is significantly downregulated in oral cancer (Guo et al., 2015).
7.2 Competing Endogenous RNAs
Competing endogenous RNA (ceRNA) regulation is another important regulatory mechanism of SRSF6 expression. CeRNAs can attenuate the inhibition of SRSF6 expression mediated by microRNAs. SRSF6 is targeted by miR-660. circFBXL5 functions as a ceRNA to sponge miR-660 and upregulate SRSF6 expression in breast cancer (Zhou et al., 2020a). Another example is that lncRNA ZNF561-AS1 can sponge miR-26a-3p and miR-128-5p to upregulate SRSF6 expression in colorectal cancer (Si et al., 2021).
7.3 Ubiquitination
Ubiquitination is an important regulatory mechanism of protein stability mediated by the ubiquitin-proteasome system (Hershko, 1983). Several splicing factors have been found to be ubiquitinated and then degraded by proteasome (Du et al., 2021). LncRNA can directly regulate SRSF6 protein stability or function. For example, lncRNA CRNDE binds to SRSF6 protein and causes its ubiquitination and degradation by proteasome in gastric cancer cell (Zhang et al., 2021). In T-ALL, SRSF6 expression was enhanced by the increased USP7, an ubiquitinase, which can deubiquitinate and stabilize SRSF6 protein (Zhou et al., 2020b).
7.4 Antagonistic Protein
The oncogenic function of SRSF6 may be neutralized by its antagonistic protein. For example, by using a genetic screen of randomly overexpressing genes, Fernando et al. discovered that the brat (brain tumor protein) gene of Drosophila, a tumor suppressor and post-transcriptional repressor of myc, can overcome the effects caused by SRSF6 overexpression (Fernando et al., 2015). The human homolog of brat is TRIM3 gene, which also suppresses tumorigenesis by ensuring asymmetric cell division of neural cells, attenuating stem-like characteristics of glioblastoma cells, and suppressing c-Myc expression (Chen et al., 2014).
7.5 Other Regulators
SRSF6 expression is also regulated by a list of key tumor-related genes. For example, DNA damage can induce SRSF6 expression in colorectal cancer cells lacking p53, not in cells with p53 expression, indicating that p53 may downregulate SRSF6 in cancer cells (Filippov et al., 2007). On the other hand, SRSF6 may also regulate alternative splicing of p53 pre-mRNA, which often mis-spliced due to mutations in SRSF6 binding motifs in Li–Fraumeni and Li–Fraumeni-Like syndrome patients, two hereditary cancer predisposition syndromes commonly with somatic mutation in p53 (Kouidou et al., 2009). Estrogen indirectly inhibits SRSF6 expression in breast cancer cells. Estrogen receptor-positive (ER+) breast tumors had decreased abundance of SRSF6 compared with ER− tumors (Lal et al., 2013). In colorectal cancer, lncRNA LINC01133 can block SRSF6 function in metastasis by interacting with SRSF6 protein. However, TGF-β can induce LINC01133 downregulation, and then allow SRSF6 to promote tumorigenesis in colorectal cancer (Kong et al., 2016). Pnn is a desmosome associated protein, and is overexpressed and associated with poor prognosis in cancers (Mini et al., 2019). Silence of Pnn significantly reduced SRSF6 expression (Chiu and Ouyang, 2006).
8 CURRENT METHODS FOR TARGETING SERINE/ARGININE-RICH SPLICING FACTOR 6 EXPRESSION AND FUNCTION
Apparently, SRSF6 functions as a potential oncogenic gene in numerous types of cancer. It may be an important target for cancer treatment. In fact, some strategies have been or can be developed to block SRSF6 expression or function for potential cancer therapy (Figure 4).
[image: Figure 4]FIGURE 4 | Methods of inhibiting SRSF6 expression and functions. Indacaterol suppresses SRSF6 by binding to RRM2 domain. Zn2+ can induce hyperphosphorylation of RS domain and abolish its RNA binding ability. SRSF6 mRNAs can be targeted and degraded by siRNAs. Decoy RNAs with SRSF6 binding motifs may block SRSF6 function. Antisense oligonucleotides targeting potential exonic splicing suppressor (ESS) or intron splicing suppressor (ISS) in or around exon 3 may promote exon 3 inclusion.
8.1 Inhibitors
Small molecules or metal ion are applied to inhibit SRSF6 function. Wan et al. found that stable knockdown of SRSF6 significantly decreased the xenograft tumor growth and lung metastasis in nude mice. Moreover, they predicted the 3D structure of SRSF6 protein RRM2 domain by simulation software and virtually screened possible chemicals that were able to bind the binding pockets of RRM2 domain (Wan et al., 2019). They discovered that indacaterol, a β2-agonist for the treatment of chronic obstructive pulmonary disease (COPD) (Yum et al., 2017), could significantly inhibit SRSF6 function, colorectal cancer cell proliferation, and tumor formation in a mouse colorectal model (Wan et al., 2019).These findings implied that RRM2 domains of other SR proteins may be promising targets of developing specific inhibitors because RRM2 domain is not conserved in SR proteins.
The hyperphosphorylation of SR proteins inhibited their splicing activity (Prasad et al., 1999). Hyperphosphorylation of SRSF6 also reduces its splicing activity and stability (Lai et al., 2003). Zinc ion markedly and specifically phosphorylated SRSF6 and induced its hyperphosphorylation and loss of RNA-binding ability (Hara et al., 2013), thereby suggesting that zinc ion may be applied to suppress SRSF6 function as an inhibitor.
8.2 Small Interfering RNAs
Small interfering RNAs (siRNAs) are synthetic double-stranded RNA and can interfere with its target gene expression. Anti-SRSF6 siRNAs can efficiently silence SRSF6 expression and may inhibit cancer cell proliferation and migration. However, the clinical application of siRNA is still facing many obstacles, such as off-target effects and in vivo delivery (Rautela et al., 2021). Therefore, the anti-tumor efficiency of anti-SRSF6 siRNA should be tested and improved in vivo.
8.3 Decoy RNAs
Decoy RNA oligonucleotide is another type of synthetic small RNA, which specifically binds to RNA binding proteins and blocks their function by steric hindrance (Denichenko et al., 2019). This strategy has been successfully used to target SR protein SRSF1 and three other splicing factors, namely, PTBP1 and RBFOX1/2. The splicing function of PTBP1 was interfered by decoys. Breast cancer cells treated with PTBP1 decoy showed significantly retarded cell proliferation and reduced soft agar colony formation (Denichenko et al., 2019). SRSF6 recognizes specific motifs in RNA, especially purine-rich motifs (Nagel et al., 1998). For example, SRSF6 binds a consensus motif sequence of UGGAG in ZO-1 exon 23 (Wan et al., 2019), a sequence of UGCAGGA in Tnc exon 12 (Jensen et al., 2014), and a sequence of AGTAGA in HIV-1 pre-mRNA (Erkelenz et al., 2015). Alvelos et al. identified thousands of SRSF6 binding motifs in human pancreatic β-cells by integrating individual-nucleotide resolution UV-cross-linking, immunoprecipitation (iCLIP) and RNA sequencing. Importantly, they found that SRSF6 preferred to bind a purine-rich consensus motif that contains GAA triplets, and more contiguous GAA triplets were associated with stronger binding (Alvelos et al., 2021). These studies paved the way to design efficient decoys to block SRSF6 binding and correct aberrant alternative splicing in cancers.
8.4 Antisense Oligonucleotides
Another promising approach is to take advantage of SRSF6 autoregulation mechanism by increasing the inclusion of its exon 3 with antisense oligonucleotides (ASOs) and then relatively decreasing the short isoform without exon 3, which encodes full-length oncogenic SRSF6 protein. This strategy has been successfully applied in decreasing overexpressed SRSF3 and inhibiting cell proliferation in oral cancer cells (Guo et al., 2018). Theoretically, this strategy depends on the identification of exonic splicing suppressors (ESSs) or intronic splicing suppressors (ISSs), which are responsible for the exclusion of SRSF6 exon 3. Then specific ASOs can be designed according to ESS or ISS sequence. These ASOs can bind to these motifs and block the interaction with regulatory factors and release the suppressive effects on exon 3 inclusion. The off-target effects of anti-splicing suppressor ASOs may be much less than siRNAs because splicing suppressors are hardly conserved in genome. However, similar to siRNAs, in vivo delivery is also the major obstacle for clinical application of ASOs (Gheibi-Hayat and Jamialahmadi, 2020).
9 CONCLUSION AND REMARKS
In summary, alternative splicing regulator SRSF6 is overexpressed in many types of cancer and associated with poor prognosis in some cancers. Moreover, SRSF6 plays important roles in most of key aspects of tumorigenesis by controlling the alternative splicing of the key tumor-associated genes and can transform cells when overexpressed. Therefore, SRSF6 is an oncogene and promising target for cancer therapy. Some anti-SRSF6 methods have been or can be developed.
However, some challenges need to be overcome further. First, only a few studies analyzed the relationship between SRSF6 expression and disease progress and prognosis of cancer. The diagnosis and prognosis value of SRSF6 in cancers remain largely unknown. Second, the functions of SRSF6 in cancer immunosuppression is unknown. The roles of SRSF6 in cancer immunosuppression should be explored because emerging evidences have revealed the important roles of alternative splicing in cancer immunotherapy (Frankiw et al., 2019). Third, besides alternative splicing, SRSF6 also plays roles in transcription and translation. Understanding whether SRSF6 regulates tumorigenesis via these processes will be interesting. Fourth, SRSF6 may potentially inhibit angiogenesis. The inhibition of SRSF6 expression or function may enhance angiogenesis. Many anti-angiogenic methods (Al-Ostoot et al., 2021), such as targeting the VEGF signaling pathway (Van Cutsem et al., 2020) are also available. It may be worthwhile to try to use the combination of an anti-angiogenic treatment to enhance the effects of anti-SRSF6 cancer therapy. Finally, most of SR protein family members are associated with tumorigenesis, and it remains largely unclear whether the functions of these proteins in tumorigenesis are redundant, complementary or even competitive.
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Purpose

Accumulating literature has suggested that hZIP1 and HIF-1α play vital roles in the tumor process of clear cell renal cell carcinoma (ccRCC). However, the functional roles of hZIP1 and HIF-1α in ccRCC remain largely unknown.



Methods

HIF-1α protein level was evaluated by a western blot in ccRCC tissues and cell lines. ccRCC cell lines were transfected with HIF-1α-siRNA to downregulate the expression level of HIF-1α. Then the proliferative, migratory and invasive abilities of ccRCC cells in vitro were detected by real-time cell analysis (RTCA) assay, wound healing assay and transwell assay, respectively. The role of HIF-1α in vivo was explored by tumor implantation in nude mice. Then the effect on glycolysis‐related proteins was performed by western blot after hZIP1 knockdown (overexpression) or HIF-1α knockdown. The effect on NF‐kB pathway was detected after hZIP1 overexpression.



Results

HIF-1α was markedly downregulated in ccRCC tissues compared with normal areas. But HIF-1α presented almost no expression in HK-2 and ACHN cells. Immunofluorescence indicated HIF-1α and PDK1 expression in both the cytoplasm and nucleus in ccRCC cells. Downregulation of HIF-1α suppressed ccRCC cell proliferation, migration, and invasion and resulted in smaller implanted tumors in nude mice. Furthermore, hZIP1 knockdown elevated HIF-1α protein levels and PDK1 protein levels in ccRCC cells. Interestingly, a sharp downregulated expression of HIF-1α was observed after hZIP1 overexpression in OSRC-2 and 786-O cells, which resulted from a downtrend of NF-kB1 moving into the cell nucleus.



Conclusion

Our work has vital implications that hZIP1 suppresses ccRCC progression by inhibiting NF-kB/HIF-1α pathway.
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Introduction

Clear cell renal cell carcinoma (ccRCC) is one of the most common malignant tumors in the urinary system, accounting for approximately 2–3% of malignant tumors in adults, and its incidence has been increasing steadily in our country. A certain number of people cannot avoid tumor recurrence or metastasis after surgical resection, where Fuhrman IV has poor prognosis, and the five-year survival rate is 20% (1, 2). Metastatic renal cancer is not sensitive to either radiotherapy or chemotherapy, and immunotherapy also has limited effects (3). Therefore, studying the mechanism and molecular targets has important implications for the early diagnosis and treatment of ccRCC.

The evolution of ccRCC is accompanied by changes in cell energy metabolism; that is, from aerobic phosphorylation to aerobic glycolysis (the Warburg effect) (4, 5). Hypoxia-inducible factor (HIF) is a vital transcription factor and regulator of cell responses to hypoxic conditions and can be divided into HIF-1 and HIF-2. Hypoxia-inducible factor 1 (HIF-1) is a highly conserved member of the basic helix-loop-helix (bHLH) transcription factor family, which is composed of α and β subunit dimers. After the α and β subunits dimerize, relevant downstream genes such as glycolysis-related enzyme genes start to work, so HIF-1α and HIF-2α are probably key molecules for glycolysis and cell energy metabolism (6, 7). Furthermore, HIF-1α can be activated by a number of cancer cell signaling pathways and plays a crucial role in the carcinogenesis process (8, 9). In the study on the pathogenesis of ccRCC, the most prominent genes were all related to the expression of HIF-1α. For example, VHL (Von Hippel–Lindau) is inactivated by mutation or transcriptional regulation in ccRCC, and HIF-1α becomes unable to be ubiquitinated. Moreover, some downstream proteins such as VEGF are elevated to promote tumorigenesis progression (10).

At the same time, the relationship between microelements and tumor progression has started to become viable (11–13). Among them, a regulatory protein of Zn2+, hZIP1 (SLC39A1, NCBI Reference Sequence: NM_001271960.2), has demonstrated significant roles in both cellular metabolism and tumorigenesis (12–14). A number of studies have proven significant correlations of hZIP1 low expression with ovarian, colon, gastric, and prostate tumors (15, 16). Above all, the decreased expression of hZIP1 in prostate tumor tissues can cause metabolic alterations in epithelial cells of the prostate by facilitating citric acid transport out of the mitochondria (15). It is speculated that hZIP1 participates in the metabolic progression of Zn2+ and plays a vital role in the development of tumors. Moreover, the enhancement of HIF-1α-related glucose metabolism in tumor progression may be influenced by the expression reduction or fault of hZIP1. Our previous work showed that hZIP1 demonstrated lower expression in ccRCC tissues than in normal tissues, and after knockdown of hZIP1, the proliferation and invasion of renal cancer cells increased (17). This outcome illustrated that hZIP1 acted as a tumor suppressor in ccRCC. In this study, we aimed to clarify the relationship between hZIP1, HIF-1α, and cancer cell energy metabolism. To this end, we detected the expression and localization of HIF-1α protein in renal normal/ccRCC tissues and renal cancer cells. Then, we explored the biological function and probable mechanism of HIF-1α and hZIP1 by controlling their expression.



Materials and Methods


Bioinformatics Analyses

To better comprehend the possible relationships between patient survival status or HIF-1α mRNA expression in ccRCC tissues compared to normal renal tissues, TCGA platform analysis is available at the following links: http://gepia.cancer-pku.cn/detail.php and http://ualcan.path.uab.edu/index.html. The immunohistochemistry (IHC) images of HIF-1α expression in normal renal tissues and ccRCC tissues are presented in The Human Protein Atlas database, see the following link: https://www.proteinatlas.org/.



Cell Culture

ccRCC cells were routinely cultured in RPMI-1640 medium (786-O and OSRC-2 cells), MEM medium (ACHN cells), and McCoy’s 5A medium (Caki-1 cells) supplemented with 10% fetal bovine serum (FBS) (TBD, Tianjin, China). HK-2 cells (immortalized renal tubular epithelial cells) was cultured in F12 medium supplemented with 10% FBS. All mediums were obtained from HyClone Inc. All cells were purchased from the Chinese Academy of Sciences Cell Bank. All cells were incubated in a humidified atmosphere at 37°C under normoxia (20% O2 and 5% CO2).



siRNA and Plasmid (Lentivirus) Transfection

Small interfering RNA (siRNA) was purchased from GenePharma (Shanghai, China). Caki-1 and OSRC-2 cells were transfected with siRNA (HIF-1α-siRNA, hZIP1-siRNA, and NC-siRNA). OSRC-2 cells were transfected with plasmids (HIF-1α-shRNA and NC-shRNA) for the animal experiment. The transfection experiment were performed in 6-well plates using Lipofectamine 3000 (Invitrogen, Carlsbad, CA) in accordance with the manufacturer’s instructions. Lentiviral transfection was also strictly following the specifications. After 48 h, the siRNA-transfected renal cancer cells were harvested for subsequent studies; plasmid (lentivirus)-transfected renal cancer cells were continually cultivated with puromycin (2 μg/ml) to select positive clones. The siRNA sequences were: HIF-1α-siRNA-1: 5’-GCCGCUCAAUUUAUGAAUATT-3’,5’-UAUUCAUAAAUUGAGCGGCTT-3’. HIF-1α-siRNA-2: 5’-CCACCACUGAUGAAUUAAATT-3’, 5’-UUUAAUUCAUCAGUGGUGGTT-3’. hZIP1-siRNA-1: 5’-GCAUGACACCUCUAGGCAUTT-3’, 5’-AUGCCUAGAGGUGUCAUGCTT-3’, hZIP1-siRNA-2: 5’-GCUGUUGCAGAGCCACCUUTT-3’, 5’-AAGGUGGCUCUGCAACAGCTT-3’. HIF-1α-shRNA target sequence: cgGCGAAGTAAAGAATCTGAA. Lentiviral vector transcript: NM_014437. The OSRC-2 cells overexpressed hZIP1 were indicated as OSRC-2-OEhZIP1, and the control cells were OSRC-2-OENC. The 786-O cells overexpressed hZIP1 were indicated as 786-O-OEhZIP1, and the control cells were 786-O-OENC.



Nude Mice Model of Tumor Implantation

Animal experiments were approved by the Ethics Committee of China Medical University. There is no obvious difference of hZIP1 and HIF-1α expression between different genders. For the convenience of feeding, we used female mice for the animal experiment. OSRC-2 cells transfected with HIF-1α-shRNA and NC-shRNA plasmid for nude mouse experiments were injected at 1 × 106 cells/mouse into the axilla of 4-week-old female SPF nude mice (from Vitalriver, China) (n = 5 mice/group). After approximately 4 weeks, all mice were killed, and tumors were resected and weighed. The animal experiments were approved by the Institutional Research Ethical Committee of China Medical University.



Patients and Specimens

The ccRCC tissues were randomly selected from 32 patients (20 males and 12 females). Radical resection was performed on all patients in the First Affiliated Hospital of China Medical University between 2018 and 2020. All cases were diagnosed with ccRCC by pathological methods. This study was approved by the Ethics Committee of China Medical University and all patients had provided the informed consent. The clinicopathological information of ccRCC patients is presented in Figure S1.



Western Blotting Analysis

The total protein was isolated using RIPA (radioimmuno-precipitation assay) buffer and the protease inhibitor phenylmethanesulfonyl fluoride (PMSF). Nuclear proteins were extracted according to the Nuclear Protein Extraction Kit (Beyotime Biotechnology). Lamin B1 (a loading control, 1:1,000) was purchased from Cell Signaling Technology. Fifty micrograms of standardized proteins were separated using SDS-PAGE (10%) and transferred onto PVDF (polyvinylidene fluoride) membranes (Bio-Rad, USA). After the transferred membranes were blocked in milk at 37°C for an hour on a shaking table, they were incubated overnight with primary antibodies [HIF-1α (1:1,000), NF-κB1 (1:1,000), NF-κB-p65 (1:1,000) (Santa Cruz Biotechnology), hZIP1 (1:500), β-actin (1:5,000), GLUT1 (1:1,000), LDHA (1:1,000), PDK1 (1:2,000) (Cell Signaling Technology)] at 4°C. The following day, membranes were washed using TBS-T (Tris-buffered saline mixed with Tween 20) and then incubated with TBST-conjugated secondary antibodies (1:5,000) for 1 h at 37°C on a shaking table. The EC3 Imaging System (UVP Inc., Cambridge, UK) was used to determine the expression of target proteins.



Immunofluorescence Staining

Renal cancer cells 786-O, Caki-1, and OSRC-2 (5,000 cells per well) were incubated overnight with antibodies against HIF-1α (1:50) (Santa Cruz Biotechnology) and PDK1 (1:50) (Cell Signaling Technology) in a 24-well plate (Corning, NY, USA). Then, Alexa Fluor 488-conjugated secondary antibody was added to these cells for 1 h (in the dark at 37°C) followed by DAPI stained on the nucleus. Finally, an inverted fluorescence microscopy (Olympus, Tokyo, Japan) was used for images.



Real Time Cell Analysis (RTCA) Assay

RTCA (ACEA Biosciences, USA) was used to monitor cell viability according to the manufacturer’s instructions. An xCELLigence System (Roche Applied Sciences) was used for recording the cell growth curves automatically. The cell index was used to observe cell status (such as cell numbers and cell attachment). When cells adhered to the surface of the plate and then influenced, the software recorded electrical values and transformed them into a cell index. First, the background value was measured after the culture medium (50 μl) was added to the plate. Then, Caki-1 or OSRC-2 cells (100 μl, 3,000 cells per well) (transfected with NC-siRNA, HIF-1α-siRNA-1 or HIF-1α-siRNA-2, respectively) were seeded into plates. The data were documented with ACEA Biosciences RTCA software 2.0 and analyzed by GraphPad Prism 7.0.



Wound Healing Assay

ccRCC cells (HIF-1α-siRNA was performed for 24 h, 1 ∗ 104 cells per well) were inoculated into a 24-well plate with medium containing 10% FBS. Then, a 1 ml plastic tip was used to make a scratch when the cells had conjugated to 90%. The plate was washed two times with PBS to remove cellular fragments and then replaced with a serum-free medium for 24 h. Wound closure was captured by an inverted microscopy and ImageJ was used for calculating the wound areas. All results were repeated for three times.



Transwell Invasion Assay

In the invasion assay, the upper chambers (8.0 μm Invasion Chambers, Coring) were pretreated with Matrigel (BD Biosciences, Franklin Lakes, USA) (Matrigel: serum-free medium was 1:5, 25 μl per chamber). ccRCC cells (1 × 105) were mixed with 200 μl medium (2% FBS) and then seeded in the upper chamber. The lower chamber was filled with 600 μl of the same medium (10% FBS) as the upper chamber. After incubation for 48 h, PBS was used to wash the upper chamber twice, and then a cotton swab was used to remove the non-invaded cells in the upper chamber. The invaded cells were stained with crystal violet for 15 min, and then a microscope (Olympus, Tokyo, Japan) was used to determine the number of invaded cells (randomly counted five fields of cells). All results were repeated for three times.



Statistical Analysis

Data are represented as the mean ± standard deviation (SD). Paired Student’s t-test was used for examining the expression of HIF-1α and PDK1 (in ccRCC tissues and normal renal tissues). Nonparametric Student’s t-test was used for two-group comparison (invasion, migratory, and animal model). Analysis of variance of repeated measures was used to evaluate the growth curves of the RTCA results. A P-value of <0.05 was considered significant.




Results


Western Blot Analysis of HIF-1α Expression in Human ccRCC Tissues

As shown in Figure 1A, TGCA database presented that HIF-1α expression was significantly down‐regulated in ccRCC tissues compared to that in non‐tumor tissues. Furthermore, as shown by the Kaplan–Meier curve, there was no significant correlation between HIF-1α mRNA expression and overall survival status (Figure 1B). According to the analysis in The Human Protein Atlas database, the expression of HIF-1α is almost weak to moderate (25–75%) in normal renal tissues. However, in ccRCC tissues HIF-1α shows a weak expression of <25% and a certain number of ccRCC tissues show a very weak expression of HIF-1α (at the link of https://www.proteinatlas.org/). Then western blot assay was used to evaluate the expression of HIF-1α in 32 cases of human ccRCC (the clinical tissue specimens were all collected from The First Affiliated Hospital of China Medical University). All results of western blot are showed in Figure 1C. HIF-1α protein was overwhelmingly expressed in the normal renal tissues while it was expressed at lower levels in the ccRCC areas (among the 32 cases, 21 cases showed higher expression in normal renal tissues, P <0.05, Figure 1D).




Figure 1 | Expression of HIF-1α by TCGA and western blot in ccRCC tissues and normal renal tissues. (A) HIF-1α expression was significantly down‐regulated in ccRCC tissue compared to that in non‐tumor tissues, P <0.001. (B) HIF-1α expression had no correlation with overall survival in ccRCC. (C) The average HIF-1α expression for all studied ccRCC tissues and corresponding normal rnal tissues (32 cases) by western blot. (D) Scatter plot (vertical) graphs describe conspicuous HIF-1α downregulation in ccRCC tissues in comparison with normal tissues (P <0.05). β-actin was used as the control for normalization. “N” represented normal renal tissues; “T” represented ccRCC tissues.





HIF-1α and PDK1 Expression and Location in Renal Cell Lines

To investigate HIF-1α and PDK1 expression in renal cancer cells, a western blot assay was employed (Figure 2A). Western blot assays revealed the expression of PDK1 at different levels in various renal cancer cell lines; among the cells, PDK1 protein expression was found at a significantly higher level in ACHN and OSRC-2 cells (Figure 2B, P <0.05). Meanwhile, with antibodies specific to HIF-1α, the HIF-1α protein demonstrated almost no expression in HK2 and ACHN cells, and OSRC-2 cells showed the highest expression level (Figure 2C, P <0.05). Immunofluorescence was used to examine HIF-1α and PDK1 expression and localization. Immunofluorescence results showed that HIF-1α was mainly expressed in both the cytoplasm and nucleus in 786-O, Caki-1, and OSRC-2 cell lines, and PDK1 also showed similar results (Figure 2D).




Figure 2 | Expression and location of HIF-1α and PDK1 in renal cell lines. (A–C) HIF-1α and PDK1 expression at the protein level in various cell lines (HK-2, 786-O, OSRC-2, Caki-1, and ACHN) was confirmed by western blot. β-actin was regarded as the reference. No expression of HIF-1α was observed in HK-2 and ACHN cells. PDK1 expression was sharply higher in ACHN and OSRC-2 cells than in HK-2, 786-O, or Caki-1 cells. (D) Using immunofluorescence analysis, the expression of HIF-1α and PDK1 was located in both the cytoplasm and cell nucleus (green color). The locations were almost the same in 786-O, Caki-1, and OSRC-2 cells.





Decreasing Proliferation, Migration and Invasion Ability After Transfection With HIF-1α siRNA

To assess the effects of HIF-1α silencing on the proliferation, migration, and invasion of Caki-1 and OSRC-2 cells, an RTCA assay, wound healing assay, and Transwell assay were used to determine the changes in the biological characteristics of Caki-1 and OSRC-2 cells. Knockdown of HIF-1α expression was confirmed by western blot (Figure 6B). HIF-1α-siRNA induced a significant decrease in the proliferation of both Caki-1 and OSRC-2 cells at more than 68 h compared to the negative control (NC-siRNA) on the basis of RTCA results (Figures 3A, B, P <0.05). The outcomes of the wound healing assay suggested that the cells migrated slowly to close in the Caki-1 or OSRC-2 (HIF-1α-siRNA) group compared with the Caki-1 or OSRC-2 (NC-siRNA) group (Figure 3C, P <0.05). Moreover, a Transwell (chambers with Matrigel) invasion assay was performed to examine the effects of HIF-1α silencing on the invasive abilities of Caki-1 and OSRC-2 cells. The results indicated that the ability of Caki-1 and OSRC-2 cells to pass through the Transwell chambers was significantly decreased in the Caki-1 or OSRC-2 (HIF-1α-siRNA) group compared with the Caki-1 or OSRC-2 (NC-siRNA) group (Figure 3D, P <0.05). In general, the above results suggested that HIF-1α silencing might suppress the proliferative, migratory and invasive abilities of renal cancer cells; that is, HIF-1α might participate in the progression of renal cancer.




Figure 3 | Knockdown of HIF-1α attenuated the effect on cellular proliferations, migrations and invasion (both Caki-1 and OSRC-2 cells). Downregulation of HIF-1α inhibited cell proliferation as shown by the RTCA results (P <0.05). (A) Red line: Caki-1-siNC, green line: Caki-1-siHIF-1α-1, blue line: Caki-1-siHIF-1α-2; (B) Green line: OSRC-2-siNC, red line: OSRC-2-siHIF-1α-1, blue line: OSRC-2-siHIF-1α-2. (C) Comparison of scratch width to verify the migratory capability of HIF-1α-siRNA-transfected cells and NC-siRNA-transfected cells. Knockdown of HIF-1α sharply inhibited the migration of both Caki-1 and OSRC-2 cells (P <0.05). (D) Comparison of penetrability in Transwell chambers to verify the invasive capability of HIF-1α-siRNA-transfected cells and NC-siRNA-transfected cells. Knockdown of HIF-1α sharply suppressed the invasion of both Caki-1 and OSRC-2 cells (P <0.05).





Growth of Tumors Derived From OSRC-2-sh-HIF-1α Cells Compared With OSRC-2-shNC Cells

To confirm further that HIF-1α might serve as a tumor promoter in renal cancer, we examined its function in a xenograft tumor model (nude mice). First, HIF-1α-shRNA knockdown efficiency was detected by western blot (Figure 4). Then, we found that stable transfection of HIF-1α-shRNA into OSRC-2 cells led to markedly decreased growth and tumor weight of xenograft tumors compared with the NC-shRNA group. Tumor weights were as follows: HIF-1α-shRNA group: 0.167 ± 0.047 g, NC-shRNA group: 0.260 ± 0.042 g, P = 0.0159 (Figure 4). In addition, our group has been committed to the research of hZIP1. According to our previous study, hZIP1 overexpression decreased the formation of tumors (ccRCC cells) in nude mice by targeting GAS5/miR-223 (18). In one study, the researcher declared that HIF-1α could be inhibited by zinc to improve the therapeutic effect of tumor (19). So we conducted the ccRCC cells with hZIP1 overexpression for the follow-up study.




Figure 4 | Nude mouse experiment. The expression of HIF-1α was significantly downregulated in OSRC-2 cells transfected with HIF-1α-shRNA compared to NC-shRNA-transfected cells (P <0.01). The representative graphs show that tumors formed. Knockdown of HIF-1α suppressed tumor volumes (P = 0.0159).





Identification of Stable Clones of hZIP1 and Expression of HIF-1α After hZIP1’s Overexpression

As shown in Figure 5A, the positive cells transfected successfully of hZIP1 expression plasmid (lentivirus) in OSRC-2 and 786-O cells was evaluated by fluorescence microscopy 14 days after transfection and then selection with 2 μg/ml puromycin. The expression of hZIP1 in OSRC-2-OEhZIP1 cells and OSRC-2-OENC cells was confirmed by western blot assays, along with 786-O cells. As shown in Figure 5B, and western blot analysis using β-actin as a loading control revealed that hZIP1 protein levels substantially increased in OSRC-2-OEhZIP1 cells (786-O-OEhZIP1 cells) compared with OSRC-2-OENC cells (786-O-OENC cells). However, it surprised us that HIF-1α presented no expression after hZIP1 overexpression in OSRC-2 cells. Meanwhile in the 786-O-OEhZIP1 cells, HIF-1α showed a sharp decrease (Figure 5B). In the supplementary experiment, RT-PCR analysis demonstrated that HIF-1α mRNA levels had not changed after hZIP1 overexpression in OSRC-2 and 786-O cells (Figure S2).




Figure 5 | Overexpression of hZIP1 inhibited the expression of HIF-1α. (A) Fourteen days after the lentiviral transfection, the OSRC-2/786-O cells were successfully overexpressed with hZIP1 under a fluorescent inverted microscope. (B) We stably transfected the OSRC-2 cells/786-O cells with hZIP1 lentivirus, and changes in HIF-1α protein levels were obtained by western blot analysis and compared with those in cells stably transfected with negative control lentivirus (P <0.05).





Change of hZIP1 and HIF-1α Affected Glycolysis and Tumorous Features in Renal Cancer Cells

The hZIP1 protein acted as a tumor suppressor in ccRCC according to our previous work (17). We believe that after the knockdown of hZIP1, the malignant progression of renal cancer could be expedited. To test our prediction, we used Lipo3000 to transfect siRNA to knockdown ZIP1 in OSRC-2-OEhZIP1 cells. We had tried to knockdown hZIP1 in control cells, but the results were far from the results in hZIP1 overexpression cells (Figure S3). So hZIP1 knockdown in hZIP1 overexpression cells could present larger differences of hZIP1. Therefore, the change of downstream genes was more significant. Western blot was performed to confirm the knockdown efficiency, and then the expression of HIF-1α increased after hZIP1 knockdown. The glycolysis-related proteins, PDK1, GLUT1, and LDHA, also showed an increasing trend (Figure 6A). hZIP1 overexpression decreased HIF-1α expression according to Figure 5B, and PDK1, GLUT1, and LDHA showed an decreasing trend (Figure 6B). Additionally, another siRNA was chosen to knockdown HIF-1α, and much to our surprise and delight, it was accompanied by the downregulation of HIF-1α and the expression of PDK1 was decreased. GLUT1 and LDHA expression exhibited a declining trend (Figure 6C). These results suggested that hZIP1 and HIF-1α had major impacts on the tumorous process by influencing glycolysis in renal cancer cells.




Figure 6 | Effect of hZIP1-siRNA and HIF-1α-siRNA on renal cancer cells. (A) First, the siRNA knockdown efficiency on the OSRC-2-OEhZIP1 cells was analyzed by western blot (P <0.01). Western blot results also indicated that HIF-1α, PDK1, GLUT1 and LDHA expression significantly declined after loss of hZIP1 (P <0.05). (B) Second, hZIP expressing plasmid was selected to increase hZIP1 expression. PDK1, GLUT1, and LDHA protein levels were decreased upon hZIP1 overexpression (P <0.05). (C) Third, HIF-1α-siRNA was selected to downregulate HIF-1α expression. PDK1, GLUT1, and LDHA protein levels were decreased upon HIF-1α downregulation (P <0.05).





hZIP1 Inhibited the Entry of NF-kB1 Into Cell Nucleus

To further evaluate the effects of decreased HIF-1α expression through hZIP1 overexpression, we examined NF-kB pathway-associated proteins. The results were basically satisfying that both NF-kB1 and NF-kB-p65 presented an upward trend (Figures 7A, C, D). Nucleoproteins were also extracted, and then we observed a decreased trend of NF-kB1 that moved into the cell nucleus in OSRC-2-OEhZIP1 cells and 786-O-OEhZIP1 cells (Figures 7B, E). These results indicated that hZIP1 inhibited ccRCC progression by suppressing NF-kB pathway.




Figure 7 | hZIP1affected NF-kB pathway. (A, C, D) Western blot results demonstrated that NF-kB1 and NF-kB-p65 expression significantly increased after expression of hZIP1 (“*” represented P <0.05). (B, E) Additionally, less NF-kB1 moved into the cell nucleus was detected in OSRC-2-OEhZIP1 cells and 786-O-OEhZIP1 cells (“*” represented P <0.05).






Discussion

The most common adult renal cancer is ccRCC (20). The fundamental pathogenic mechanism includes both external and internal risks, such as smoking, obesity, and oxidative stress (21, 22). There are reports that the hypoxia pathway plays a crucial role in the development of many cancers including renal clear cell cancer, which has been stated to be VHL gene mutate (10). The best-known hypoxia-inducible factor, 1α (HIF-1α), has been confirmed to play important roles in transcription initiation during the tumor progression (23). First, in our study, we examined the expression of HIF-1α in both ccRCC cells and tissues. We found that HIF-1α was downregulated in ccRCC tissues, it was consistent with the findings in TCGA platform and The Human Protein Atlas database, but there was no significant correlation between HIF-1α expression and overall survival status. Then we found that OSRC-2 and Caki-1 cells expressed high levels of HIF-1α while no expression was observed in ACHN and HK-2 cells. Immunofluorescence results showed that HIF-1α and PDK1 were located in both cytoplasm and nucleus. In regard to the western blot results, we demonstrated a lower expression of HIF-1α in ccRCC tissues than in the corresponding normal tissues. This result suggested that HIF-1α tended to play different roles in normal renal or cancerous renal, it also played a role in physiological processes of normal renal and further verification is needed.

Second, referring to our previous results, hZIP1 plays a vital role in the progression of renal cancer, knockdown of hZIP1 increases the proliferation and invasion of ACHN cells, and overexpression of hZIP1 diminishes the formation of tumors in nude mice by targeting GAS5/miR-223 (17, 18). Moreover, zinc induced HIF-1α proteasomal degradation and suppressed VEGF expression in prostate cancer and glioblastoma (24). After hZIP1 silencing by hZIP1-siRNA, HIF-1α augmented, and PDK1, GLUT1, and LDHA also showed an increasing tendency (cell experiments were performed using Caki-1 and OSRC-2). PDK1 plays a significant role in aerobic glycolysis and regulates the biological behavior of tumor cells (25–27). According to the analysis of TCGA database, HIF-1α was significantly down‐regulated in ccRCC tissues compared to that in normal renal tissues. As for PDK1, its expression was significantly up‐regulated in ccRCC tissues compared to that in normal renal tissues. But as shown by the Kaplan–Meier curve, patients with low PDK1 mRNA expression exhibited a lower overall survival compared to patients with high PDK1 mRNA expression (Figure S4). HIF-1α was not exactly negative related to PDK1, and needs further exploration. When we knocked down the expression of HIF-1α with HIF-1α-siRNA, the proliferative, migratory and invasive abilities were inhibited, and the same was true of the expression of GLUT1 and LDHA. The above results confirmed that HIF-1α was involved in the development of renal cancer and played a significant role in glycolysis in renal malignancy. Similarly, the nude mouse experiment substantiated that HIF-1α absence contributed to reduced tumor formation, which conformed to the results mentioned above. HIF-1α is reported to suppress apoptosis and to promote tumorous progression in renal cancer cells (28, 29); especially associated with metastatic tumors of ccRCC (30). Moreover, the role of HIF-1α in the pathological process is related to cellular energy metabolism (31). The above results were consistent with our outcomes. However, some studies held opposing views; they considered HIF-1α to act as a tumor suppressor to inhibit cancerous behavior in renal cancer (24, 32, 33). Our study suggested that HIF-1α presented a lower expression in ccRCC tissues compared with normal renal tissues, but HIF-1α presented almost no expression in immortalized renal tubular epithelial cell HK-2, and these seemed contradictory. We suspected HIF-1α might be involved in renal physiological behaviors and regulated oncogenesis. As for the reason why the function of HIF-1α in ccRCC was identified as an oncogene or a tumor suppressor, we speculated that HIF-1α might play different roles at the beginning or advanced stage of ccRCC. The role and mechanism of HIF-1α involved in ccRCC progression was complicated, that needed further exploration.

Third, our previous work confirmed that overexpression of hZIP1 inhibited proliferation, cell cycle progression, and invasion and induced apoptosis of renal cancer cells (18). At this stage of our experiment, after hZIP1 overexpression, HIF-1α decreased. But the HIF-1α mRNA level made no change after hZIP1 overexpression. That suggested this regulation is mainly at the post transcriptional level. Nardinocch et al. confirmed that zinc is used as an inhibitor of HIF-1α in human tumors to activate VEGF, MDR1 to enhance the effect of anticancer therapies (19). This was consistent with our results. Our mechanism studies showed that hZIP1 inhibited tumor processes by upregulating NF-kB1 and NF-kB-p65, which was highly likely for the reason of changes in Zn2+ levels.

Furthermore, Ahmmed et al. suggested that NF-kB is downregulated in lung cancer, with the HIF-1α upregulation caused by PTX3 being NF-kB-dependent (34). Moreover, the tumor microenvironment of pancreatic cancer has been confirmed to be highly hypoxic. Hypoxia not only results in the accumulation of HIF-1α, but also activates the NF-kB transcription factors, PKM2 promotes tumor angiogenesis by regulating HIF-1α through NF-kB activation (35), HIF-1α activates NF-kB, NF-kB controls HIF-1α transcription and that HIF-1α activation may be concurrent with inhibition of NF-kB (36). Additionally, our results showed that the NF-kB1 protein travelled to the cell nucleus declined after hZIP1 overexpression. One of the roles of NF-kB is to enter the cell nucleus and promote tumor progression (37). Maybe hZIP1 overexpression inhibited NF-kB signaling and then suppressed HIF-1α transcription in ccRCC.

Taken together, HIF-1α was involved in ccRCC progression and related to anaerobic glycolysis. The inhibition of renal cancer induced by hZIP1 might be connected with HIF-1α (Zn2+ might act as an intermediary) and even metabolic changes, which requires further investigation. We hypothesized that hZIP1 inhibited renal tumorous progression by influencing NF-kB pathway and HIF-1α-induced metabolic reprogramming. However, our present study had a few boundedness. The exploration of the mechanism was essential to sustain our findings, where the next step was confirming the exact mechanism. According to our results and references, we speculated the interaction of hZIP1 and HIF-1α might be related to metabolism and several classical pathways (such as PI3K‐Akt- mTOR, Wnt, and NF‐kB pathways).Then metabolomic analysis and transcriptome analysis will be conducted to enrich our findings. ccRCC patients at an early stage has better prognosis, but a significant portion of the patients were diagnosed with giant ccRCC or long-distance metastasis. Surgical debulking, targeted biological drugs or interventional therapy may be appropriate for them. Nevertheless, uncertainties and research questions remain (38). In recent years, immune checkpoint inhibitors therapy (PD-L1) and targeted therapy (kinase inhibitors) have been introduced into the treatment of metastatic renal cancer, and produced good effects (39, 40). However, drug resistance is always a problem. Our study on the mechanism of hZIP1 can suggest new biomarkers and targets on ccRCC therapies. Meanwhile, it can provide a theoretical basis for the study of renal cancer development.


Conclusion

Our results suggest that hZIP1 overexpression inhibits ccRCC process by suppressing NF‐kB/HIF-1α pathway.
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The bi-directional nucleocytoplasmic shuttling of macromolecules like molecular signals, transcription factors, regulatory proteins, and RNAs occurs exclusively through Nuclear Pore Complex (NPC) residing in the nuclear membrane. This magnanimous complex is essentially a congregation of ~32 conserved proteins termed Nucleoporins (Nups) present in multiple copies and mostly arranged as subcomplexes to constitute a functional NPC. Nups participate in ancillary functions such as chromatin organization, transcription regulation, DNA damage repair, genome stabilization, and cell cycle control, apart from their central role as nucleocytoplasmic conduits. Thus, Nups exert a role in the maintenance of cellular homeostasis. In mammals, precisely three nucleoporins traverse the nuclear membrane, are called transmembrane Nups (TM-Nups), and are involved in multiple cellular functions. Owing to their vital roles in cellular processes and homeostasis, dysregulation of nucleoporin function is implicated in various diseases. The deregulated functioning of TM-Nups can thus act as an opportune window for the development of diseases. Indeed, mounting evidence exhibits a strong association of TM-Nups in cancer and numerous other physiological disorders. These findings have provided much-needed insights into the novel mechanisms of disease progression. While nucleoporin’s functions have often been summarized in the disease context, a focus on TM-Nups has always lacked. This review emphasizes the elucidation of distinct canonical and non-canonical functions of mammalian TM-Nups and the underlying mechanisms of their disease association.
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Introduction

The membrane encircling the nucleus is studded with Nuclear Pore Complexes (NPCs), facilitating the regulated mixing of nucleocytoplasmic contents. NPCs are large (~120MDa) assemblages of 30-32 pore-forming proteins called nucleoporins (Nups), exhibiting eightfold radial symmetry across the central core and a two-fold quasi-symmetry across the nuclear envelope (NE) (1, 2). While NPCs form a gateway, the nucleoporins act as the gatekeepers for molecular traffic and regulate NPC channels (3). The overall structural framework of NPC is fundamentally conserved across eukaryotic species; however, their size and Nup composition vary (4). While the nucleocytoplasmic transport of smaller molecules is passive, the directionally-regulated, selective, yet swift translocation of larger (>40kDa) cargos requires interaction with Nuclear Transport Receptors (NTRs). The bulk of nucleocytoplasmic transport (NCT) through the aqueous NPC pore utilizes karyopherin family NTRs (2, 5).

Nucleoporins are assembled and intricately arranged within the NPC as distinct and stable subcomplexes. All eukaryotic NPCs carry a central scaffold skirted by cytoplasmic and nucleoplasmic peripheral filaments. In mammals, the core scaffold coat is the unstructured FG repeat (-FxFG- and -GLFG-) domain-containing Nups, Nup62, Nup54, and Nup58/Nup45, which enclose the central channel and facilitate NTR mediated transport. The Nup93-Nup155 subcomplex forms the inner ring, and the symmetrically located core coat Nup107-160 subcomplex forms the outer rings. Nup88, Nup214, Nup358, Gle1, and ALADIN nucleoporins form the cytoplasmic filament subcomplex, while Nup50, Nup153, and TPR constitute the nuclear basket (6) (Figure 1). The magnanimous assembly of NPC requires tethering in the double-layered NE and is fastened there via attachment of membrane-spanning nucleoporins. Intriguingly in mammals, only three transmembrane nucleoporins (TM-Nups), POM121 (Pore membrane protein of 121kDa), NDC1 (Nuclear-Division-Cycle 1), and Nup210 (also called gp210), carry the onus of securing the large NPC at the NE. Of these, POM121 displays long residence time and low exchange rates at the NPC and is stable protein, whereas Nup210 displays shorter NPC residence time, indicating its non-structural functioning (7).




Figure 1 | Schematic representation of NPC sub-complexes and constituent nucleoporins. A snapshot representation of nucleo-cytoplasmic face distribution of NPC sub-complexes across the nuclear membrane (left) and localization of individual Nups at the NPC (right). The distinct transmembrane Nups, POM121, NDC1, and Nup210 are highlighted and color-coded (right).



Post-mitosis, vesicles carrying these TM-Nups help initiate the nuclear membrane and nuclear pore reassembly (8). Canonically, these TM-Nups were considered as only structural elements of NPC; however, recent functional investigations on TM-Nups have uncovered their miscellaneous non-canonical functions like other Nups accomplished via dynamic properties exhibited by them. This review provides an account of hitherto under-appreciated functions and a perspective of evident disease association of TM-Nups.



NPC Is a Conglomerate of Nucleoporins With Multifarious Activities

Nucleoporins, the structural and functional entities of NPCs, play critical roles in NCT (5, 9). For instance, the direct interaction of Nup62 with nuclear transport factor 2 (NTF2) regulates nuclear pore permeability and selective cargo shuttling across the NE, thus explicating a canonical function for the NPC (10, 11). However, nucleoporins are now well recognized for their additional non-canonical functions. Accordingly, nucleoporins participate in gene expression regulation (12, 13), DNA repair (14, 15), chromatin organization (13, 16), heterochromatin localization (17, 18), chromosome segregation (19), modulation of cellular signaling pathways (20, 21), cell differentiation and development (22–24). Apart from being static NPC components, Nups form dynamic entities as well. For example, Nup62 shuttles between the plasma membrane and the perinuclear compartment in HeLa cells, connecting Nup62 with cell migration (25). Similarly, the intranuclear functioning of Nup98 regulates gene expression (26, 27). Several nucleoporins localize outside the NPC and exhibit a plethora of transport-independent functions, also facilitating cell specificity. Moreover, the nucleoporin composition of the NPC itself displays tissue-type or cell differentiation stage-specific variations (22). The idea of NPC heterogeneity and specialization correlating with different transport-specific and tissue-specific functions has been previously proposed (28). Likewise, chromatin tethering of Nup93, Nup62, and Nup155 is ascribed in transcriptional regulation to direct the genome expression profile of the cell, thereby enabling cell specificity (29). Nup155 exerts epigenetic control over cardiac cell growth through interaction with histone deacetylase 4 (HDAC4) to modulate specific gene expression (30). Interestingly, differential expression of Nup62 in the prefrontal cortex (31) and CA3 hippocampal region (32) of the brain correlates with chronic stress and depression. Such observations have highlighted an extensive range of functions adopted by the nucleoporins critical for proper cellular functioning.

Given the diverse and tissue-specific properties of nucleoporins, it is no surprise that a perturbation in their structure-function and protein levels induces a myriad of physiological disorders. Contextually, identifying aberrations in Nup coding genes underpins numerous diseases like autoimmune defects, neurological complications, and cancers. Primarily, chromosomal translocation events have led to the formation of chimeric fusion proteins. Accordingly, Nup214/CAN and tyrosine kinase ABL1 chimera formation induced gene expression dysregulations causing elevated expression of oncogenesis promoting genes (33). Similarly, mutations and altered expression of Nups frequently cause Nup-mediated disease pathophysiology and are extensively observed in several carcinomas (34–36). Nuclear pore components such as Nup62 and Nup153 also affect TGF-β and Wnt/β-Catenin cellular signaling pathways that are now being comprehended (37, 38). Interestingly, the TM-Nups have also been recognized to encompass diverse roles, including transcription regulation. A detailed mechanistic understanding of the individual Nup or NPC functioning can aid in the development of mitigation strategies for Nup-associated diseases (or nucleoporopathies).



Dynamic Cellular Functions of the Transmembrane Nucleoporins

The TM-Nups constitute only those Nups that tether the central framework of the pore complex to the NE. Attempts to assess the role of TM-Nups in NPC assembly and anchoring identified only two Nups, POM121, and Nup210 initially. Both were suggested to be crucial for nuclear membrane fusion and assembly of the pore complexes. POM121 plays a role in NPC congregation and docks the NPC to NE at the double membrane fusion pore. While NPC assemblage at the interphase requires POM121, it is dispensable for the inner (INM) and outer nuclear membranes (ONM) fusion during post-mitotic events (39–41). The distinct NE-binding region, determined using live imaging, allows POM121 to localize to the INM components like lamin B receptor (LBR) during the initial seeding steps of NPC assembly (39). Interactions of the nuclear localization signals (NLSs) of POM121 with importin-α and importin-β aid in its active nuclear targeting or import during interphase (39). A report simultaneously provided evidence for transient association of POM121 with another INM protein, Sun1 (cytoskeleton interacting protein), which localizes to forming NPCs at interphase (42).

Furthermore, during NPC assembly, the N-terminal region of POM121 associates with two scaffold subcomplexes by directly interacting with Nup155 and Nup160, members of the Nup93 and the Nup107-160 subcomplex, respectively (43). These observations provided insights on how POM121 anchors NPCs to NE and the integration of the Nup107-160 complex as one of the rapid early events of interphase NPC assembly. Although classified as immobile and fixed TM-Nup, the remarkable discovery of a soluble form of POM121 or sPOM121 reflected on its intranuclear regulatory role. sPOM121 isoform, encoded from an alternate transcription start site, lacks the N-terminal transmembrane domain and NPC localization. Thus, the intranuclear off-pore functions of sPOM121 are exerted by co-binding with Nup98, aiding the retention of Nup107-160 complex components in the nucleoplasm and altogether regulating transcription at the gene promoters (44).

Structurally, Nup210 is required during NPC disassembly and NE breakdown (45). Nevertheless, the proposed role for Nup210 in the process of NPC assembly was challenged when Nup210 exhibited cell-type-specific expression during mouse organogenesis. Nup210 gene and transcript expression was revealed to be very low or absent in many developing mouse tissues and dividing cell lines (46). While Nup210 is absent in undifferentiated cells, it is expressed during myogenesis or differentiation of embryonic stem cells and functions independent of its NPC association (47). Additionally, analysis of Nup210 deficient cells showed that POM121 and Nup107 could remain steadily associated with the NPC in its absence (48). Nonetheless, myogenic differentiation is dependent on Nup210 mediated recruitment of the Mef2C transcriptional complex at the nuclear periphery, which results in the induction of differentiation-specific gene profiles (49). These observations indicated the dispensable nature of Nup210 in NPC assembly and tethering along with its tissue-specific and dynamic functioning beyond NPC structural recruitment and maintenance. However, Nup210 has been ascertained to regulate gene expression and induce genes needed for cell differentiation (21). For mouse fibroblast differentiation into neural stem cells (NSCs), Nup210 functions to activate the SoxB1 family of transcription factors (50). Nup210 has also been found essential for T-cell homeostasis and modulates TCR signaling (51, 52).

The reasonable extent of NPCs assembled in human cells lacking membrane-spanning Nups POM121 and Nup210 (53) prompted the identification of additional factors required for NPC assembly. Already recognized as a cell cycle modulator in budding yeast (54), NDC1 was later characterized as a part of the NPC constituting one of the TM-Nups in the vertebrates (55). NDC1 interacts with Nups like Nup53 and plays critical roles in NPC assembly and anchoring into the NE (56, 57). NDC1 also anchors another nuclear pore protein ALADIN onto the NE (58), and this interaction is linked with disease pathophysiology as discussed henceforward.



Molecular Mechanisms Underlying Transmembrane Nup-Mediated Diseases

Growing evidence has underscored the association of mammalian TM-Nups in several physiological diseases, including cancer. However, the molecular mechanisms associated with transmembrane Nup-mediated disease development are yet to be uncovered conclusively. Nevertheless, various studies have elucidated the genetic and molecular roles of individual TM-Nups that lead to numerous disease pathologies summarized in Table 1. Here, we discuss each one of them in the context of physiological anomalies that their loss induces.


Table 1 | List of transmembrane nucleoporins-associated diseases and suggested molecular mechanisms.




POM121

POM121 is encoded by two different gene loci (designated locus A and C) on chromosome 7q11.23 to form POM121A and POM121C in humans (85). POM121C has been linked to body mass index (BMI), particularly in monogenic obesity syndromes (86). Abdominal adipose tissue biopsies highlighted a role for POM121C in type-2 diabetes-related insulin resistance (IR) by stimulating adipogenesis and increasing adipocyte sensitivity to insulin (87). However, further comprehensive scrutiny is necessary to establish its role in controlling systemic sensitivity to insulin and other metabolic traits. Population-based fluorescence in situ hybridization (FISH) analysis demonstrated chromosomal translocation events involving the POM121 gene forming gene fusions leading to cancer. POM121 fusion with PAX5 (a transcription factor critical in B-cell development) generates aberrant chimeric proteins in childhood acute lymphoblastic leukemia (ALL) (60). Detailed analysis of PAX5 and POM121 gene translocation revealed that genetic rearrangements between chromosomes 7, 9, and 12 produce the in-frame chimeric protein (N-terminal PAX5 DNA binding paired domain merges with POM121) with higher probable occurrence in pediatric ALL than adult ALL (61). Additionally, the PAX5-POM121 fusion protein localizes to the nucleus, where it may also stimulate PAX5 target genes such as CD79A, likely indicating transcription activation (61). This observation highlighted an alternate role of the structural nucleoporin POM121 in transcription regulation. Apart from acting as a gene fusion product, POM121 also contributes to cancer progression by mediating the transport of oncogenic molecules into the nucleus. While POM121 is highly upregulated in advanced lethal prostate cancer (PC), it is found to promote PC aggressiveness by augmenting the selective importin-dependent nuclear shuttling of oncogenic MYC, E2F1, Androgen receptor (AR), and GATA2 (PC-specific) transcription factors (TFs) (59). In agreement, inhibition of the POM121-importin-β axis is shown to result in reduced tumorigenicity and proliferation in pre-clinical models, representing this as a potential pharmacological target in lethal PC (59). POM121 has also been linked as a potential prognostic biomarker in oral squamous cell carcinoma (OSCC) (64), colorectal cancer (CRC) (65), laryngeal cancer (LRC) (66), and non-small-cell lung cancer (NSCLC) (63), where elevated levels of POM121 are linked to advanced tumor-node-metastasis (TNM) stages. A recent study on POM121 in NSCLC has provided insights into the involvement of TGF-β/SMAD and PI3K/AKT signaling pathways in cancer cell proliferation and metastasis (63). However, this is just the beginning of our understanding of cellular pathways modulated by TM-Nups.

Interestingly, nuclear transportation is utilized by POM121 to exert an immune-modulatory effect on macrophage inflammation by repressing the NFκB pathway and inhibiting phosphorylated p65 protein nuclear translocation (67). The mechanistic underpinnings of C9orf72 in cellular toxicity and ultimately neuronal degeneration dependent Amyotrophic Lateral Sclerosis and Frontotemporal Dementia (ALS/FTD) emphasized the pathologic effects of POM121 depletion downstream of G4C2 repeat RNA expression. Super-resolution microscopy of spinal neurons revealed that the deregulation of POM121 resulted in the consequent decline of other Nups in the nucleus, thereby causing NCT defects and cellular toxicity in ALS/FTD (62). The molecular basis in C9orf72-mediated ALS may also potentially reflect similar pathology of NCT disruption and abnormal build-up of NPC-associated proteins as detected in multiple neurodegenerative diseases.



NDC1

NDC1 (also known as Transmembrane Protein 48 or TMEM48) anchors another nuclear pore protein ALADIN onto the NE, while a mutation in the latter disrupts this interaction (58). ALADIN mutations are also shown to result in triple-A syndrome, thus providing indirect evidence that NDC1 may be linked to the development of this disorder. The study of mutations in NDC1 in mice has been shown to cause defective gametogenesis, infertility, and skeletal deformities. NDC1 forms complex with Septin12 (SEPT12 gene product is necessary for imparting sperm morphological characteristics) and affects its localization during murine spermiogenesis, highlighting the involvement of NDC1 in sperm head and tail development (73, 74). NDC1 is upregulated and mislocalized into the nucleus in ventricular cardiac tissues of ischemic cardiomyopathy and dilated cardiomyopathy (ICM and DCM, respectively) (68). Such alterations may reflect defective nucleocytoplasmic trafficking and nuclear organization in ventricular cells of the heart, but the exact molecular mechanism for progression towards heart failure (HF) is yet to be defined.

Altered expression of NDC1 is also seen in the development of numerous malignancies. Accordingly, it was found overexpressed in NSCLC cell lines, H1299, and A549 (69). Downregulation of NDC1 inhibits DNA replication and cell cycle-associated genes like PCNA and CYCLINB1 and reduces cell proliferation and migration. Moreover, studies in nude mice revealed that NDC1 inhibition decreases cell migration and tumorigenicity and induces apoptosis (69). Thus, suppression of NDC1 might render a potential therapeutic effect against NSCLCs. Indeed, another study evaluating the effect of miRNA-induced silencing of NDC1 in lung cancer demonstrated similar outcomes. Significant suppression of NDC1 in A549 cells by miR-421 leads to the augmented expression of tumor suppressors and pro-apoptotic molecules like PTEN, Caspase3, and TP53, thereby inducing apoptosis (71). These results indicate that NDC1 modulates the apoptotic pathway, albeit the precise apoptotic regulation needs further speculation. In a gene enrichment and meta-analytic study, NDC1 was reported as one of the critical genes in addition to NUP107 and NUP155 genes regulating esophageal squamous cell carcinoma (ESCC) (70). These nucleoporin genes were attributed to the RNA transport pathway; nonetheless, their mechanistic role in ESCC progression requires substantiation. A study examining the signal transduction pathway influenced by NDC1 in cervical cancer (CC) reported that NDC1-mediated cell proliferation and metastasis is modulated partly by activating the Wnt/β-catenin pathway (72). The downregulation of NDC1 in CC cell lines (HeLa and SiHa) curtailed the levels of β-catenin (effector of Wnt pathway) and its targets T cell factor 1 (TCF1) and axis formation inhibitor 2 (AXIN2) and reduced cell growth in grafts (in vivo). In contrast, activator-mediated induction of the Wnt pathway could significantly reverse the effect of NDC1 knockdown on cell proliferation and migration in CC. This observation emphasizes the downstream contribution of the Wnt pathway in cancer progression as a result of NDC1 alterations.



Nup210

Gene-specific expression studies identified Nup210 or gp210 as one of the prime targets for autoantibodies in primary biliary cholangitis (PBC), an autoimmune disease of the liver (75). Consequently, it was also overexpressed in the biliary epithelial cells of the liver small bile duct in PBC patients, wherein it depicts enhanced immunoreactivity (76). Analysis of Nup210 in tumorigenesis shows its upregulation in several carcinomas as the basis of cell proliferation, including cervical cancer (CC) (80, 81), lung carcinoma (LC) (79), and prostate cancer (PC) (77). Nup210 has also been determined as an epigenetic biomarker in lung adenocarcinoma as the gene promoter region undergoes H3K27ac and H3K4me3 histone modifications (79). Studies inspecting the nature of Nup210 function in cancer progression have described diverse molecular mechanisms moderated by this transmembrane protein. Upregulated Nup210 in HeLa cells is attributed to the downregulation of miR-22, as miR-22 normally binds with Nup210 transcript and inhibits its expression.

Moreover, miR-22-Nup210 deregulation results in apoptotic inhibition via regulation of Fas expression, thereby affecting Fas signaling. Thus, the miR-22-Nup210-Fas axis is suggested in CC progression (81). Nup210 has also been shown to interact with and act as a scaffold for chromatin remodeler SMARCB1 (fundamental subunit of the SWI/SNF chromatin remodeling complex) in liver cancer (78). Nup210-SMARCB1 interaction mediates the oncogenic effects demonstrated by the upregulation of this remodeling protein. In PC cells, the NUP210 gene is specifically targeted downstream of androgen receptor (AR) splice variant-7 (AR-V7) activity which drives the progression of primary PC to castration-resistant prostate cancer (CRPC) (77). Mislocalization of Nup210 has also been commonly observed in cerebral ischemic tissues and neurodegenerative Amyotrophic lateral sclerosis (ALS), wherein Nup210 co-localizes and forms precipitate with Nup205 (82, 83). The role of Nup210 has also been examined in endometriosis. Here, a genetic modification in the 3’-UTR of NUP210 gene, i.e., Rs354476 polymorphism (miRSNP or SNP at microRNA binding site), affects its binding with hsa-miR-125b-5p, a microRNA critical in the development of endometriosis (87).

The intermolecular interactions mediated by various TM-Nups affecting several cellular processes are summarised in Figure 2. It is easily conceivable from the summary that TM-Nups play a critical role in cellular homeostasis but are undermined by the overwhelming presence of their non-TM cousin Nups. Given the value these TM-Nups hold by sheer location in the cells, they can be a prominent player in cellular events directly affected by perturbations in strict nucleocytoplasmic partitioning. The interplay of TM and non-TM Nups becomes very important in this context and needs urgent attention in physiologically relevant health conditions.




Figure 2 | Known transmembrane Nup alterations underlying human diseases. An interaction web of the three TM-Nups, POM121, NDC1 and Nup210 that regulate various cellular processes.






Conclusion

Thus far, studies evaluating the three known mammalian TM-Nups, POM121, NDC1, and Nup210, have illuminated their functional plasticity and distinctiveness by regulating functions like nuclear envelope assembly, nuclear pore insertion in NE, nucleocytoplasmic transport, and gene expressions. Nevertheless, specific molecular interactions and mechanisms in such diseases and identification of other diseases associated with TM-Nups are worth exploring. Although an association is made between TM-Nups and disease, the molecular details await identification and recognition. The lack of structural information also impedes the desired progress. Therefore, further structural, biochemical, and functional analyses are necessary to realize the functional significance and diverse roles of TM-Nups. Various cellular signaling pathways where TM-Nups participate are beginning to emerge, and their incipient mechanistic examinations in disease conditions continue to build a platform for in-depth analysis. Intriguingly, the tissue-specific expression of such TM-Nups also invokes undertaking an engaging analysis of their tissue-specific variations and any association with disease outcomes. We envisage that research groups will undertake a more focussed approach to uncover the relevance of TM-Nups in a myriad of cellular processes, tissue specificity, and disease association, including but not limited to organ-specific disease, and cancer.
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Given the importance of solute carrier (SLC) proteins in maintaining cellular metabolic homeostasis and that their dysregulation contributes to cancer progression, here we constructed a robust SLC family signature for lung adenocarcinoma (LUAD) patient stratification. Transcriptomic profiles and relevant clinical information of LUAD patients were downloaded from the TCGA and GEO databases. SLC family genes differentially expressed between LUAD tissues and adjacent normal tissues were identified using limma in R. Of these, prognosis-related SLC family genes were further screened out and used to construct a novel SLC family-based signature in the training cohort. The accuracy of the prognostic signature was assessed in the testing cohort, the entire cohort, and the external GSE72094 cohort. Correlations between the prognostic signature and the tumor immune microenvironment and immune cell infiltrates were further explored. We found that seventy percent of SLC family genes (279/397) were differentially expressed between LUAC tissues and adjacent normal. Twenty-six genes with p-values < 0.05 in univariate Cox regression analysis and Kaplan-Meier survival analysis were regarded as prognosis-related SLC family genes, six of which were used to construct a prognostic signature for patient classification into high- and low-risk groups. Kaplan-Meier survival analysis in all internal and external cohorts revealed a better overall survival for patients in the low-risk group than those in the high-risk group. Univariate and multivariate Cox regression analyses indicated that the derived risk score was an independent prognostic factor for LUAD patients. Moreover, a nomogram based on the six-gene signature and clinicopathological factors was developed for clinical application. High-risk patients had lower stromal, immune, and ESTIMATE scores and higher tumor purities than those in the low-risk group. The proportions of infiltrating naive CD4 T cells, activated memory CD4 T cells, M0 macrophages, resting dendritic cells, resting mast cells, activated mast cells, and eosinophils were significantly different between the high- and low-risk prognostic groups. In all, the six-gene SLC family signature is of satisfactory accuracy and generalizability for predicting overall survival in patients with LUAD. Furthermore, this prognostics signature is related to tumor immune status and distinct immune cell infiltrates in the tumor microenvironment.
Keywords: solute carrier, signature, prognosis, lung adenocarcinoma, immune microenvironment
INTRODUCTION
Lung cancer is the leading cause of cancer-related mortality worldwide (Hirsch et al., 2017). In China, lung cancer is the most common malignancy, incurring a huge economic and healthcare burden (Su and Wu, 2017; Cao and Chen, 2019). There are two main histological subtypes of lung cancer: non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC) (de Sousa and Carvalho, 2018), the former accounting for ∼85% of cases (Testa et al., 2018). NSCLC can be further classified into three subtypes: lung adenocarcinoma (LUAD), large cell carcinoma, and squamous cell carcinoma, of which LUAD is the most common, accounting for 40% of cases (Rotow and Bivona, 2017; Herbst et al., 2018). While there have been significant advances in the diagnosis and management of LUAD, clinical outcomes remain poor and 5-year overall survival (OS) is only about 15% (Wang et al., 2021).
LUAD shows high molecular heterogeneity and has a tendency to metastasize early (Devarakonda et al., 2015). It remains difficult to accurately predict outcomes for patients with LUAD using current approaches (Calvayrac et al., 2017). There is therefore an urgent need to develop more effective and robust prognostic biomarkers so that optimal and personalized therapeutic and management schemes can be developed and applied to distinct subsets of LUAD patients.
Solute carrier (SLC) proteins, the second largest family of membrane proteins in humans after G-protein-coupled receptors, have received relatively little attention over the last few years (César-Razquin et al., 2015; Pizzagalli et al., 2021). SLCs are integral cell membrane proteins localized at the cell surface and in organelle membranes (Panda et al., 2020). Functionally, SLCs transport a diverse array of substrates and participate in many essential physiological processes including nutrient uptake, ion transport, waste removal, and drug absorption and disposition (Nyquist et al., 2017; Schumann et al., 2020). SLCs are often dysregulated in human diseases, especially cancer, suggesting potential as therapeutic targets (Cormerais et al., 2018; Zhang et al., 2019; Panda et al., 2020). Indeed, many therapeutic approaches that target SLC family members such as SLC3A2 have been examined in cancer clinical trials (Lin et al., 2015). In LUAD, aberrant expression of SLC family genes has been reported to be associated with cellular proliferation and survival, and they may be useful diagnostic and prognostic biomarkers (Ikeda et al., 2015; Guo et al., 2020; Hu et al., 2020; Zhou et al., 2021). Nevertheless, the expression profiles and clinical value of SLC family members in LUAD remain largely unexplored.
Public databases including The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus are now widely used for the discovery of prognostic biomarkers and potential therapeutic targets in many cancers, including LUAD. Here we performed an integrated analysis of SLC family genes in LUAD by: 1) identifying prognosis-related SLC genes; 2) using them to construct a prognostic signature in LUAD; 3) evaluating the prognostic accuracy of the signature in patients with LUAD; and 4) examining associations between the signature and the tumor immune microenvironment and immune cell infiltration.
MATERIALS AND METHODS
Data Collection
Transcriptomic profiles and relevant clinical information of patients with LUAD were downloaded from the TCGA (https://portal.gdc.cancer.gov/) and GEO databases. A total of 1,036 samples were retrieved, including 535 LUAD tissues and 59 adjacent non-tumor areas from the TCGA database and 442 LUAD cases from the GSE72094 dataset. Samples without follow-up time or survival status were excluded.
Identification of Prognosis-Related SLC Family Genes
SLC family genes were identified according to a previous study (César-Razquin et al., 2015) and the Human Gene database (https://www.genecards.org/). SLC family genes that were differentially expressed between LUAD tissues and adjacent normal tissues were screened out according to the criteria of a p-value < 0.05 using the limma package in R. Then, differentially expressed SLC genes were subjected to univariate Cox regression and Kaplan-Meier (K-M) survival analyses. Genes with p-values < 0.05 in both analyses were regarded as prognosis-related SLC family genes.
Construction and Validation of the SLC Family Gene Based-Signature
To construct an SLC family gene signature, we first divided the TCGA LUAD cohort (entire cohort) into a training cohort and a testing cohort at a ratio of approximately 1:1. In the training cohort, the candidate genes were subjected to least absolute shrinkage and selection operator (lasso) regression analysis to avoid overfitting using the glmnet package in R. Then, stepwise multivariate Cox regression analysis was performed to determine signature genes and calculate corresponding regression coefficients. The risk score was calculated for LUAD patients according to a linear combination of the expression levels of signature genes and corresponding regression coefficients. The formula was as follows: risk score = [image: image], where Exp = expression of SLCs and Coe = the regression coefficient. The risk scores were then calculated for patients in the training, testing, entire, and external GSE72094 cohorts which, when stratified according to the median risk score in the training cohort, categorized patients in all internal and external cohorts as either high or low risk. K-M survival analysis was performed using the survival and survminer packages in R to compare OS between high- and low-risk groups. Time-dependent receiver operating characteristic curves (ROC) were implemented using the survivalROC package in R to evaluate the sensitivity and specificity of the SLC family signature in predicting OS in LUAD patients.
Development of a Prognostic Nomogram in LUAD
Clinicopathological factors including gender, age, stage, and risk score based on the SLC family gene signature were integrated into a prognostic nomogram. Calibration plots were utilized to assess the predictive power of the nomogram in the TCGA LUAD cohort and external GSE72094 cohort.
Estimating Tumor Immune Microenvironment and Immune Cell Infiltration
The stromal score, immune score, ESTIMATE score, and tumor purity in each sample were calculated using the estimate package in R to quantify the tumor immune microenvironment. K-M survival analysis was performed to compare the OS of patients with different stromal scores, immune scores, ESTIMATE scores, and tumor purities. The abundance of 22 immune cell subtypes was converted from the normalized gene expression matrix using the CIBERSORT algorithm. The immune cell abundance matrix was filtered with the criteria of a p-value < 0.05. The proportion of infiltrating immune cells in the high- and low-risk groups in the TCGA LUAD cohort and external GSE72094 cohort were compared.
Statistical Analysis
All statistical analyses were performed in R (version R.4.1.0). A two-sided p-value < 0.05 was regarded as statistically significant.
RESULTS
Identification of Prognosis-Related SLC Family Genes in LUAD
Three-hundred and ninety-seven well-defined SLC family genes were identified, and their expression was extracted from the TCGA LUAD dataset. As shown in Figure 1A, 70% of SLC family genes (279/397) were differentially expressed between lung adenocarcinoma and adjacent normal tissues. Univariate Cox regression analysis and K-M survival analysis were performed to identify prognosis-related genes in the 279 differentially expressed SLC family genes; 26 genes with p-values < 0.05 in both analyses were regarded as prognosis-related SLC family genes (Figure 1A), and their expression is shown in Figure 1B. Of the 26 genes, 11 were risk factors with hazard ratios (HRs) > 1 and the other 15 were protective factors with HRs <1 (Figure 1C). The correlations between the 26 SLC genes based on expression are shown in Figure 1D. By constructing a protein-protein interaction network using the STRING online tool (Figure 1E), hub gene analysis revealed that SLC15A2 and SLC2A1 were the top two ranked genes, since they harbored the highest number of adjacent nodes (Figure 1F).
[image: Figure 1]FIGURE 1 | Identification of prognosis-related SLC family genes in lung adenocarcinoma. (A) Venn plot showing the 26 prognosis-related SLCs differentially expressed between LUAD tissues and adjacent non-tumor tissues. (B) The expression profiles of the 26 prognosis-related SLCs. (C) Volcano plot showing the prognosis-related SLCs. (D) Correlation heatmap of the 26 prognosis-related SLCs. (E) Protein-protein interaction (PPI) network for the 26 prognosis-related SLCs. (F) Hub genes identified in the PPI network.
Construction of an SLC Family-Based Signature in the TCGA LUAD Training Cohort
The 26 prognosis-related SLC genes were subjected to lasso regression analysis in training cohort to avoid overfitting (Figure 2A). Then, stepwise multivariate Cox regression analysis was performed to establish a risk signature based on six SLC genes (SLC15A2, SLC16A13, SLC25A34, SLC26A11, SLC2A1, and SLC46A3) (Figure 2B). The risk score was calculated according to a linear combination of the expression levels of the six SLC genes and corresponding regression coefficients (Table 1), where the risk score = SLC15A2 × (−0.0904) + SLC16A13 × 0.1379 + SLC25A34 × (−0.6020) + SLC26A11 × (−0.1386) + SLC2A1 × 0.0063 + SLC46A3 × (−0.0891).
[image: Figure 2]FIGURE 2 | Construction of a six-gene SLC family signature in the training cohort. (A) The association between coefficients of genes and log (lamba). (B) The association between deviance and log (lamba). (C) The risk score distribution in the training cohort. (D) The vital status and follow-up time of patients in the high- and low-risk groups. (E) The expression profiles of the six SLC genes. (F) Kaplan-Meier survival analysis of the high- and low-risk groups. (G) Time-dependent ROC curve analysis of the six-gene signature for predicting overall survival in the training cohort.
TABLE 1 | Details of the six SLC genes in the prognostic model.
[image: Table 1]According to median value of the risk score, patients in the training cohort were separated into high- and low-risk groups (Figure 2C) and, as expected, patients with higher risk scores were more likely to have died and lived for a shorter period (Figure 2D). The expression profiles of the six SLC genes in high- and low-risk groups are shown in Figure 2E. K-M analysis demonstrated that patients in the low-risk group lived longer than those in the high-risk group (Figure 2F). The 1-, 3-, and 5-years OS AUC values were 0.732, 0.691, and 0.737, respectively (Figure 2G), suggesting that the SLC family-based signature accurately predict survival outcomes in LUAD patients.
Validation of the Six-Gene SLC Family Signature in Internal Cohorts
We first validated the SLC family-based signature in internal cohorts including a testing cohort and the entire cohort. Risk scores were calculated for patients in the test and entire cohort as above and stratified into high- and low-risk groups according to the median risk score in training cohort (Figures 3A,B). The vital status and follow-up time of patients in the test and entire cohorts are shown in Figures 3C,D, and the expression patterns of the six SLC genes in patients with different risk scores are shown in Figures 3E,F. K-M survival analysis confirmed worse OS in the high-risk group than the low-risk group in both cohorts (Figures 3G,H). The AUC values of the ROC curves were 0.676 at 1 year, 0.615 at 3 years, and 0.662 at 5 years in the test cohort (Figure 3I) and 0.700 at 1 year, 0.650 at 3 years, and 0.697 at 5 years in the entire cohort (Figure 3J).
[image: Figure 3]FIGURE 3 | Validation of the six-gene SLC family signature in internal cohorts. (A,B) The risk score distribution in the testing cohort and entire cohort. (C,D) The vital status and follow-up time of patients in the testing cohort and entire cohort. (E,F) The expression profiles of the six SLC genes in the testing cohort and entire cohort. (G,H) Kaplan-Meier survival analysis of high- and low-risk groups in the testing cohort and entire cohort. (I,J) Time-dependent ROC curve analysis of the six-gene signature for predicting overall survival in the testing cohort and entire cohort.
Validation of Six Gene SLC Family Signature in the External GSE72094 Cohort
We next verified the accuracy and generalizability of the derived signature in the external GSE72094 dataset by defining patients as high or low risk as above (Figure 4A). The vital status and follow-up time of patients in the external cohort are shown in Figure 4B, and the expression profiles of the six SLC genes are shown in Figure 4C. Again, K-M analysis revealed large and significant differences in OS between high- and low-risk groups (Figure 4D). The 1-, 3-, and 5-years OS AUC values were 0.695, 0.689, and 0.658, respectively (Figure 4E).
[image: Figure 4]FIGURE 4 | Validation of the six-gene SLC family signature in the external GSE72094 cohort. (A) The risk score distribution in the GSE72094 cohort. (B) The vital status and follow-up time of patients in the GSE72094 cohort. (C) The expression profiles of the six SLC genes in the GSE72094 cohort. (D) Kaplan-Meier survival analysis of high- and low-risk groups in the GSE72094 cohort. (E) Time-dependent ROC curve analysis of the six-gene signature for predicting overall survival in the GSE72094 cohort.
Stratified Analysis of the Six-Gene Signature Based on Clinicopathological Features
To further assess the prognostic power of the six-gene signature, patients in the TCGA and GSE72094 cohorts were classified into various subgroups based on clinicopathological features including age (≤65, >65), gender (female, male), stage (stage I/II, stage III/IV), T (tumor) status (T 1/2, T 3/4), and N (node) status (N 0, N 1/2/3). The OS of patients with different risk scores was compared in subgroups stratified by age, gender, stage, and T and N status in the TCGA cohort, which showed that patients in the low-risk group survived longer in all subgroups (Figures 5A–E). In a similar analysis of the GSE72094 cohort stratified according to age, gender, and stage, while the OS of patients was worse in the high-risk group than the low-risk group in these subgroups, the differences were not significantly different in terms of being male and patients with stage III/IV tumors (Figures 5F–H).
[image: Figure 5]FIGURE 5 | Kaplan-Meier survival analysis in subgroups classified by age (A), gender (B), stage (C), and T (D) and N status (E) in the TCGA cohort. Kaplan-Meier survival analysis in subgroups classified by age (F), gender (G), and stage (H) in the GSE72094 cohort.
Independent Prognostic Analysis of the Six-Gene Signature and Development of a Nomogram
We next conducted univariate and multivariate Cox regression analyses to evaluate the influence of clinicopathological factors and SLC risk score on the OS of LUAD patients in the TCGA and GSE72094 cohorts. As shown in Table.2 and Table.3, the SLC risk score was the only independent prognostic factor in both cohorts. Moreover, we established a prognostic nomogram in the TCGA cohort that included the risk score and clinicopathological factors including gender, age, and stage (Figure 6A). The 1-, 3-, and 5-years OS calibration curves in the TCGA and GSE72094 cohorts were close to the ideal curve, suggesting that the nomogram could accurately predict outcomes of LUAC patients (Figures 6B,C).
TABLE 2 | Univariable and multivariable analysis of the six-gene signature and clinical factors in the TCGA cohort.
[image: Table 2]TABLE 3 | Univariable and multivariable analysis of the six-gene signature and clinical factors in the GSE72094 cohort.
[image: Table 3][image: Figure 6]FIGURE 6 | Construction and validation of a nomogram in the TCGA and GSE72094 cohorts. (A) The nomogram based on the six-gene signature and clinicopathological factors including gender, age, and stage. (B,C) Calibration curves for the nomogram predicting 1-, 3-, and 5-year survival in LUAD patients from the TCGA (B) and GSE72094 (C) cohorts.
Association of the SLC Family-Based Signature With the Tumor Immune Microenvironment and Immune Cell Infiltration
To explore associations between the SLC family-based signature and the immune microenvironment, we employed the ESTIMATE algorithm to quantify the stromal score, immune score, ESTIMATE score, and tumor purity in each TCGA and GSE72094 sample. K-M survival analysis revealed that cases with lower stromal, immune, or ESTIMATE scores had a worse OS than those with higher scores (Figures 7A–C). Conversely, patients with lower tumor purity had a better prognosis than those with higher tumor purity (Figure 7D). These analyses suggest that the tumor immune microenvironment is closely associated with outcomes in LUAC patients. Consistently, patients in the high-risk group in both the TCGA and GSE72094 cohorts had lower stromal, immune, or ESTIMATE scores (Figures 7E–G,I–K) and higher tumor purity (Figure 7H–L) than those in the low-risk group.
[image: Figure 7]FIGURE 7 | The six-gene SLC family signature was correlated with the tumor immune microenvironment. (A–D) Kaplan-Meier survival analysis of the stromal score, immune score, ESTIMATE scores, and tumor purity in the TCGA cohort. (E–H) Comparison of stromal score, immune score, ESTIMATE scores, and tumor purity between high- and low-risk groups in the TCGA cohort. (I–L) Comparison of stromal score, immune score, ESTIMATE scores, and tumor purity between high- and low-risk groups in the GSE72094 cohort.
To further characterize the immune microenvironment in LUAC, the proportions of 22 types of infiltrating immune cell were quantified using the ESTIMATE algorithm (TCGA cohort, Figure 8A and GSE72094 cohort, Supplementary Figure S1A). The correlations between the infiltrating immune cells in the TCGA cohort are shown in Figure 8B and for the GSE72094 cohort in Supplementary Figure S1B. The proportions of infiltrating naive CD4 T cells, activated memory CD4 T cells, M0 macrophages, resting dendritic cells, resting mast cells, activated mast cells, and eosinophils were significantly different between the high- and low-risk groups for both cohorts (Figures 8C,D, Supplementary Figures S1C,D).
[image: Figure 8]FIGURE 8 | The six-gene SLC family signature was correlated with tumor immune cell infiltration in the TCGA lung adenocarcinoma cohort. (A) Abundance of 22 immune cell types in the TCGA cohort. (B) The correlations between the infiltrating immune cells in the TCGA cohort. (C,D) Heatmap and violin plot showing the comparison of infiltrating immune cells in the high- and low-risk groups in the TCGA cohort.
Expression and Survival Analysis of the Six SLC Family Genes
Finally, we analyzed the expression and conducted Kaplan-Meier survival analysis of the six SLC family genes in the TCGA and GSE72094 datasets. As shown in Figures 9A–F, compared to adjacent normal tissues, the expression of SLC15A2, SLC25A34, and SLC46A3 were significantly lower and the expression of SLC26A11, SLC16A13, and SLC2A1 significantly higher in LUAC tissues, which were consistent with the results analyzed in the UALCAN (http://ualcan.path.uab.edu/) online tool (Pan et al., 2021). K-M survival analysis indicated that lower expression of SLC15A2, SLC25A34, SLC46A3, and SLC26A11 and higher expression of SLC16A13 and SLC2A1 were associated with a worse prognosis in the TCGA cohort (Figures 9G–L). In the GSE72094 cohort, lower expression of SLC15A2 and SLC26A11 and higher SLC2A1 expression were associated with worse OS (Supplementary Figures S2A,D,F), while the expression of SLC25A34, SLC46A3, and SLC16A13 was not associated with prognosis (Supplementary Figures S2B,C,E).
[image: Figure 9]FIGURE 9 | The expression and survival analyses of the six SLC family genes. (A–F) The expression of SLC15A2, SLC25A34, SLC46A3, SLC26A11, SLC16A13, and SLC2A1 in LUAD tissues and adjacent non-tumor tissues. (G–L) Kaplan-Meier survival analysis of SLC15A2, SLC25A34, SLC46A3, SLC26A11, SLC16A13, and SLC2A1 in the TCGA cohort.
DISCUSSION
With the development of high-throughput sequencing technology and its popularization in cancer research, an increasing number of prognostic biomarkers and therapeutic targets have been identified in various malignancies through bioinformatics analyses (Reuter et al., 2015; Hong et al., 2020). Re-analyzing public datasets is now recognized as a valuable way to identify diagnostic or prognostic biomarkers in caner (Sun et al., 2020; Deng et al., 2021). In a previous study, Zhang et al. (2020) conducted a comprehensive molecular analysis of TNF family genes in LUAD using TCGA and GEO datasets and developed a five-gene TNF family signature that predicted OS in LUAD patients. Jiang et al. (2021) constructed a prognostic signature in LUAD based on cell cycle-related genes and further verified the accuracy of the signature in two independent GEO datasets. This approach provides an avenue for the identification of prognostic genes in LUAD.
Although SLC proteins have been relatively understudied over the past few years, they are now known to play vital roles in essential biological processes and human diseases (César-Razquin et al., 2015; Rives et al., 2017; Schaller and Lauschke, 2019). In cancer, dysregulation of SLC proteins has been shown to be oncogenic (Xie et al., 2011; Mohelnikova-Duchonova et al., 2013; Bhutia et al., 2016; Sutherland et al., 2020). Many SLCs have been reported to be aberrantly expressed in LUAD and might serve as prognostic biomarkers (Ikeda et al., 2015; Lehrer and Rheinstein, 2018). For example, elevated expression of SLC2A1 was associated with a poorer prognosis in LUAD patients (Guo et al., 2020), while increased SLC18A1 expression was associated with significantly increased survival in LUAD patients (Lehrer and Rheinstein, 2018). Additionally, aberrant SLC expression contributes to accelerated cell proliferation and invasion through diverse mechanisms. The amino acid transporter SLC38A3 was upregulated in metastatic NSCLC cells and was associated with prognosis in NSCLC patients. Functional experiments suggested that SLC38A3 overexpression promotes epithelial-mesenchymal transition and accelerates tumor metastasis by regulating glutamine and histidine transport (Wang et al., 2017). SLC39A5, a membrane transporter responsible for the dynamic balance of zinc, was upregulated in LUAD tissues compared with adjacent non-tumor lung tissues, and higher expression of SLC39A5 predicted poor survival in LUAD patients. Functionally, SLC39A5 promoted cell proliferation by accelerating cell cycle transition and inhibiting apoptosis, which was mediated by the activation of PI3K/AKT signaling (Liu et al., 2021). Taken together, these studies indicate that SLC proteins are associated with the occurrence and progression of LUAD.
Given the important role of SLCs in lung adenocarcinoma, we performed an integrated analysis of SLC family genes in LUAD. To our surprise, over 70% of SLC family genes were differentially expressed in LUAD tissues compared to adjacent non-tumor tissues. Using univariate Cox regression analysis and K-M survival analysis to identify robust prognosis-related genes among these differentially expressed SLCs, we screened out a total of 26 SLC genes. This allowed us to develop a six-gene prognostic signature and stratify patients into high- and low-risk groups. Analysis of patients in all internal and external cohorts revealed that overall survival was consistently better in the low-risk group than in the high-risk group, suggesting satisfactory accuracy and generalizability of the SLC-based signature for prognostication of LUAD patients. Furthermore, the sensitivity and specificity of the prognostic signature were confirmed in time-dependent ROC analysis. Compared with previously reported prognostic signatures in LUAD (Yi et al., 2021; Zhang et al., 2021), we found that the specificity and accuracy of our six-gene signature was similar to these prognostic signatures. We also stratified patients into various subgroups based on clinicopathological features including age, gender, stage, and T and N status, and K-M survival analysis suggested patient survival in the low-risk group was consistently better that in the high-risk group for almost all subgroups. Thus, our novel SLC-based signature is a clinically useful prognostic biomarker for LUAD patients. Moreover, our prognostic nomogram comprising the risk score and clinicopathological factors including gender, age, and stage might be practically helpful for clinical decision-making and personalizing the management of LUAD patients. Additionally, we found that the immune microenvironment in LUAD tissues was closely associated with overall survival and that high- and low-risk groups exhibited different immune statuses and distinctive immune cell proportions. Previous studies have indicated that SLC members were regulated by TGFβ1 (Kim et al., 2020), and a bispecific antibody of TGF-β and PD-L1 showed a potent and durable antitumor activity by normalizing tumor immune microenvironment and enhanced anti-tumor immune response. Thus, we could speculate that the SLC-based signature might also be useful to predict the effect of immunotherapy and SLC members were potential downstream targets that mediated the effect of TGFβ1 on tumor immune response.
The six SLC genes included SLC15A2, SLC25A34, SLC46A3, SLC16A13, SLC2A1, and SLC26A11. Of these six genes, the expression of SLC25A34, and SLC46A3 was significantly lower in LUAD tissues compared with adjacent normal and lower expression was associated with a poorer prognosis in LUAD patients, suggesting a tumor suppressive effect. Up to now, the role of SLC25A34 is still unclear. SLC46A3, localized to the lysosome, is reported to be responsible for the modulation of intracellular copper levels (Kim et al., 2021). Forced expression of SLC46A3 resulted in decreased mitochondrial membrane potential and abnormal mitochondria morphology consistent with lower copper levels. In hepatocellular carcinoma, increased expression of SLC46A3 inhibited cell proliferation, migration, and invasion (Zhao et al., 2019). Moreover, higher expression of SLC46A3 could favor a better clinical prognosis for patients with HCC, ameliorate sorafenib resistance, and improve drug response. The expression of SLC16A13 and SLC2A1 was higher in LUAD tissues and their expression was associated with a poorer prognosis, so these two genes might be oncogenic. SLC16A13 is a lactate transporter expressed at the plasma membrane and a potential target for the treatment of type 2 diabetes and non-alcoholic fatty liver disease (Schumann et al., 2021), while its role in tumor needs to be further explored. SLC2A1, also known as glucose transporter type 1 (GLUT1), is well characterized in cancer and is associated with tumor progression and metastasis (Yan et al., 2015; Nagarajan et al., 2017; Xiao et al., 2018), including in LUAD where is has previously been shown to be upregulated and associated with poorer prognosis (Guo et al., 2020). SLC26A11 is a chloride transporter that can transport chloride and increase the rate of acid extrusion (Xu et al., 2011). Here, we found that SLC26A11 was upregulated in LUAD tissues, while higher expression of SLC26A11 was associated with a better prognosis in the TCGA cohort. Of note, the higher expression of SLC26A11 in LUAD tissues was inconsistent with its predictive performance in LUAD. Thus, the role of SLC26A11 in LUAD needed to be further investigated. SLC15A2, a peptide transporter, is widely expressed in the lungs, kidneys, brain, and eye (Biegel et al., 2006; Kamal et al., 2008; Lu et al., 2016) and is highly expressed in human glioma cells, where it mediates carnosine uptake (Oppermann et al., 2019), although its role in cell proliferation requires further exploration. In lung cancer, SLC15A4, the analog of SLC15A2, was associated with survival and cell division regulation (Huang et al., 2021). Here, we found that SLC15A2 expression was lower in LUAD tissues, and lower expression was associated with a poorer prognosis in LUAD patients in two independent cohorts. Therefore, the role of SLC15A2 in LUAD occurrence and development requires further exploration.
Our study has some limitations. First, all the cases in our analysis were from public databases and were retrospective, so validation of the SLC-based signature in prospective samples is needed. Second, the functional role of the six prognostic SLC genes, especially SLC15A2, needs further exploration in vitro and in vivo.
In conclusion, our six-gene signature based on SLC family members is of satisfactory accuracy and generalizability for predicting survival outcomes in LUAD patients. Furthermore, the signature is related to tumor immune status and distinct immune cell infiltrates in the tumor microenvironment.
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Hepatocellular carcinoma (HCC) is a common malignant tumor of which the occurrence and development, the tumorigenicity of HCC is involving in multistep and multifactor interactions. Interleukin-6 (IL-6), a multifunctional inflammatory cytokine, has increased expression in HCC patients and is closely related to the occurrence of HCC and prognosis. IL-6 plays a role by binding to the IL-6 receptor (IL-6R) and then triggering the Janus kinase (JAK) associated with the receptor, stimulating phosphorylation and activating signal transducer and activator of transcription 3 (STAT3) to initiate downstream signals, participating in the processes of anti-apoptosis, angiogenesis, proliferation, invasion, metastasis, and drug resistance of cancer cells. IL-6/STAT3 signal axes elicit an immunosuppressive in tumor microenvironment, it is important to therapy HCC by blocking the IL-6/STAT3 signaling pathway. Recent, some inhibitors of IL-6/STAT3 have been development, such as S31-201 or IL-6 neutralizing monoclonal antibody (IL-6 mAb), Madindoline A (Inhibits the dimerization of IL-6/IL-6R/gpl30 trimeric complexes), C188-9 and Curcumin (Inhibits STAT3 phosphorylation), etc. for treatment of cancers. Overall, consideration of the IL-6/STAT3 signaling pathway, and its role in the carcinogenesis and progression of HCC will contribute to the development of potential drugs for targeting treatment of liver cancer.
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Introduction

Cellular signaling pathways refer to the process of intracellular biochemical effects after extracellular signals act on membranal or intracellular receptors. The interleukin-6 (IL-6)/signal transducer and activator of transcription 3 (STAT3) signaling pathway participates in various physiological processes, including cell growth, differentiation, and immune regulation. Many studies have shown that abnormal IL-6/STAT3 signaling pathways play a crucial role in tumorigenesis and development. Continuous activation of the IL-6/STAT3 signaling pathway has been detected in liver cancer, lung cancer, breast cancer, ovarian cancer, gastric cancer and other cancers (1–5), and IL-6/STAT3 may be a promising biotarget to prevent and treat cancer.

Hepatocellular carcinoma (HCC) is a serious worldwide disease, with over 900,000 new HCC cases and 830,000 deaths in 2020 (6). China is a populous country, and the number of new tumor cases and the number of deaths are the highest in the world. In 2020, 410,000 new HCC cases ranked fifth and 390,000 HCC deaths ranked second worldwide (6, 7). The etiology and exact molecular mechanism of HCC genesis are not fully clear, and its etiology is currently considered to be a multifactor, multistep complex process. Hepatitis B virus (HBV) and hepatitis C virus (HCV) infection are the primary causes, during infected with HBV or HCV in liver tissue, inflammation is induced by the hepatitis viruses, the inflammatory cells secreted IL-6 to activate STAT3 signal pathway to stimulate tumorigenicity (8–10). Although great progress in treatment of HCC(including surgery, targeted therapy and immunotherapy), the treatment effect is still not satisfactory (11). Therefore, it is important to explore the occurrence and development mechanism of HCC, and seek a potential novel biotarget for treatment of HCC.

The occurrence and development of HCC is associated with disorders of many signaling pathways. IL-6/STAT3 is one of the key signaling pathways involved in HCC occurrence and plays an important role in the initiation, development, invasion and metastasis of HCC cells (12). IL-6 family cytokines are commonly used of the signal-transducing receptor chain glycoprotein 130 (gp130) to transduce the growth signal in cells, these cytokines play a crucial role in promoting carcinogenesis and progression of HCC (13). Accumulating evidences indicated the pro-inflammatory, IL-6 in tumor microenvironment has a trait to activate IL-6/STAT3 signal pathway, and promote the development of cancer, include HCC and the aggressiveness of HCC cells (14–16), IL-6 is highly expressed in liver cancer tissue and loaded in serum, and overexpressed IL-6 is closely associated with the staging, severity, and prognosis of HCC (17). IL-6, as an inflammatory-related tumor cytokine, activates a series of factors downstream by activating the IL-6/STAT3 signaling pathway, leading to the occurrence of malignant behaviors, such as HCC cell proliferation, drug resistance, invasion and metastasis (18, 19).

Therefore, we review the role of the IL-6/STAT3 signaling pathway in HCC occurrence and development, and describe the current therapeutic strategies for targeting treatment of HCC in the IL-6/STAT3 signaling pathway. In recent years, the role of the IL-6/STAT3 signaling pathway in the tumorigenicity and development of HCC has become increasingly valued. Blocking this signaling pathway may inhibit the development of liver cancer, and many drugs with molecular targets have been used in the clinical diagnosis and treatment of cancers.



The IL-6/STAT3 Signaling Pathway

The role of IL-6/STAT3 signaling pathway in stimulating origination of inflammation and cancer was initially discovered by researchers, it was found that interferons (IFNs) and IL-6 were able to regulate the activity of downstream signaling molecules, which play an important role in tumorigenesis and development by regulating downstream transcription factors and can serve as a potential target for cancer therapy.


Constituents of the IL-6/STAT3 Signaling Pathway

IL-6 is a multifunctional inflammatory cytokine, a small molecular polypeptide consisting of four α helices with a molecular weight of 19-228 kD, with 184 amino acid residues located in the p21 region of chromosome 7 (20). Studies have shown that bone marrow stem cells secrete IL-6, and tumor cells themselves and tumor-associated macrophages (TAMs) also release IL-6. Meanwhile, IL-6 can be subjected to upregulation of interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), and stress reactions. The expression of IL-6 is very low in normal human cells, with increased serum concentration in patients with hepatitis and liver cancer (21, 22). The most fundamental action of IL-6 and plays multipotent functions due to bind with its receptor. The IL-6 receptor(IL-6R) system is mainly composed of the IL-6 ligand binding chain and signal transduction chain, namely, IL-6R and gp130. IL-6R is usually found in many cells, such as hepatocytes, monocytes, macrophages and neutrophils, and is generally divided into membrane-bound IL-6R (mIL-6R) and soluble IL-6R (sIL-6R). mIL-6R is located on the cellular membrane surface, and sIL-6R is formed by protein hydrolysis of mIL-6R on the cellular membrane or directly by splicing mRNA during the translation phase (23). In the classical signaling transduction pathway, IL-6 contacts mIL-6R on the membrane, causes dimerization and then starts transduction of signaling, mainly participating in autoimmunity, metabolism, tumor development, etc. During signal transduction, first, IL-6 binds with sIL-6R, and then the complex binds with membrane gp130. This binding pattern plays a main role in inducing inflammatory reactions (24–26) (see Figure 1).




Figure 1 | Production source and main signaling pathway of IL-6. IL-6 transduction is mainly produced by monocytes, macrophages, T cells, B cells, fibroblasts, etc. IL-6R binds to the surface of the cellular membrane through the classical pathway. In the signaling transduction pathway, IL-6 binds to sIL-6R and then initiates signaling transduction.



Signal transducers and activators of transcription proteins (STATs) are important in cellular signaling and include seven families: STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B and STAT6 (27). STAT3 was originally found by Shi et al (28) as an acute phase reaction factor (APRF) in IL-6 signaling when studying interferon-induced gene transcription in 1996. STAT3 is a family of cytoplasmic proteins, and its encoding gene is located on chromosome 12, consisting of 750-795 amino acid residues with a molecular weight of 89-99 kDa. Its activation sites are primarily the SH2 domain (Src homology 2 domain) as well as tyrosine phosphorylation site 705 (Tyr705) and serine phosphorylation site 727 (Ser727) in the transcriptional activation region. The core structure of STAT3 mainly consists of a coiled-coil domain (CCD), DNA binding domain (DBD), linker domain (LD), Src homology 2 (SH2), amino acid terminal region, and carboxy-end trans activation region (29), where Tyr705, SH2 and DBD play a key role in STAT3 functions (30). The DBD is structurally an immunoglobulin folding domain that binds to DNA in the form of a dimer and is involved in the transfer of STAT3 from the cytoplasm to the nucleus. The SH2 region is the most conserved domain of the STAT3 protein and is mainly involved in the phosphorylation of tyrosine residues, promoting protein interactions with tyrosine phosphorylation proteins (31). This region has three binding pockets, the phosphorylated Tyr705 (pTyr705) binding site, a side pocket, and a hydrophobic binding pocket, where STAT3 participates in phosphorylation and plays an important role in the phosphorylation of STAT3. During STAT3 activation, the tyrosine and serine residues are phosphorylated by the upstream kinase and identified by the SH2 domain (32) (see Figure 2).




Figure 2 | Structure of STAT3 protein. STAT3 consists of six major components, including CCD, DBD, LD, SH2, N-terminal, and transactivation. The N-terminal domain mediates the interaction between STAT3, promoter binding and transcription mechanisms. CCD domains promote the interaction of regulatory proteins and transcription factors. The DBD is involved in the regulation of STAT3 gene promoters. The SH2 domain forms a dimer by binding the phosphorylation of the STAT3 monomer with the Tyr705 region site, which is responsible for transcriptional activation of the target gene.





Activation of the IL-6/STAT3 Signaling Pathway

IL-6, as a classic extracellular stimulation factor of this signaling pathway, during the hepatocarcinogenesis and HBV or HCV stimulates initiation of HCC, the secretion of IL-6 is emerged in the microenvironment of liver tissue cells, then IL-6 interaction with its receptor, conformation of IL-6 changes after binding with its receptor, and then activation of gp130 on the cell membrane surface to trigger isodimer formation of gp130, thus leading to activation of Janus kinases(JAKs). After the activation process of JAKs, the binding sites interacting with STAT3 in the cytoplasm are exposed, wherein STAT3 acts primarily with the binding site of the corresponding tyrosine receptor through its SH2 domain. STAT3 binding to the tyrosine binding site to trigger phosphorylation of C-terminal domain tyrosine residues(Tyr705) on STAT3, and simultaneous activation followed by substantial aggregation and activation of STAT3 within the cytoplasm. Phosphorylated STAT3 forms homologous dimers through their SH2 domains, and the dimers are transported from the cytoplasm into the nucleus with the participation of the DBD. Then, the dimers bind to the promoter region of the downstream effector targeted genes, lead to change in the transcript activity of numerous genes, including antiapoptotic genes, angiogenic genes, proliferating genes, transformational genes, and the immune response factors. The expression of apoptosis-, growth- and metastasis-related proteins, such as Bcl-xL, Bcl-2, VEGF, Src, CXCR4, and MMP2/9 were also regulated by phosphorylated STAT3 forms, thus promoting the growth, development and inhibition apoptosis of cancer cells (33) (see Figure 3).




Figure 3 | Activation of the IL-6/STAT3 signaling pathway. Liver tissue cell is infected with hepatitis B virus(HBV) or hepatitis B virus(HCV), the viruses promote liver tissue cell to secretion of IL-6, IL-6 binds to the cellular surface receptor, thereby phosphorylating the JAK protein and phosphorylating the STAT3 monomer to form a STAT3 dimer. Phosphorylated STAT3 dimers are transported to the nucleus, promoting the transcription of targeted genes. The activated STAT3 complex is transferred from the cytoplasm to the nucleus to initiate transcription of STAT3 targeted genes (including Bcl-xL, Bcl-2, VEGF, Src, CXCR4, MMP2/9, etc.) and thus participate in cancer cell proliferation, apoptosis, invasion, metastasis etc. PIAS, SOCS, and PTP are negative regulators of IL-6/STAT 3 by inhibiting the activation of JAK or STAT3 phosphorylation itself.





Negative Regulation of the IL-6/STAT3 Signaling Pathway

A positive/negative feedback pathway exists in cellular signaling. Negative regulation of IL-6/STAT3 mainly includes three classes of negatively regulated proteins: suppressors of cytokine signaling (SOCS), protein inhibitors of activated STAT (PIAS) and protein tyrosine phosphatases (PTPs) (see Figure 4).




Figure 4 | Interaction of IL-6/STAT3 signaling pathways and other pathways. IL-6/STAT3 signaling pathways cross-talk with other signaling pathways, such as Ras, RTK, TNF and PI3K/Akt, and the biological effect of cytokine production is the interaction between many signaling pathways.



The SOCS family consists of SOCS1-SOCS7 and CIS, with an N-terminal region, SH2 region and C-terminal SOCS box region. The SH2 region contains an SH2 domain, which can cooperate with N regions to make different SOCS proteins identify different targets by binding to specific cytokine receptors and then regulate various cytokine signal transduction pathways. SOCS molecules are negative feedback regulatory proteins of the classical IL-6/STAT3 signaling pathway, and they inhibit the phosphorylation of STAT3 and the formation of dimers or directly inhibit the phosphorylation of JAK, thus negatively regulating the IL-6/STAT3 pathway to inhibit the continuous proliferation and differentiation of cancer cells (34, 35). Its inhibitory effect on the IL-6/STAT3 pathway also disappears after SOCS inactivation, resulting in continuous proliferation and invasion of cancer cells. Overexpression of the SOCS proteins can inhibit the activity of STAT3 and thus promote apoptosis of cancer cells. Increasing evidence has shown that SOCS is closely related to the initiation and development of HCC (36), and evidence has shown that the absence of the SOCS protein or knockout of the SOCS3 gene in mice, leads to the disappearance of the negative regulation of IL-6/STAT3 by SOCS, thus causing continuous activation of STAT3 and ultimately promoting the occurrence and development of liver cancer (37).

The PIAS family includes PIAS1, PIAS2 (PIASx), PIAS3 and PIAS4 (PIASy), where PIAS3 is the primary specific suppressor of STAT3 and is naturally present in the cytoplasm. On the one hand, PIAS3 specifically binds to STAT3 dimers, thus concealing the DBD of STAT3, and on the other hand, it can bind with the STAT3 monomer to hinder its dimerization (38, 39). A PIAS3-deta peptide can significantly downregulate the expression of the tumor proliferation-related proteins STAT3, pSTAT3, Bcl-2, Cyclin D1, PCNA and c-myc and effectively inhibit the proliferation of HCC cells (40).

The PTP family includes SHP1, SHP2, CD45PTP1B, T-cell PTP (TC-PTP), PTPRT, and PTPBL, where SHP-1 and SHP-2 are the most representative and can bind to a phosphorylated receptor or JAK to dephosphorylate activated molecules, thus blocking the activation of the IL-6/STAT3 signaling pathway. Bard-Chapeau et al. (41) performed selective silencing of SHP-2 in HCC cells, which significantly increased phosphorylation of STAT3 induced by IL-6, thus promoting the transduction of the IL-6/STAT3 signaling pathway. Additionally, SHP-1 plays a strong inhibitory role in HCC epithelial-mesenchymal transition (EMT) by directly lowering pSTAT3 (Tyr705) by exerting its tyrosine phosphatase activity (42).



IL-6/STAT3 Interacts With Other Signaling Pathways

Classical IL-6/STAT3 signaling pathways are theoretically simple, but they can also interact with other signaling pathways, these signals interlace interaction to exert complex biological effects. (1) Ras signaling pathway: Activated JAKs can phosphorylate tyrosine residues of their associated receptors, leading to the assembly of sites for proteins containing SH2 domains from other pathways, such as SHP-2, which can recruit a large number of GRB2 molecules, and then continuous activation of cascade events, such as the Ras, Raf, MEK, and ERK signaling pathways (43). The IL-6/STAT3 pathway can also indirectly activate the Ras pathway through SOCS3 (44). (2) RTK signaling pathway: Numerous studies verified that STAT3 can be activated through receptor tyrosine kinases (RTKs) (45), and activation of some RTKs, such as epidermal growth factor receptor (EGFR), can cause STAT3 tyrosine phosphorylation through Src kinase. Activation of the RTK pathway results in the upregulation of mitogen-activated protein kinase (MAPK) activity, and MAPK specifically phosphorylates one serine (Ser) in the C-terminus of most STAT3 proteins. Phosphorylation of Ser greatly enhances the transcriptional activity of STAT3. (3) Tumor necrosis factor (TNF) signaling pathway: the TNF signaling pathway interacts with JAK/STAT3 at multiple levels (46). (4) PI3K/Akt signaling pathway: IL-6 binding with its receptor causes phosphorylation of JAK, thus recruiting phosphatidylinositol 3-kinase (PI3K) to the plasmalemma, and a large accumulation of PI3K produces pleckstrin homology (PH) domain binding of Akt. The phosphorylation at Thr308 and Ser473 sites of Akt molecule, leading to changes in the downstream substrate mTOR and thus playing a crucial role in promoting growth, proliferation, survival, differentiation, invasion and metastasis of cancer cells (47). Therefore, the biological effects of IL-6 family cytokines may be involved in the interactions between many signaling pathways (see Figure 4).




The Role of the IL-6/STAT3 Signaling Pathway in the Initiation of Liver Cancer


Effect of the Il-6/Stat3 Signaling Pathway on the Malignant Transformation of Hepatocytes


Effects on Production of Liver Cancer Stem Cells

The existence of cancer stem cells (CSCs) was first proposed by Mackillop in 1983 (48), who argued that tumors were initiated and maintained by a small fraction of CSCs or tumor-initiating cells capable of self-updating and differentiation into different cell lineages. CSCs can be distinguished by various biomarkers, such as CD133, CD24, EpCAM and CD44, and are often considered to cause tumor initiation, development, metastasis, and recurrence. Previous studies have also confirmed the presence of liver cancer stem cells (LCSCs), and many signaling pathways are associated with the maintenance and propagation of LCSCs (49). The IL-6/STAT3 signaling pathway has attracted attention in LCSCs (50), and researchers have reported that the inhibition of LCSCs can be achieved by suppressing the transduction of IL-6/STAT3 signaling (51). Continuously elevated activity of pSTAT3 can increase the expression of the surface marker molecules CD133, EpCAM and CD44 in LCSCs (52). Wan et al. (53) also found that tumor-associated macrophages(TAMs) stimulated STAT3 to promote production of LCSC through the secretion of IL-6; the activation of IL-6/STAT3 signals promotes liver cancer cells to produce LCSC, facilitating the resistance of liver cancer cells to sorafenib (54). These findings suggest that IL-6/STAT3 signaling pathway is a crucial factor in the occurrence of LCSCs and drug resistance.



The Role of IL-6/STAT3 Signaling in Promoting Malignant Transformation of Hepatocytes After HBV or HCV Infection

Chronic hepatitis is an important risk factor for stimulating the occurrence of liver cancer, including HBV and HCV. Hepatitis B virus X protein (HBx) promotes LCSCs production (55), and HCV also induces the occurrence of LCSCs (56, 57). Both HBV and HCV can promote IL-6 production and secretion in inflammation -associated cells. When acute aggravation occurs in patients with chronic hepatitis, it is also accompanied by a sharp increase concentration of IL-6, and high levels of IL-6 can further activate inflammation or tumor-related signaling pathways, thus realizing the trilogy of chronic hepatitis to cirrhosis to liver cancer. Studies have found that HBV can be involved in the translation and nuclear translocation of angiogenin (ANG) through IL-6-mediated pathways, thereby promoting tumor cell proliferation (58). Quetier et al. (59) established in a study of post hepatectomy (PH) monitoring of liver regeneration in transgenic mouse models, the results indicated that HBx expression was controlled by viral regulatory elements. The upregulation of IL-6 promotes elevated STAT3 phosphorylation levels in the liver of HBx protein transgenic mice, HBx affects the regeneration capacity of hepatocyte after PH, and HBx may be involved in accelerating cell cycle and progression of liver disease. A study of HBV-induced liver fibrosis, cirrhosis and HCC in mouse model (60), the DTNA/STAT3 signaling pathway can be activated and in turn further activates the STAT3 signaling pathway, stimulating expression of TGF-1, thus promoting the progression of HBV-induced liver fibrosis, cirrhosis, and HCC.



Effects of IL-6/STAT3 Signaling Pathway on the Expression of p53 and AFP in HCC Cells

P53 is one of tumor suppressor genes that most widely studied in human cancer, and the activation of p53 mainly leads to the inhibition of cancer cells growth and promotes DNA repair and apoptosis, the role is mainly mediated by its transcriptional activity. In tumor cells, accompanied by the activation of the IL-6/STAT3 signaling pathway, phosphorylated STAT3 can bind to the promoter of the p53 gene to inhibit its transcription, thereby blocking the inhibitory effect of p53 on oncogene transcription (61). Alpha-fetoprotein (AFP) is a single-stranded serum glycoprotein, an important biomarker commonly used in the clinical diagnosis of HCC, it is a specific protein with high expression during the occurrence of liver cancer. Recent studies have found that AFP has many biological functions to promote hepatocarcinogenesis; it also plays a pivotal role in stimulating the proliferation, invasion and metastasis of HCC cells, and inhibiting HCC cells apoptosis and autophagy, and participating in immunosuppression (62–66).

Studies have shown that p53 has a repressor effect on the afp gene promoter (67). In HBV-related HCCs, HBx can, by interacting with p53, stimulate the expression of AFP by blocking the inhibitory effect of p53 on the promoter of afp gene (67). These mechanisms may be associated with the promotion of IL-6 secretion and the activation of the IL-6/STAT3 signaling pathway in HCC cells. Additionally, HBx may destroy the p53 interaction with protein partners, thereby affecting the transcriptional regulatory function of p53 and thus promoting the expression of AFP. Because AFP has an important role in promoting normal liver cell transfer to LCSCs, the IL-6/STAT3 signaling pathway may lead to the development of HCC by promoting the expression of AFP.




Effect of the IL-6/STAT3 Signaling Pathway on the Microenvironment in HCC

The tumor microenvironment was first formally proposed in 1979, and the microenvironment is a pivotal influence factor when treating cancer (68, 69). The internal environment where the tumor is located, consists of tumor cells themselves, interstitial cells, microvessels, microlymphocytes, tissue fluid, numerous cytokines and a small number of infiltrating cells (70, 71). Hyperactivation of STAT3 is important in the microenvironmental formation of inflammatory tumors and promotes tumor proliferation and metastasis (72). The tumor microenvironment changes dramatically when chronic inflammation and fibrosis occur in liver tissue, and activation of STAT3 can induce the expression and release of cytokines, chemokines and other media associated with chronic inflammation that play a key role in inducing and maintaining the cancer-promoting inflammatory environment. Studies have found that the phagocytosis of macrophages on apoptotic bodies promotes liver fibrosis, thus accelerating the circulation of hepatocyte death and compensatory hyperplasia and eventually leading to the occurrence of HCC. Tumor-associated macrophages (TAMs) promote tumor progression by secreting IL-6 to activate IL-6/STAT3 signals in adjacent HCC stem cells in liver tissue microenvironments (52). Zheng, et al. (73) found that activation of the HCC cells IL-6/STAT3 signaling pathway was possible by upregulating the expression of tissue inhibitor of metalloproteinases-1 (TIMP-1) to stimulate the transformation of normal liver fibroblasts (LFs) toward carcinoma-associated fibroblasts (CAFs), thus promoting the initiation of liver cancer.



Anti-Apoptotic Effect of the IL-6/STAT3 Signaling Pathway on HCC Cells

Apoptosis of HCC cells is mainly achieved by upregulating the expression of anti-apoptotic factors or promoting survival signals. After IL-6-mediated STAT3 activation, promotes the expression of anti-apoptotic protein (Bcl-xL, Bcl-2, survivin and P53, etc.) plays an important role in the anti-apoptosis of HCC cells (73–76). Bcl-2 is particularly important proteins that promotes tumor cell survival. The key factor in apoptosis due to the balance between pro- and anti-apoptotic proteins. Activation of the IL-6/STAT3 signaling pathway may increase the ratio of apoptotic factors to anti-apoptotic factors, and increased IL-6 most likely changes this ratio (77). Meanwhile, phosphorylation of STAT3 can bind directly to the promoter of the survivin gene, upregulate survivin expression and promote the survival of tumor cells; by inhibiting STAT3 activity, survivin gene expression can be downregulated to promote apoptosis of liver cancer cells (78). These findings demonstrate that activation of the IL-6/STAT3 signaling pathway can promote the expression of survival-related proteins that inhibit apoptosis of HCC cells.



The IL-6/STAT3 Signaling Pathway Promotes Angiogenesis in Liver Cancer Tissues

Vascular endothelial growth factor (VEGF) also plays an important role in tumor invasion and metastasis, which promotes vascular endothelial cell growth and tumor neoangiogenesis. VEGF is higher expression in liver tumor tissue than in cirrhosis and normal liver tissue (79). Hypoxia is an important factor in regulating the expression of VEGF, which can induce the secretion and expression of VEGF in tumor tissue through hypoxia inducible factor 1 (HIF-1). IL-6 binds with IL-6R to induce the activation of STAT3, and activated STAT3 binds to the promoter region of the VEGF gene to increase transcription, promoting the formation of tumor angiogenesis. The expression of VEGF can also be promoted through HIF-1α to stimulate angiogenesis in tumor tissues. In addition, there may be a positive feedback mechanism during malignant cell transformation between STAT3 and VEGF, namely, STAT3 upregulates VEGF, while VEGF combines with the cellular surface VEGF receptor (VEGFR) to activate the IL-6/STAT3 signaling pathway to further upregulate expression of VEGF and promote the generation of blood vessels in tumor tissues. Studies have shown that STAT3 can inhibit the degradation and increase synthesis of HIF-1α. Therefore, STAT3 is necessary for endothelial cell proliferation, migration, and angiogenesis. Blocking the IL-6/STAT3 signaling pathway can inhibit endothelial cell metastasis and angiogenesis, and hinder the tumorigenesis pathway (80). Additionally, a methylation study of liver cancer indicated that low expression of IL-6 can reduce angiogenesis in HCC tissues (81), suggesting that the IL-6/STAT3 signaling pathway can promote angiogenesis in tumor tissues and provide nutrient guarantees for the development of tumorigenesis.



Effect of the IL-6/STAT3 Signaling Pathway On The Proliferation, Invasion, and Metastasis of HCC Cells

IL-6 promotes the abnormal proliferation of cancer cells through the activation of the IL-6/STAT3 pathway, and the proliferation genes of cancer cells, such as Ras, Src, and cyclin D1, are the direct targets of STAT3 (82). Studies have found that IL-6-induced TAMs promote the amplification of CD44+ T cells to increase sphere and heterograft formation in culture, and blocking the IL-6/STAT3 signaling pathway can reduce the sphere formation ability of CD44+ T cells in the culture and growth of mouse xenotransplantation tumors (53). STAT3 inhibitors can inhibit the proliferation and development of cancers by blocking IL-6/STAT3 signaling, suppressing cancer cells proliferation and promoting apoptosis (83).

Generally, the destruction of the basement membrane is an important characteristic during cancer cells invasion. Cancer cells must penetrate the basement membrane and the natural tissue barrier formed by the extracellular matrix to undergo invasion and metastasis. Degradation of the basement membrane and the extracellular matrix is a crucial step in the invasion and metastasis of cancer cells. As the extracellular matrix degrades, cancer cells begin to infiltrate normal tissues and metastasize, and the process relies on matrix metalloproteinases (MMPs), particularly MMP-2 and MMP-9 (84, 85). MMPs interact with activator protein-1 (AP-1), of which expression is mainly regulated by the IL-6/JAK/STAT3 signaling pathway. Overexpression of MMP-9 and MMP-2 is associated with postoperative tumors in patients with liver cancer (84) and accelerates the invasion and migration capacity of HCC cells by regulating the JAK/STAT3 signaling pathway (86).

In addition, epithelial-mesenchymal transition (EMT) is closely related to primary lesion invasion and distant metastasis of cancer cells (87). The formation of EMT is mainly due to loss of the characteristics of epithelial cells, which is an important manifestation for obtaining the migration and invasion abilities of HCC cells. STAT3 is an important transcription factor in the occurrence of EMT, and studies have shown that STAT3 may play an important role in stimulating EMT through the regulation of many downstream genes (such as Snail and Twist) (88). Activated STAT3 signals are associated with Twist and calcium adhesion protein E (E-cadherin) expression and mediate the invasion and metastasis of HCC cells, and an abnormal pSTAT3/Twist/E-cadherin signal axis leads to poor prognosis in patients with liver cancer (89).



Effect of the IL-6/STAT3 Signaling Pathway on Immune Escape of HCC Cells

The IL-6/STAT3 signaling pathway is closely related to the immune escape of HCC cells. Studies have shown that IL-6 inhibits the antigenic presentation capability of dendritic cells (DCs) by activating IL-6/STAT3 signaling pathway. IL-6 blocked the antitumor immunity reaction in tumor cells (90, 91). STAT3 activation in DCs significantly reduces tumor immune surveillance. In the tumor-bearing host, STAT3 activation from tumor cells or from normal immune cells can both inhibit the secretion of inflammatory factors and reduce the immune surveillance of tumor cells. One study demonstrated that IL-6 secretion could upregulate programmed cell death-ligand 1 (PD-L1) expression in neutrophils, thus inhibiting the activity of T cells and ultimately accelerating the immune escape of tumor cells (92). Liu et al. (93) argued that IL-6 could promote the development of liver cancer by recruiting immunosuppressive cells and excluding CD8+ T cells in tumor microenvironments, and that IL-6 may also damage the function of infiltrated T cells in tumor tissues, thus inhibiting antitumor immunity.



Association Between the IL-6/STAT3 Signaling Pathway and Multidrug Resistance in HCC Cells

Tumor cells multidrug resistance (MDR) is a notable reason for the clinical treatment failure of liver cancer. The occurrence of MDR is an extremely complex process involving multiple factors, genes and mechanisms. Most antitumor therapies can induce inflammation by killing tumor cells and normal tissues, and in this process, the expression levels of multiple inflammatory cytokines, including IL-6, IL-8, TNF-α, and other inflammatory factors, are upregulated (94). IL-6/STAT3 is closely related to tumor cells drug resistance, and the upregulation of the tumor inflammatory factor IL-6 can promote mitogen activation of protein kinase (MAPK) through the activation of signaling pathways, such as the IL-6/STAT3, PI3K/Akt, and Ras-MAPK pathways, thus upregulating the expression of various drug-resistant proteins, such as MRP, P-gp and BCRP, and leading to HCC cells resisting drug therapy (95). Relevant studies showed that knockout of IL-6 was able to stimulate expression of E-cadherin in HCC cells, and increased the HCC cells sensitivity to sorafenib (79). These found verified that the activation of IL-6/STAT3 signaling pathway has a capacity of promotion HCC cells resist chemotherapy.




Targeting the IL-6/STAT3 Signaling Pathway Can Improve the Clinical Treatment of Liver Cancer

At present, tumor-targeted therapy has great promising prospect, and the current targeted IL-6/STAT3 signaling pathway is a main biological therapy concentrated on IL-6 blocking antibodies, IL-6 receptor blocking antibodies and specific STAT3 inhibitors. Experiments concentrated on multiple osteomyelitis, rheumatoid arthritis/malignant tumors, etc., also shows a certain curative effect. The results of multiple preclinical trials showed significant inhibition of tumor growth, both alone and combined with chemotherapy. The IL-6/STAT3 signaling pathway is closely related to HCC initiation, development, metastasis, and drug resistance, which is continuously activated and overexpressed in a variety of tumor cells and has become a hot spot in cancer treatment. This pathway has positive significance for the treatment of HCC and others cancers by blocking the IL-6/STAT3 signaling pathway.


Anti-IL-6 and IL-6R Antibodies

There is increasing evidence that IL-6 is a therapeutic target for several cancers, reducing phagocytosis and migration mediated by STAT3 phosphorylation and by neutralizing IL-6 or antagonistic IL-6R in cancer cells. Studies have shown that apoptosis of HCC cells is facilitated by interfering the role and expression of IL-6, suggesting that blocking IL-6 can be used as a potential treatment for the sorafenib sensitivity of HCC cells (96). Evidence has also verified that anti-PD-L1 resistance can be reversed by blocking IL-6, which provides a potential strategy for overcoming the resistance of anti-PD-L1 in liver cancer (93). Recently, studies indicated that Madindoline A, a small molecule for inhibiting the dimerization of IL-6/IL-6R/gpl30 trimeric complexes, inhibits the growth of HCC cell line, HepG2 cells (97). Siltuximab and CNTO-136 are able to neutralize the activity of IL-6 (98, 99); Suppressing the activity of IL-6 by ALD518, and blocking IL-6R by monoclonal antibody(Tocilizumab) is an effective strategy for treatment of some cancers, such as non-small cell lung cancer (100), multiple myeloma (101), epithelial ovarian cancer (102), B-cell lymphoma (103), renal cell carcinoma (104) etc. These studies imply that blocking IL-6R is applied to therapeutic of HCC.



JAK Inhibitors

Numerous clinical studies have shown that JAK-specific inhibitors can reduce growth in various tumor models in vivo, including liver, pancreatic, brain, colorectal, stomach, lung, ovarian, and breast cancer. The studies revealed the effect of the JAK inhibitor Ruxolitinib on HCC cells, the results showed that ruxolitinib could effectively inhibit the JAK/STAT signaling pathway in HCC cells and significantly reduce the expression of the downstream JAK target pSTAT3 (105). Ruxolitinib also significantly reduces the proliferation and colony formation of HCC cells (105). AG490 is an artificial ester derivative of phenylacrylonitrile that effectively blocks JAK activation by competitively binding tyrosine kinase binding sites and thus suppresses STAT3 activation. By studying AG490, Thompson et al. (106) used it in in vitro experiments and found that the inhibitor AG490 significantly reduced the vitality of hepatoma SMMC-7721 cells, thus inhibiting the growth of xenotransplanted HCC cells. AZG1480 and TG101209 inhibit the activity of JAK to suppress the growth of HCC (106, 107). These results prove that JAK inhibitors are able to inhibit activation of STAT3 to suppress the growth of HCC cells.



STAT3 Inhibitors

STAT3 inhibitors can be classified into small molecular types, oligonucleotide types, peptide analogs, natural product derivatives, etc., according to the structure, the inhibitors can be divided into targeted SH2 domain inhibitors, targeted DNA binding domain inhibitors, targeted N-terminal domain inhibitors, STAT3 oligonucleotide inhibitors, etc. STAT3 region targeting inhibitors can suppress the proliferation, survival, and differentiation of HCC cells by preventing phosphorylation of STAT3, inhibiting the formation of STAT3 dimers, or interfering with their activity of interaction with DNA sequences. Jung et al. (108) showed that the proliferation of HCC cell was blocked by the small molecule STAT3 inhibitor C188-9. Gene expression analysis showed that C188-9-treated HepPten(-) mice had inhibited signaling pathways downstream of STAT3. The STAT3 small-molecule inhibitor LLL12 plays a role in blocking IL-6-induced STAT3 phosphorylation and nuclear translocation, thus inhibiting proliferation and promoting apoptosis of HCC cells (109), C188-9, Curcumin, OPB-31121, S31-201 and AZD9150 inhibit the phosphorylation of STAT3 to block the proliferation of HCC cells (108, 110–113). Studies also indicated that destroyed the structure of STAT3 dimer or inhibited the dimerization of STAT3 by small molecule, S3I-1757, STA-21 also can regress human cancer cells in xenografts animal model and abnormal proliferation disorders (114, 115). These evidences implicate that STAT3 inhibitors play important role in blocking the activation of IL-6/STAT3 signaling pathway, lead to inhibit the proliferation of HCC cells. The effect on inhibiting IL-6/STAT3 signal pathway for treatment of cancer is displayed in below table (see Table 1 and Figure 5).


Table 1 | Multiple treatments targeting the IL-6, IL-6R and IL-6-related signaling pathways.






Figure 5 | Antitumor effects of suppressing the IL-6/STAT3 signaling pathway through multiple approaches.






Future and Outlook

Molecular targeted-therapy is an advanced scientific technology in the clinical treatment of cancer, but none of many molecular targeted drugs are completely designed for liver cancer. It is difficult to develop targeted drugs to treat liver cancer. Exploration of its cause is as follows: (1) The occurrence of liver cancer involves multiple factors and the complex, the developmental mechanism is still unclear, and specific well-directed development of targeted drugs is difficult. Simultaneously, normal liver cells possess their own characteristics and rapid proliferation; once tumorigenesis, the difference is arise in the proliferation and heterogeneity of HCC cells, and it is not easy to find specific treatment targets. (2) At present, most targeted drugs treatment emerge low efficiency and poor efficacy. (3) Targeted drugs are not highly selective for targeting HCC cells, and there are toxicity and side effects with “off-target effects” and high drug resistance. Expensive costs of research and development can be prohibitive for wide use. (4) Patients with liver cancer may have different responses to targeted drug therapy, with differences in race and sex, and there is still a lack of effective methods to detect molecular changes in HCC cells. With the development of many advanced biotechnologies and exploration of the genesis mechanism of HCC, the treatment of liver cancer is facing new opportunities and challenges. Molecular targeted therapy will gradually become the favored method and represents the development direction of liver cancer treatment in the future. The relationship between IL-6/STAT3 signaling pathway characteristics and their mediated physiological function needs to be further interpreted. Meanwhile, inhibitors of the IL-6/STAT3 signaling pathway should be promoted, and the efficacy and safety of these targeted inhibitors should be evaluated, it is need to formulate the standardization of clinical individualization treatment for liver cancer.

The occurrence of liver cancer is closely associated with inflammation. IL-6 is an important member of the inflammatory cytokine network. In recent years, an increasing number of studies have revealed that the IL-6/STAT3 signaling pathway plays a pivotal role in the development of liver cancer, and many studies have shown that inhibition of the IL-6/STAT3 signaling pathway can block the occurrence and progress of HCC. This signaling pathway is still a hot spot of research for cancer treatment. IL-6/STAT3 is a pivotal signaling pathway to promote expression of PD-L1 in HCC cells (116), leading to escape immune surveillance of HCC cells. Meanwhile, tumor infiltrating immune cells secreted IL-6 is able to stimulate IL-6/STAT3 signaling pathway to promote the malignant behaviors of HCC cells. In future, blocking the secretion of IL-6 and synergizing with the inhibitors of IL-6/STAT3 pathway signaling is a more effective application prospect for targeting therapeutic of HCC (117–119) Also, as previously mentioned, the IL-6/STAT3 signaling pathway may lead to the development of HCC by promoting the expression of AFP. AFP is specifically expressed in liver cancer patients. AFP is a very complex biological activity protein whose biological function is not fully clear and needs further research. The study of the IL-6/STAT3 signaling pathway in clinical trials of HCC is still limited, because the expression of AFP is activated by the IL-6/STAT3 signaling pathway. Inhibits the expression and role of AFP, which may be a promising strategy for blocking IL-6/STAT3 to stimulate drug resistance, proliferation, invasion, metastasis and recurrence of HCC. More studies are expected to demonstrate that additional new drugs can have a role in blocking this signaling pathway in the future, these project is able to bring new breakthroughs to the clinical treatment of patients loading HCC.
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Hypoxia Activates Notch4 via ERK/JNK/P38 MAPK Signaling Pathways to Promote Lung Adenocarcinoma Progression and Metastasis
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Hypoxia contributes to the progression and metastasis of lung adenocarcinoma (LUAD). However, the specific underlying molecular mechanisms have not been fully elucidated. Here we report that Notch4 is upregulated in lung tissue from lung cancer patients. Functionally, Hypoxia activates the expressions of Delta-like 4 and Notch4, resulting in the excessive proliferation and migration of LUAD cells as well as apoptotic resistance. Notch4 silencing reduced ERK, JNK, and P38 activation. Meanwhile, Notch4 overexpression enhanced ERK, JNK, and P38 activation in LUAD cells. Furthermore, Notch4 exerted pro-proliferation, anti-apoptosis and pro-migration effects on LUAD cells that were partly reversed by the inhibitors of ERK, JNK, and p38. The binding interaction between Notch4 and ERK/JNK/P38 were confirmed by the co-immunoprecipitation assay. In vivo study revealed that Notch4 played a key role in the growth and metastasis of LUAD using two xenograft models. This study demonstrates that hypoxia activates Notch4-ERK/JNK/P38 MAPK signaling pathways to promote LUAD cell progression and metastasis.
Keywords: lung adenocarcinoma, hypoxia, Notch4, mitogen-activated protein kinase, proliferation, apoptosis, migration
INTRODUCTION
Lung cancer is the most common cancer and the leading cause of cancer death in both men and women worldwide (Siegel et al., 2018). Lung adenocarcinoma (LUAD) accounts for 40% of all types of lung cancer (Imielinski et al., 2012). Lung cancer is characterized by sustained cell proliferation, resistance to cell death, invasion and metastasis (Hanahan and Weinberg, 2011). Intratumoral hypoxia is a critical microenvironmental factor driving cancer progression and is associated with poor clinical prognosis (Taiakina et al., 2014; Schito and Semenza, 2016; Li et al., 2021). Hypoxia upregulates a large number of oncogenes that contribute to the excessive proliferation, invasion, metastasis, and so on (Wigerup et al., 2016; Mennerich et al., 2019). However, the underlying molecular mechanisms of hypoxia involved in LUAD cell progression and metastasis remain largely unknown.
The Notch signaling pathway is an evolutionarily conserved pathway that is important for cell fate and behavior during embryogenesis (Artavanis-Tsakonas et al., 1999). In mammals, the Notch receptor family consists of four single transmembrane receptors (Notch1-4) that share a similar structure and five membrane-bound ligands (Delta-like1/3/4 and Jagged1/2) (Niessen and Karsan, 2008). Upon local receptor-ligand interaction, Notch receptor intracellular domain (ICD) is released into the cytoplasm by sequential proteolytic cleavage, which transduces Notch signaling and regulates cell differentiation, proliferation, and apoptosis (Siebel and Lendahl, 2017). Previous studies suggest hypoxia may activate Notch signaling pathway (Jögi et al., 2002), implying that the Notch signaling pathway is an attractive candidate mediator between hypoxia and cancer. Recent studies show that Notch4 acts as an oncogene in some types of cancers, such as colorectal cancer (Wu et al., 2018), triple-negative breast cancer (Zhou et al., 2020), and prostate cancer (Zhang et al., 2017). However, the role of Notch4 in hypoxic LUAD and the underlying mechanism is unclear.
HEY and HES are targets of canonical Notch signaling, which relies on the translocation of ICD into the nucleus where it binds to co-activator proteins and forms a nuclear transcriptional activator complex formation (De Strooper et al., 1999; Struhl and Greenwald, 2001; Francis et al., 2002; Hu et al., 2002). On the other hand, Notch non-canonically exerts its biological functions via the crosstalk with mitogen-activated protein kinase (MAPK) signaling in cell cytoplasm (Kiec-Wilk et al., 2010). MAPK families, including ERK, JNK, and P38 kinases (Wei et al., 2010; Kim and Choi, 2015), play a critical role in a broad spectrum of tumorigenesis and development (Braicu et al., 2019). This study aims to investigate the role of Notch4 in hypoxic LUAD and underlying molecular mechanism both in vitro and in vivo, respectively.
MATERIALS AND METHODS
Tissue Samples
LUAD tissues and adjacent non-malignant lung tissues were collected from Tongji Hospital of Huazhong University of Science and Technology (Wuhan, China). Ethical approval was obtained from the Ethics Committee of Tongji Hospital and written informed consent was obtained from each patient. All animal experiments were performed in compliance with the guidelines for animal testing and research, with ethical approval from Tongji Hospital. (Wuhan, China; Approval number: TJH-202011004).
Cell Lines and Cultures
Human cell lines A549 and human bronchial epithelial (HBE) were from ATCC, and H1299 was obtained from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences. The normal HBE cells are used as negative control representing non-cancerous cells (Byun et al., 2013). All cells were cultured in Roswell Park Memorial Institute-1640 medium supplemented with 10% fetal bovine serum and maintained in a 5% CO2 incubator at 37°C. The hypoxic cells were cultured in a 2% O2 incubator (Galaxy R; RS Bitotech, Alloa, UK) continually gassed with 5% CO2 and 93% N2 as previously described (Cao et al., 2020).
Antibodies and Chemicals
Primary antibody against B cell leukemia/lymphoma 2 (Bcl-2) was obtained from Boster (Wuhan, Hubei, China). Primary antibodies against polyclonal antibodies against proliferating cell nuclear antigen (PCNA), Bcl-2 associated X (Bax), survivin, matrix metallopeptidase 9 (MMP9), matrix metallopeptidase 2 (MMP2), β-Actin and normal rabbit or mouse immunoglobulin G (IgG) were obtained from Proteintech (Wuhan, Hubei, China). Primary antibody against Notch4 was obtained from Santa Cruz Biotechnology (Dallas, TX, United States). Primary antibodies against P38/p-P38 MAPK, JNK/p-JNK, ERK/p-ERK were obtained from Cell Signaling Technology (Danvers, MA, United States). HRP-conjugated anti-Rabbit IgG and HRP-conjugated anti-mouse IgG were obtained from Servicebio (Wuhan, Hubei, China). HRP-conjugated anti-Rabbit IgG light chain and HRP-conjugated anti-mouse IgG light chain were obtained from Abbkine Scientific (Redlands, CA, United States). Protein G magnetic beads were obtained from Cell Signaling Technology (Danvers, MA, United States). U0126, SP600125 and SB203580 were obtained from MedChemExpress (Monmouth Junction, NJ, United States).
Cell Transfection
Small interfering RNAs against Notch4 and negative control siRNA were synthesized by RiboBio (Guangzhou, China) and transfected into cells using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, United States) according to the manufacture’s instruction. The siRNA sequence was as follows: CAA​CGG​GCA​CTG​TGA​GAA​A. When reaching 40–60% of confluence, the cells were transfected with 50 nmol siRNA using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, United States). Notch4 overexpression plasmid and negative control plasmid were purchased from GeneChem (Shanghai, China). The mammalian expression plasmid for Flag-tagged Notch4 was constructed by molecular cloning and confirmed by DNA sequence. When reaching 80–90% of confluence, the cells were transfected with 1.5 μg purified plasmid. Finally, the mRNA and protein levels of cells were analyzed by quantitative real-time PCR and western blotting at 48 and 72 h after transfection, respectively.
Lentivirus was produced by Hanbio Biotechnology Corporation. To established stable cell lines, the lentivirus stocks were used to transduce A549 cells. After 48 h post-transduction, the cells were maintained in RPMI-1640 medium containing 1 μg/ml puromycin for at least 7 days. Finally, the mRNA and protein levels of cells were analyzed by quantitative real-time PCR and western blotting. The target sequences for Notch4 were as follows: shNotch4-1: 5′-GCT​CTG​GAA​AGA​GGG​TTT​AAG-3′; shNotch4-2: 5′-ACA​ACG​GGC​ACT​GTG​AGA​AAG-3′; shNotch4-3: 5′-CGA​TAA​AGA​TGC​CCA​GGA​CAA-3′.
Real-Time Quantitative PCR
Total RNA was extracted using Trizol (Takara, Dalian, China) according to the manufacture’s instruction. RNA concentration was determined by Nanodrop analysis. Then 500 ng of RNA was used to synthesize cDNA using PrimeScript RT reagent kit (Takara, Dalian, China). Quantitative RT-PCR was performed using SYBR Green Mix (Takara, Dalian, China). The primer sequences were as follows: Notch4 forward, 5′-CGT​ACC​CCA​CTT​CAC​ACT​GC-3′, reverse, 5′-AGG​TGT​AGT​CCC​GTC​GTC​TG-3′; Delta-like 4 forward, 5′-CAC​CTG​CTA​CAC​CGA​CCT​CTC​C-3′, reverse, 5′-TCC​GAC​AAG​TTG​TTC​ATG​GCT​TCC-3′.
The cycling conditions were as follows: initial denaturation for 10 min at 95°C followed by 40 cycles of denaturation (15 s at 95°C), annealing and elongation (30 s at 60°C). The relative expression of gene was calculated using 2−ΔΔCt method using β-Actin as the reference gene.
Western Blotting Analysis
Total cellular protein was extracted by RIPA lysis (50 mM Tris, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, PH7.4) buffer supplemented with phenylmethylsulfonyl fluoride, cocktail, and phosphorylation protease inhibitor. Cell lysis was centrifuged at 12,000 rpm for 15 min, then the supernatants were collected for determination of the protein concentration by BCA assay. All steps were performed at 4°C. 20 μg of protein were subjected to 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis followed by western blotting. The signals were detected with a chemiluminescent substrate system (Bio-Rad, Hercules, CA, United States). Relative expressions of target proteins were quantified by Image J software.
Cell Viability Assay
Cell viability was measured using the Cell Counting Kit-8 assay according to the manufacture’s instruction. The cells were seeded into 96-well plates at the cell density of 3,000 cells per well for 24 h. Then the medium was replaced with different transfection mixture. After 6 h incubation, the transfection mixture was replaced with medium supplemented with 10% fetal bovine serum, and the cells were further incubated for another 24 h. After that, cells were incubated under normoxia or hypoxia for 24 h. Finally, 10 μL CCK8 (Cell Counting Kit-8, Dojindo, Japan) reagent was added into per well and determined by ELx800 Universal Microplate Reader (Bio-Tek Instruments, Inc., Winooski, VT, United States).
Edu Proliferation Assay
The cells were seeded into 96-well plates (3,000 cells per well) and performed according to protocols mentioned above. Edu Cell Proliferation Assay Kit (RiboBio, Cell-Light™EdU Apollo®643 In Vitro imaging kit) was used to assessed cell proliferation according to the manufacture’s instruction. The cells were added with 100 μL Edu (diluent reagent A with a complete medium by 1:1,000) and incubated for 2 h at 37°C. The cells were fixed in 4% paraformaldehyde for 15–30 min and incubated with 1× Apollo® solution for 30 min at room temperature. The cell nuclei were stained with 100 μL 1× Hoechst33342 for 30 min. Finally, the cells were examined under a fluorescent microscope (Olympus, Japan). Data were presented as a fold-change of Edu-incorporating cells compared with negative controls.
Colony Formation Assay
The transfected cells were seeded into a 6-well plate (200–400 cells per well) and cultured for 7–14 days. After incubation, cell colonies were fixed with 4% paraformaldehyde for 15 min, then stained with 1% crystal violet. The numbers of colonies were counted under a microscope.
Cell Apoptosis Assay
The cells were seeded into a 6-well plate (100,000 cells per well). Firstly, cells were starved in serum-free for 24 h. After transfection for 48 h, cells were exposed to normoxia or hypoxia for 24 h. Then cells were collected and resuspended in 200 μL binding buffer per well. The cells were labeled with 5 μL Annexin-V and propidium iodide (PI) to assess cell apoptosis using an Annexin-V/PI detection kit (Keygen Biotech, Nanjing, China). Finally, apoptotic cells were analyzed using flow cytometry (BD Biosciences, San Jose, CA, United States). Apoptotic cells including early apoptotic cells (Annexin-V positive and PI-negative) and late apoptotic cells (Annexin-V positive and PI-positive) were shown.
Cell Migration Assay
Cell migration assay was performed in a 24-well plate (Corning, MA, United States) according to the manufacture’s instruction. Firstly, 200 μL cell suspensions (10,000 cells totally) containing 1% fetal bovine serum were seeded into the upper chamber, while 600 μL medium containing 15% fetal bovine serum was added into lower chambers. The cells were cultured under normoxia or hypoxia for 24 h. After incubation, cells on the lower surface of the membrane were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. Non-migrated cells were removed by scraping the membranes with a cotton swab from the upper surface. Finally, cells were counted under an optical microscope (Zeiss, Oberkochen, Germany).
Wound Healing Assay
Wound healing assay were performed through creating a gap in confluent monolayer of cells using a pipette tip. The cell culture dish should be placed under an optical microscope (Zeiss, Oberkochen, Germany) to acquire image at 0, 24 h after the scratch, respectively. Photographs of 5 random fields were recorded for quantification analysis. Wound width was calculated as the average distance between the edges of the scratches.
Immunoprecipitation
Co-immunoprecipitation experiments were performed according to the manufacturer’s protocol. Briefly, cells were collected and lysed in IP-lysis buffer (50 mM Tris, 150 mM NaCl, 1% NP-40) and protease inhibitor. Supernatants were collected by centrifugation (14,000 rpm, 10 min, 4°C), and pre-cleared with 20 µL Protein G Magnetic beads (Cell Signaling Technology) for 2 h. Then the pre-cleared supernatants were incubated with the indicated antibodies (2 μg/ml) overnight at 4°C, followed by immunoprecipitation with 20 µL pre-washed Protein G Magnetic beads for 3 h at 4°C. Finally, the precipitates were washed 5–7 times with IP-lysis buffer and detected using Western blotting.
Animal Experiments
Male BALB/c nude mice (3–4 weeks) were purchased from Charles River Company. All animal experiments were performed in compliance with the guidelines for animal testing and research, with ethical approval from Tongji Hospital. A subcutaneous tumor xenograft model and a tail vein model were used to evaluate xenograft tumor growth and metastasis in vivo, respectively. For the subcutaneous tumor growth model, stable A549 cells (1 ⨯ 106) treated with shNotch4 or scramble control were subcutaneously injected into the right dorsal flank of 5-week-old male BALB/c nude mice. Tumor volume (TV) was measured by vernier caliper and calculated as following: TV (mm3) = (L ⨯ W2)/2 (L, long diameter; W, wide diameter). Tumors were separated from sacrificed mice, and then snap-frozen in liquid nitrogen or fixed for hematoxylin-eosin staining. For the tail vein model, stable cells (1 ⨯ 106) were injected into the tail vein of 5-week-old male BALB/c nude mice. All the mice were sacrificed 6–8 weeks after injection. The lungs were separated from sacrificed mice and fixed for hematoxylin-eosin staining.
Statistical Analysis
Statistical analyses were performed using GraphPad Prism software (Version 8.0). The student’s t-test was used to compare two groups. One-way analysis of variance was used to compare more than two groups, followed by Tukey’s multiple comparison test. Data were presented as means ± SD. p < 0.05 was considered statistically significant.
RESULTS
Notch4 Expression Is Upregulated in LUAD
Five paired LUAD tissues and adjacent normal tissues were collected from patients who underwent lung resection. The protein level of Notch4 was increased in LUAD tissues compared with the adjacent normal tissues (Figure 1A). The expressions of Notch4 were significantly increased in A549 and H1299 cells compared with that observed in HBE cells (Figure 1B). We further assessed Notch4 expression in A549 and H1299 cells exposed to hypoxia for different times given the central role of hypoxia in the regulation of tumor progression. The protein levels of HIF-1a were significantly increased in A549 and H1299 cells under hypoxia over time, indicating a successful induction of hypoxic condition (Supplementary Figures S1A,B). Our results revealed that hypoxia significantly enhanced Notch4 protein level over time reaching a peak after 24 h (Figures 1C,D). Meanwhile, increased mRNA level of Notch4 and Delta-like 4 were also observed in H1299 cells exposed to hypoxia (Supplementary Figures S1C,D), which may indicate that hypoxia activates Notch4 signaling by increasing the levels of Delta-like 4.
[image: Figure 1]FIGURE 1 | Notch4 is upregulated in LUAD tissues and cells. (A) The protein level of Notch4 in five paired LUAD tissues and adjacent non-malignant tissues. (B) The protein levels of Notch4 in A549 and H1299 cells and normal HBE cell. (n = 8). (C) The protein levels of Notch4 in H1299 cells exposed to hypoxia for different times. (n = 3). (D) The protein levels of Notch4 in A549 cells exposed to hypoxia for different times. (n = 5). Data were presented as means ± SD. *p < 0.05, **p < 0.01. LUAD, lung adenocarcinoma; HBE, human bronchial epithelial.
Notch4 Promotes Xenograft Tumor Growth and Metastasis In Vivo
A subcutaneous tumor xenograft model and a tail vein model were used to evaluate xenograft tumor growth and metastasis in vivo, respectively. Our results showed that a significant reduction in tumor weight and in tumor volume was observed in tumor originating from shNotch4-treated A549 cells compared with scramble control (Figures 2A–D). Quantitative RT-PCR revealed a decreased Notch4 mRNA level in shNotch4-treated xenograft tumors relative to matched controls (Figure 2E). Western blotting analysis suggested that shNotch4-treated tumors had lower levels of phosphorylated ERK, JNK, and P38 than controls (Figure 2F). Additionally, Notch4 knockdown in A549 cells significantly reduced metastatic growth in lungs compared to controls (Figures 2G–I). Above all, these results demonstrate that silencing of Notch4 inhibits tumor progression and metastasis of LUAD cells in vivo. Meanwhile, the tumors originating from A549 cells treated with Notch4 overexpression plasmid grew more rapidly than controls (Supplementary Figures S2A–C). Increased levels of phosphorylated ERK, JNK, and P38 were observed in tumor with Notch4 overexpression compared with negative controls (Supplementary Figure S2F). Metastatic spread of Notch4-overexpressing A549 cells were faster than controls (Supplementary Figures S2G–I). Based on these above results, we conclude that Notch4 facilitates the growth and metastasis of LUAD and ERK/JNK/P38 pathways may be involved in the process in vivo.
[image: Figure 2]FIGURE 2 | Notch4 gene silencing alleviated xenograft tumor growth and metastasis. (A–F) Xenograft tumor growth experiments were performed in nude mice with A549-control and A549-shNotch4 stable cells. (A) Representative images of subcutaneous tumor dissected from the nude mice were presented. (B) Representative H&E staining images in sections of tumor were presented. Magnification, ×200; Bar, 50 μm. (C) Subcutaneous tumor growth curves of the nude mice were presented. (n = 10). (D) Subcutaneous tumor weights were presented. (n = 10). (E) The mRNA level of Notch4 in xenograft tumor. (n = 8–10). (F) The protein levels of Notch4, p38, p-P38, JNK, p-JNK, ERK, p-ERK in xenograft tumor. (n = 3). (G, I) Lung metastasis experiments were performed in nude mice with A549-control and A549-shNotch4 stable cells. (G) Representative images of lung metastases were presented. (H) The numbers of visible metastatic nodules in the lungs of mice were counted. (n = 3–4). (I) Representative H&E staining images in sections of lung tissues were presented. Magnification, ×200; Bar, 50 μm. Data were presented as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. H&E, hematoxylin-eosin staining. JNK, c-Jun N-terminal kinase; ERK, extracellular signal-regulated kinase.
Notch4 Regulates LUAD Cells Proliferation, Apoptosis, and Migration Under Hypoxia
The protein levels of Notch4 were significantly reduced in A549 and H1299 cells treated with siRNA against Notch4 relative to negative controls (Supplementary Figure S3). Hypoxia promoted the proliferation and migration of A549 and H1299 cells, and inhibited cell apoptosis. The knockdown of Notch4 partly abolished the excessive cell proliferation, migration and apoptosis resistance due to hypoxia compared with control using Cell Counting Kit-8, Edu staining, colony forming assay, wound healing assay, and Annexin-V/PI staining (Figures 3, 4). In addition, the knockdown of Notch4 significantly downregulated the protein expressions of survivin and MMP9, and upregulated the ratio of Bax/Bcl-2 (Supplementary Figure S4). Taken together, these findings indicate that Notch4 promotes A549 and H1299 cells proliferation and migration, and inhibits cell apoptosis under hypoxia.
[image: Figure 3]FIGURE 3 | Notch4 is involved in the regulation of cell proliferation in A549 and H1299 cells exposed to hypoxia. (A, B) Cell viability was assessed using CCK-8 assay in A549 and H1299 cells (n = 4–5). (C, D) A549 cell proliferation was assessed using Edu assay. (n = 4). Magnification, ×400; Bar, 20 μm. (E, F) H1299 cell proliferation was assessed using Edu assay. (n = 5). Magnification, ×400; Bar, 20 μm. (G) Colony formation assay was performed in A549 and H1299 cells. (n = 3). Data were presented as means ± SD. *p < 0.05, comparison with normoxic cells treated with si-NC; #p < 0.05, comparison with hypoxic cells treated with si-NC. CCK-8, Cell Counting Kit-8; si-NC, negative control short interfering RNAs (siRNA); si-Notch4, the siRNA against Notch4.
[image: Figure 4]FIGURE 4 | Notch4 is involved in the regulation of cell migration and apoptosis in A549 and H1299 cells exposed to hypoxia. (A) Wound healing assay was performed in A549 and H1299 cells. (n = 4). Magnification, ×40; Bar, 200 μm. (B) Cell apoptosis was assessed by Annexin-V/PI staining. (n = 3). Analyses of apoptosis including early apoptosis (Annexin-V positive and PI negative) and late apoptosis (Annexin-V positive and PI positive) were shown. Data were presented as means ± SD. *p < 0.05, **p < 0.01, ****p < 0.0001, comparison with normoxic cells treated with si-NC; #p < 0.05, comparison with hypoxic cells treated with si-NC. si-NC, negative control short interfering RNAs (siRNA); si-Notch4, the siRNA against Notch4; PI, propidium iodide.
ERK, JNK, and P38 MAPK Signaling Pathways Mediate the Regulation of Notch4 Overexpression on A549 and H1299 Cells Proliferation, Apoptosis, and Migration
The activity of MAPK family members including ERK, JNK, and P38 in hypoxic A549 and H1299 cells transfected with si-Notch4 or si-NC were further measured. Our results demonstrated that Notch4 knockdown in hypoxic A549 and H1299 cells decreased phosphorylation levels of ERK, JNK, and P38 proteins compared with controls (Figure 5A). A rescue experiment in LUAD cells co-treated with Notch4 overexpression plasmid and the specific inhibitors of ERK (U0126), JNK (SP600125), and p38 (SB203580) was performed to evaluate cell proliferation, migration and apoptosis. Our results demonstrated that Notch4 overexpression promoted cell proliferation, migration and inhibited apoptosis, which were partly abolished by co-treatment with the inhibitors (Figures 5B–D, Figure 6). Co-immunoprecipitation assay further revealed a binding interaction between Notch4 and ERK/JNK/P38 in A549 cells (Figure 7). The above results indicate that Notch4 regulates the proliferation, apoptosis, and migration of A549 and H1299 cells via activating ERK, JNK, and P38 phosphorylation.
[image: Figure 5]FIGURE 5 | ERK, JNK, and P38 MAPK signaling mediate the regulation of Notch4 overexpression on A549 and H1299 cells proliferation and apoptosis. (A) The MAPK signaling pathway were detected in A549 and H1299 cells transfected with siRNA against Notch4 or negative control siRNA. (B) Cell viability were examined in A549 and H1299 cells transfected with Notch4 plasmid or negative control plasmid co-treatment with ERK (U0126), JNK (SP600125), or P38 (SB203580) MAPK pathway inhibitors by using CCK-8 assay. (n = 3–4). (C) Colony formation assay was performed in A549 and H1299 cells transfected with Notch4 plasmid or negative control plasmid co-treatment with U0126, SP600125, or SB203580 for 24 h (n = 4). (D) The Annexin-V/PI assay was performed in A549 and H1299 cells transfected with Notch4 plasmid or negative control plasmid co-treatment with U0126, SP600125, or SB203580 for 24 h (n = 3–6). Analyses of apoptosis including early apoptosis (Annexin-V positive and PI negative) and late apoptosis (Annexin-V positive and PI positive) were shown. Data were presented as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. CCK-8, Cell Counting Kit-8; PI, propidium iodide; si-NC, negative control short interfering RNAs (siRNA); si-Notch4, the siRNA against Notch4. Vector, negative control plasmid; Notch4, Notch4 plasmid. ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase.
[image: Figure 6]FIGURE 6 | ERK, JNK, and P38 MAPK signaling mediate the regulation of Notch4 overexpression on A549 and H1299 cells migration. (A–D) Wound healing assay was performed in A549 and H1299 cells transfected with Notch4 plasmid or negative control plasmid co-treatment with U0126, SP600125, or SB203580. (n = 3). Magnification, ×40; Bar, 200 μm. (E–H) Transwell migration assay was performed in A549 and H1299 cells transfected with Notch4 plasmid or negative control plasmid co-treatment with U0126, SP600125, or SB203580 for 24 h (n = 3). Magnification, ×100; Bar, 50 μm. Data were presented as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Vector, negative control plasmid; Notch4, Notch4 plasmid. ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase.
[image: Figure 7]FIGURE 7 | Notch4 interacts with ERK, JNK, and P38 in A549 cells. Endogenous co-immunoprecipitation was performed in A549 cells exposed to normoxia or hypoxia for 24 h. (A) Western blot analysis for endogenous ERK, JNK, and P38 after IP of endogenous Notch4 from A549 cells exposed to normoxia or hypoxia. (B) Western blot analysis for endogenous Notch4 after IP of endogenous ERK from A549 cells exposed to normoxia or hypoxia. (C) Western blot analysis for endogenous Notch4 after IP of endogenous JNK from A549 cells exposed to normoxia or hypoxia. (D) Western blot analysis for endogenous Notch4 after IP of endogenous P38 from A549 cells exposed to normoxia or hypoxia. (E) Whole-cell lysates were used for IB with the indicated antibodies to show expression. IP, immunoprecipitation; IB, immunoblot. ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase.
DISCUSSION
In this study, we reveal a novel molecular mechanism underlying the pathogenesis of LUAD and provide a new target for the treatment of LUAD (Figure 8). Notch4 is upregulated in A549 and H1299 cells and human LUAD tissues compared with controls. Hypoxia increases the expression of Notch4 in A549 and H1299 cells, which promotes cell proliferation and migration and inhibits cell apoptosis via the ERK/JNK/P38 MAPK pathway. In vivo study shows that Notch4 promotes the progression and metastasis of LUAD.
[image: Figure 8]FIGURE 8 | Schematic illustration of the role of Notch4 in the proliferation, apoptosis and migration of LUAD cells. Hypoxia induces the expression of Notch4. Increased level of Notch4 promotes cell proliferation, migration, and apoptosis resistance in A549 and H1299 cells. Hypoxia activates Notch4 via ERK/JNK/P38 MAPK signaling pathways to promote lung adenocarcinoma progression and metastasis. LUAD, lung adenocarcinoma; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase.
Notch receptors (Notch1-4) are important for cell fate and function (Zanotti and Canalis, 2016). Previous studies suggest that Notch receptors play a key role in carcinogenesis including inhibition of cell differentiation and apoptosis, and promotion of cell proliferation (Dang et al., 2000; Yeh et al., 2009; Domingo-Domenech et al., 2012). These findings imply that blocking the Notch pathway may improve the prognosis of cancer patients. A monoclonal antibody OMP-59R5 that selectively targeting Notch2 and Notch3 can inhibit xenograft tumor growth (Yen et al., 2015). Hypoxia is a pivotal initiator of tumor growth and metastasis. A nano-scaled polydiaminopyridine nanoparticles doped with iron ions and conjugated with hyaluronic acid has been developed for targeted and oxygen-evolving phototherapy of tumor (Shu et al., 2021). Hypoxia-inducible factor-1α (HIF-1α) activates the transcription of genes involved in cell proliferation and metastasis in cancers (Krishnamachary et al., 2003; Pennacchietti et al., 2003). HIF-1α upregulated the expression of Notch1, Notch3 and Notch4 via binding to the hypoxia response elements in their promoter regions in hepatocellular carcinoma cell lines (Yang et al., 2017). Notch signaling has been shown to mediate the effect of hypoxia on cancer progression and metastasis, such as cervical, colon, glioma, and ovarian cancer (Sahlgren et al., 2008; Irshad et al., 2015; Landor and Lendahl, 2017). However, the role of Notch4 as an oncogene in lung cancer under hypoxia has not been clarified. We thus explored the role of Notch4 in LUAD cell lines by siRNA against Notch4 under hypoxia. Our findings demonstrate that knockdown of Notch4 partly abrogate hypoxia-induced excessive cells proliferation and migration, and apoptosis resistance of A549 and H1299 cells. Targeting Notch4 may provide potential benefits for alternative therapeutic strategies for LUAD.
A defining hallmark of cancer is sustained cell proliferation involving various extracellular and intracellular signaling (Feitelson et al., 2015). Survivin, as a member of the inhibitor of the apoptosis protein family (Ambrosini et al., 1997), promotes tumorigenesis by inhibiting cell apoptosis and promoting cell mitosis (Li et al., 1998). Survivin is overexpressed in a wide range of cancers (Kanwar et al., 2013) and associated with the poor clinical outcomes of patients (Rödel et al., 2012). In this study, we found that hypoxia increased the protein expression of survivin in A549 and H1299 cells, which were downregulated by siRNA against Notch4.
Apoptosis is the most widely studied form of programmed cell death. Apoptosis resistance has been linked to oncogenesis and cancer progression in various types of human cancers (Thompson, 1995). The Bcl-2 family is the best characterized protein family consisting of anti-apoptotic and pro-apoptotic members, such as Bcl-2 and Bax (Martinou and Youle, 2011). The ratio of Bax/Bcl-2 determines the occurrence and degree of cell apoptosis (Ye et al., 2019). Our findings showed that hypoxia inhibited A549 and H1299 cells apoptosis and downregulated the ratio of Bax/Bcl-2, which were partly reversed by siRNA against Notch4.
Tumor metastasis is a complex process that accounts for the majority of cancer-attributed deaths (Lambert et al., 2017). Matrix metalloproteinase (MMP) family is responsible for the extracellular matrix degradation involved in cancer progression (Rao et al., 2005). MMP2 and MMP9 are recognized as two major enzymes in the degradation of type Ⅳ collagen (Stamenkovic, 2003) and correlate with an invasive phenotype of cancer cells (Vihinen and Kähäri, 2002). Previous studies have demonstrated a critical role of MMP9 in the progression of lung cancer and an association between MMP9 and poor survival in patients (Kodate et al., 1997; Suzuki et al., 1998). In this study, hypoxia promoted A549 and H1299 cells migration and increased the protein levels of MMP9, which were both partly reversed by siRNA against Notch4.
The canonical Notch signaling is initiated by ligand-induced cleavage of Notch receptor, followed by intracellular domain translocating into the nucleus and forming a transcriptional activator to activate target genes transcription (Aggarwal et al., 2021; Sprinzak and Blacklow, 2021). Recent evidences indicate that non-canonical signaling is important in oncogenesis via the interaction with PI3K, mTORC2, AKT, MAPK pathway, and HIF-1α in the cytoplasm and nuclear (Ayaz and Osborne, 2014; Li et al., 2016; Zou et al., 2019; Qin et al., 2020). The MAPK pathway is activated in lung cancer and plays a critical role in the development and progression of cancer (Fu et al., 2021; Hu et al., 2021; Jain et al., 2021; Shin et al., 2021). Our results showed that Notch4 silencing downregulated phosphorylation of ERK, JNK, and P38. Meanwhile, Notch4 overexpression increased ERK, JNK, and P38 phosphorylation in A549 and H1299 cells, which was partly abrogated by the specific inhibitors U0126 (Zhong et al., 2021), SP600125 (Zhang et al., 2021), and SB203580 (Kwak et al., 2021). Notably, the increased cell proliferation and migration and inhibited cell apoptosis induced by Notch4 overexpression in A549 and H1299 cells were prevented by the co-administration of U0126, SP600125, or SB203580. Co-immunoprecipitation assay further confirmed the interaction between Notch4 and ERK/JNK/P38. Above all, these results suggest that Notch4 activates the phosphorylation of ERK, JNK, and P38, resulting in increased cells proliferation and migration and inhibited cells apoptosis in LUAD cells.
Cell-to-cell contact is indispensable in ligand-mediated Notch activation, and it is not restricted to the same cell type. Cross-talk between inflammatory cells in the tumor microenvironment and cancer cells plays an essential role in the growth and progression of cancer. Emerging data showed a potential involvement of the Notch pathway in the biology of myeloid-derived suppressor cells, a subset mostly related to the suppression of immune responses in cancer (Grazioli et al., 2017). In addition, a previous study also revealed that activation of Notch1 was enhanced in non-small cell lung cancer cells cultured with Delta-like 4-expressing endothelial cells, thus inhibiting the proliferation of non-small cell lung cancer cells and tumor formation (Ding et al., 2012). Here, we have performed immunohistochemistry staining of Notch4 in the lung adenocarcinoma tissues and adjacent non-malignant lung tissues from lung adenocarcinoma patients. Our results showed that the expression of Notch4 increased both in the parenchymal and stroma of tumors compared with normal tissues (Supplementary Figure S5), which indicated that the regulatory effect of Notch4 signal on the proliferation, migration, and apoptosis of lung cancer cells may depend on the interaction between cancer cells to cancer cells or cancer cells to the surrounding cells.
In conclusion, this study demonstrates a critical role of the Notch4-ERK/JNK/P38 MAPK axis in the effect of hypoxia on the progression and metastasis of LUAD and provides a novel potential therapeutic target for LUAD.
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Objective: We aimed to establish a nomogram for predicting lymph node metastasis in early gastric cancer (EGC) involving human epidermal growth factor receptor 2 (HER2).
Methods: We collected clinicopathological data of patients with EGC who underwent radical gastrectomy and D2 lymphadenectomy at Ruijin Hospital, Shanghai Jiao Tong University School of Medicine between January 2012 and August 2018. Univariate and multivariate logistic regression analysis were used to examine the relationship between lymph node metastasis and clinicopathological features. A nomogram was constructed based on a multivariate prediction model. Internal validation from the training set was performed using receiver operating characteristic (ROC) and calibration plots to evaluate discrimination and calibration, respectively. External validation from the validation set was utilized to examine the external validity of the prediction model using the ROC plot. A decision curve analysis was used to evaluate the benefit of the treatment.
Results: Among 1,212 patients with EGC, 210 (17.32%) presented with lymph node metastasis. Multivariable analysis showed that age, tumor size, submucosal invasion, histological subtype, and HER2 positivity were independent risk factors for lymph node metastasis in EGC. The area under the ROC curve of the model was 0.760 (95% CI: 0.719–0.800) in the training set (n = 794) and 0.771 (95% CI: 0.714–0.828) in the validation set (n = 418). A predictive nomogram was constructed based on a multivariable prediction model. The decision curve showed that using the prediction model to guide treatment had a higher net benefit than using endoscopic submucosal dissection (ESD) absolute criteria over a range of threshold probabilities.
Conclusion: A clinical prediction model and an effective nomogram with an integrated HER2 status were used to predict EGC lymph node metastasis with better accuracy and clinical performance.
Keywords: early gastric cancer, lymph node metastasis, nomogram, HER2, prediction model
INTRODUCTION
Gastric cancer is the fourth leading cause of cancer-related deaths worldwide and the third leading cause of cancer-related deaths in China (Cao et al., 2021; Nagaraju et al., 2021; Sung et al., 2021; Varon et al., 2021). It is estimated that 478,508 new cases of gastric cancer are diagnosed in China each year (Cao et al., 2021). More than 80% of Chinese patients are diagnosed at an advanced stage, with a low 5-year survival rate of 44.09–59.0% (Ji et al., 2018; Cao et al., 2021).
Early gastric cancer (EGC) cases can be more easily detected with improvements in methods of early detection. EGC is defined as a tumor confined to the mucosa and/or submucosa, independent of the lymph node status (Japanese Gastric Cancer, 2011) and typically has a good prognosis (Sano et al., 2017). However, there have been reports on the risk of lymph node metastasis and treatment failure for EGC (Saragoni et al., 1998; Saragoni et al., 2000). Well-developed techniques in function-preserving gastrectomy have been used to improve the quality of life of patients with EGC, such as endoscopic submucosal dissection (ESD), local gastrectomy, segmental gastrectomy, and pylorus-preserving gastrectomy (Nomura and Okajima, 2016). ESD is a recently developed technique that is widely accepted for the treatment of EGC (Ono et al., 2021), with greater preservation of function, reduced postoperative complications/cost, and preserved quality of life than gastrectomy; meanwhile, ESD requires experienced and highly skilled endoscopists (Yada et al., 2013; Gotoda et al., 2014). Endoscopic surgery is used to dissect the mucosa or submucosa, and regional lymph nodes are not treated. Furthermore, local gastrectomy, segmental gastrectomy, and pylorus-preserving gastrectomy constitute investigational treatments and should be prospectively verified in randomized clinical trials (RCTs) (Japanese Gastric Cancer, 2021). Regarding the extremely strict indications for ESD (Ono et al., 2021), few patients with EGC can benefit from function-preserving gastrectomy. Additionally, the metachronous metastasis rate was significantly higher in an ESD group than that in a surgery group (Lee et al., 2018). Although standard radical surgery may yield survival benefits for a small number of patients, it may also introduce additional surgical risks to many patients without lymph node metastasis. Therefore, the development of an accurate predictive tool for assessing the risk of lymph node metastasis in EGC is urgently needed.
Nomogram is an intuitive tool for the individual probability of a clinical event based on a statistical predictive model (Iasonos et al., 2008) to quantify risk factors for lymph node metastasis in several human cancers (Briganti et al., 2012). To date, several studies have explored the independent high-risk factors for lymph node metastasis in EGC and established prediction models with good performance scores ranging from 0.813 to 0.860 (Zheng et al., 2016; Kim et al., 2020). Age, sex, ulceration, invasion depth, histology, differentiation, and lymphovascular invasion were considered high-risk factors and were included in different nomograms (Zheng et al., 2016; Mu et al., 2019; Kim et al., 2020; Sui et al., 2021). Although previous studies have established nomograms with good performance, all the variables involved were preoperatively unavailable.
Human epidermal growth factor receptor 2 (HER2)–positive gastric cancer is a unique disease subtype (Tolmachev et al., 2021). HER2 amplification or protein overexpression occurs in up to 20% of gastric cancer cases (Okines et al., 2012; Gordon et al., 2013). A previous study showed that HER2 is associated with poor prognosis in EGC without lymph node metastasis (Yan et al., 2015). Currently, there is no predictive nomogram that includes the HER2 status to determine the risk of lymph node metastasis in EGC, especially in East Asia, which has a high incidence of gastric cancer. In the Trastuzumab for Gastric Cancer (ToGA) trial, the overall HER2 positive rate was 23.2% for biopsy specimens and 19.7% for surgical specimens, which makes HER2 an available molecular phenotype recommended for preoperative evaluation (Van Cutsem et al., 2015). In the recommendation by the Chinese Society of Clinical Oncology (CSCO) Guidelines, Version 2021 (Wang et al., 2021), during the preoperative diagnostic process, the HER2 expression status needs to be examined and clarified. Thus, we attempted to establish nomogram models of lymph node metastasis in EGC before surgery and to determine whether they can accurately predict lymph node metastasis in patients with EGC via HER2 detection by analyzing the clinicopathological data used in the models.
MATERIALS AND METHODS
Patients
This case-control study used data from a prospectively collected database at the Shanghai Jiao Tong University School of Medicine Affiliated Ruijin Hospital. From January 2012 to August 2018, a total of 6,285 patients with gastric cancer underwent surgery at Ruijin Hospital, Shanghai Jiao Tong University. The eligibility criteria are illustrated in the flow diagram (Figure 1). Standard gastrectomy is the principal surgical procedure performed with a curative intent. It involves resection of at least two-thirds of the stomach, with D2 lymphadenectomy for cT1N + tumors and D1/D1+ lymphadenectomy for cT1N0 tumors. Only patients who did not receive preoperative therapy were included in the study. Exclusion criteria were as follows: (i) pT2-4 gastric cancer identified by histopathological examination after radical gastrectomy; (ii) biopsy specimens that did not undergo HER2 assessment; (iii) a malignant epithelial gastric tumor consisting of more than one histological subtype (the different type of histological components was excluded in order to simplify the histological subtype factors); and (iv) less than 16 harvested lymph nodes (Figure 1).
[image: Figure 1]FIGURE 1 | Flow diagram of patient enrollment and characteristics of patients in the training set and validation set.
Patients who underwent surgery between January 2012 and December 2016 were assigned to the training set, and patients who underwent surgery between January 2017 and August 2018 were enrolled in the validation set. The prediction model was developed in the training sets and tested in the validating sets. Ethical approval was obtained from the Ruijin Hospital Ethics Committee, Shanghai Jiao Tong University School of Medicine, China (No. 2018–151), and written informed consent was obtained from all patients. All procedures in this retrospective study were in compliance with the Helsinki Declaration.
HER2 Evaluation
At the time of diagnosis, HER2 testing is recommended for all patients with gastric adenocarcinoma. The National Comprehensive Cancer Network (NCCN) guidelines recommend that immunohistochemistry (IHC) should be performed first followed by the Hofmann-modified scoring system (Hofmann et al., 2008; Rüschoff et al., 2010) for assessment of the HER2 status. An IHC score of 0 or 1 + indicates a negative result for HER2 expression, 2 + indicates an equivocal result that should be confirmed with in situ hybridization (ISH), and 3 + or positive amplification on ISH indicates a positive result for the HER2 expression. HER2 testing was performed at the Central Laboratory, Department of Pathology, Ruijin Hospital.
Outcome and Covariates
Patients with pathologically diagnosed EGC were divided into two groups based on their postoperative pathological results, with or without lymph node metastasis.
The clinicopathological characteristics, including age, sex, tumor size, location, presence or absence of ulceration, invasion depth, histological subtype, HER2 status, lymphovascular invasion, and perineural invasion, were retrieved from medical records. Tumor size, presence or absence of ulceration, and location were obtained from endoscopic examinations. The histology type and HER2 status were determined using biopsy specimens. Invasion depth was determined using abdominal and pelvic multidetector-row computed tomography (MDCT) and ultrasound endoscopy. Lymphovascular invasion and perineural invasion were determined based on postoperative histopathological findings.
Lymph node metastasis was determined based on the indications for ESD recommended by the Japanese Gastric Cancer Association (JGCA). Based on the guidelines for ESD and endoscopic mucosal resection for EGC (second edition) (Ono et al., 2021), the absolute indications for endoscopic treatment were as follows: (i) differentiated intramucosal carcinoma with a maximum diameter of ≤2 cm and without ulcerative lesions; (ii) differentiated intramucosal carcinoma with a maximum diameter of >2 cm and without ulcerative lesions; (iii) cT1a with a diameter of ≤3 cm and ulceration [UL (+)]; and (iv) undifferentiated intramucosal carcinoma with a maximum diameter of ≤2 cm and without ulcerative lesions. The terminology used in this study is based on the Japanese classification of gastric carcinoma.
Statistical Analysis
Categorical variables are summarized as frequencies and percentages. Continuous variables are summarized using medians and ranges. The training set was employed for risk factor identification and prediction model development. Within the training set, univariable and multivariable logistic regression analyses were performed to identify the clinical parameters associated with lymph node metastasis. Odds ratios (ORs), 95% confidence intervals (CIs), and p-values were reported. Clinical parameters significantly associated with lymph node metastasis in univariate analysis were included in the multivariate analysis, and a prediction model was developed. Model validation and nomogram construction were performed using a previously described method (Iasonos et al., 2008). A predictive nomogram for lymph node metastasis was built based on the prediction model.
The accuracy of the nomogram was evaluated based on the discrimination ability and the calibration plot in the training set. The receiver operating characteristic (ROC) curve was plotted, and the area under the ROC curve (AUC) with a 95% CI was calculated to quantify the discrimination ability of the nomogram. The AUC of 1.0 corresponds to the best model prediction, and the AUC of 0.5 represents a random prediction. Calibration curves were used to detect the consistency between actual lymph node metastasis and the predicted probability of lymph node metastasis using the nomogram. Moreover, a calibration plot was generated using 2000 repetitions of bootstrap sample corrections. The validation set was used to examine the external validity of the prediction model using the ROC plot.
Finally, using the decision curve analysis described by Vickers et al. (Vickers and Elkin, 2006), we assessed the clinical result achieved after using the prediction model for treatment selection by quantifying the net benefit at different threshold probabilities and comparing the net benefit with the absolute criteria for ESD. All analyses were performed using R version 3.4.3 (R-Foundation, Vienna, Austria), with two-sided p-values reported and significance considered at p < 0.05.
RESULTS
Clinicopathological Features of Patients With EGC
In all, 1,212 patients were included in this analysis, including 805 men (66.23%) and 407 (33.77%) women. The median patient age was 61 years. The number of poorly differentiated tumors and moderately differentiated tumors was 794 (36.7%) and 418 (65.51%), respectively. Mucosal invasion was detected in 576 patients (47.52%), and submucosal invasion was detected in 636 patients (52.48%). Additionally, 132 cases (10.89%) were positive for the HER2 expression, and 210 patients (17.33%) had lymph node metastasis.
A total of 794 patients who underwent surgery before January 2017 were enrolled in the training set, and the remaining 418 patients were assigned to the validation set. There were no significant differences in the clinicopathological characteristics between the training and validation sets, with the exception that tumors in the validation set were more likely to occur in the lower part of the stomach.
Univariate Analysis of Lymph Node Metastasis in the Training Set
In the univariate analysis, lymph node metastasis was significantly associated with age (p = 0.078), tumor size (p = 0.003), ulceration (p = 0.002), submucosal invasion (p < 0.001), histology subtype (p < 0.001), lymphovascular invasion (p < 0.001), perineural invasion (p = 0.007), and HER2 positivity (p < 0.001). Continuous variables were converted to binary variables, and the cut-off point of age was determined by maximizing the sum of sensitivity and specificity after spline smoothing, which was 55 years within the training set. Analysis showed that patients with EGC aged ≤ 55 years had a greater risk of lymph node metastasis. In terms of the histological subtype, poorly differentiated adenocarcinoma (Por, p < 0.001) was an independent risk factor for lymph node metastasis in EGC, while signet-ring cell carcinoma (Sig, p = 0.131) and mucinous adenocarcinoma (Muc, p = 0.311) did not present a higher risk of lymph node metastasis than well or moderately differentiated tubular adenocarcinomas (Table 1).
TABLE 1 | Univariate analysis and multivariate analysis (Clinical nomogram model) of lymph node metastasis in early gastric cancer in the training set.
[image: Table 1]Preoperative Nomogram (Clinical Model) of Lymph Node Metastasis in EGC
A preoperative predictive nomogram containing important factors related to EGC lymph node metastasis was constructed based on the logistic regression model. In order to compare the ESD indications, all parameters consisting of ESD indications and clinicopathological risk factors of lymph node metastasis of EGC in the univariate analysis were included in the multivariable analysis.
Multivariate logistic regression analysis showed that age >55 years (OR: 0.56, 95% CI: 0.37–0.86, p = 0.007), tumor size of 2–3 cm (OR: 1.64, 95% CI: 1.03–2.60, p = 0.037), tumor size >3 cm (OR: 2.04, 95% CI: 1.14–3.57, p = 0.015), submucosal invasion (OR: 3.44, 95% CI: 2.16–5.61, p < 0.001), histological subtype of Sig (OR: 2.27, 95% CI: 1.08–4.75, p = 0.029), histological subtype of Por (OR: 3.48, 95% CI: 2.08–6.03, p < 0.001), and HER2 positivity (OR: 2.66, 95% CI: 1.52–4.62, p < 0.001) were independent risk factors for lymph node metastasis in EGC (Table 1).
The nomogram revealed that the histological subtype had the greatest impact on scoring, followed by invasion depth and HER2 status. The effects of tumor size and age on the model performance were not significant. Each level in the variable was summed by the total score based on the point scale and positioned on the total score scale to determine the corresponding lymph node metastasis probability of each patient (Figure 2). With an additional 2000 bootstraps, the correction diagram showed good consistency between the deviation correction prediction and the ideal reference line (mean absolute error = 0.012, Figure 3A). The Hosmer–Lemeshow test yielded a p value of 0.677, indicating that this model was suitable as a prediction model. After 2000 bootstrap repetitions, the AUC of the internal validation in the training set was 0.760 (95% CI = 0.719–0.800, Figure 3B). The AUC of external validation in the validation set was 0.771 (95% CI = 0.714–0.828, Figure 3C), indicating the good performance of this nomogram.
[image: Figure 2]FIGURE 2 | Nomogram for predicting lymph node metastasis in EGC patients. EGC, early gastric cancer; pap, papillary adenocarcinoma; tub1, well-differentiated tubular adenocarcinoma; tub2, moderately differentiated tubular adenocarcinoma; sig, signet-ring cell carcinoma; muc, mucinous adenocarcinoma; por, poorly differentiated adenocarcinoma.
[image: Figure 3]FIGURE 3 | Assessment of the nomogram for predicting lymph node metastasis in the training set and validation set. (A) Calibration plot in the training set. After 2000 repetitions, the bootstrap-corrected calibration curve (solid line) lay close to the ideal reference line (dashed line), which demonstrated a perfect agreement between the predicted and actual outcomes (mean absolute error = 0.012); (B) ROC plot in the training set. The AUC of the ROC was 0.760 (95% CI, 0.719–0.800); (C) ROC plot in the validation set. The AUC of the ROC was 0.771 (95% CI, 0.714–0.828). ROC: receiver-operating characteristic; AUC: area under the ROC curve.
Effect of the HER2 Expression on Lymph Node Metastasis in EGC
Univariate analysis showed significant differences in the size of EGC lesions (p = 0.012), presence or absence of ulceration (p = 0.002), depth of invasion (p < 0.001), tumor location (p < 0.001), histological subtype (p < 0.001), and lymphovascular invasion (p < 0.001) between the two groups with different HER2 statuses. Subsequently, the multivariate stepwise analysis confirmed that tumors located in the upper third of the stomach (OR: 2.41, 95% CI: 1.42–4.07, p = 0.001), submucosal invasion (OR: 0.40, 95% CI: 0.25–0.63, p < 0.001), histology subtype of tub1/tub2/pap (OR: 1.75, 95% CI: 1.14–2.68, p = 0.010), and lymphovascular invasion (OR: 0.37, 95% CI: 0.22–0.60, p < 0.001) were independent risk factors of HER2 positivity in patients with EGC (Table 2).
TABLE 2 | Clinicopathological factors associated with the HER2 expression in 1,212 early gastric cancer cases.
[image: Table 2]The intergroup analysis showed that there were 145 patients with EGC who satisfied the first absolute ESD indication, and two (1.38%) of these patients had lymph node metastasis. Among the two patients, one had a positive HER2 status, and the positivity rate was 50% (Table 3). However, four (5.63%) patients with EGC who completely satisfied the second absolute ESD indication had lymph node metastasis, while none of the four patients had a positive HER2 status (Table 3). Additionally, the intergroup analysis revealed that 10.71% of patients with EGC had lymph node metastasis when selecting patients who satisfied the third absolute ESD indication (Table 3). One of these six patients had a positive HER2 status, with a positivity rate of 16.67%. Among the 109 patients with EGC who satisfied the fourth absolute ESD indication, 16 (14.68%) had lymph node metastasis. Two of 16 patients had a positive HER2 status, with a positivity rate of 12.5%.
TABLE 3 | Intergroup analysis between HER2 positive and lymph node metastasis (LNM) in ESD indication for EGC according to the JGCA guidelines.
[image: Table 3]Clinical Value of ESD Indications and Nomogram
The clinical performance of the JGCA absolute indications for ESD and the clinical model (nomogram) are shown in Figure 4 and Table 4. Due to the high survival rate after surgical resection, missed cancer diagnosis, rather than over-diagnosis, would have unacceptable consequences. Therefore, decision curve analysis was used to determine the relative value between false negative and false positive errors (termed net benefit). Compared with the two simple strategies of performing radical gastrectomy and lymphadenectomy for all patients (sloping solid gray line) or no patients (horizontal solid gray line), the clinical model (nomogram) had a greater value in predicting the development of treatment strategies than the absolute indications of ESD and exhibited an excellent net benefit over the range of threshold probabilities. For example, the value of net benefits would be 0.103 if we selected 10% as the cut-off value, indicating that the clinical model (nomogram) would identify approximately 10 patients with lymph node metastasis among 100 patients compared with simple observation, without adding any unnecessary resections (false positives).
[image: Figure 4]FIGURE 4 | Clinical performance of the clinical model (nomogram) and ESD indications. Decision curve analysis on the clinical model (nomogram) (red line) and ESD absolute indications recommended by JGCA (solid line). The y-axis represents net benefits, calculated by subtracting the relative harms (false positives) from the benefits (true positives). The x-axis measures the threshold probability.
TABLE 4 | Clinical performances between the nomogram and ESD indication.
[image: Table 4]DISCUSSION
Main Findings
Neoplasms remain the main cause of death worldwide (Palle et al., 2020; Navashenaq et al., 2021; Zhang et al., 2021). In this study, we found that with integration of the HER2 status, a clinical prediction model and an effective nomogram could predict EGC lymph node metastasis with better accuracy and clinical performance.
Interpretation
ESD has proven to be a safe and effective treatment when it meets the guideline indications for patients with EGC (Yamaguchi et al., 2009; Toyonaga et al., 2013). In addition to advances in treatment techniques, progress in the field of endoscopic devices and techniques now enables ESD for overall pathologic diagnosis (Fujimoto et al., 2017).
We performed ESD for patients with EGC until the preoperative diagnosis of lymph node metastasis was confirmed since lymph node invasion was difficult to assess even with improved techniques for imaging evaluations. On the other hand, since ESD indications are too broad for accurate predictions and the accuracy in estimating lymph node metastasis appears to be limited, few patients with EGC may benefit from ESD. As this study demonstrated, there were only 381 (31.44%) patients with EGC who completely met the absolute ESD indications, while 1,002 (82.67%) patients failed to present lymph node metastasis in our study. In addition, 28 of 381 patients who completely met the absolute ESD indications had lymph node metastasis at a rate of 7.3%, which was higher than the 1% possibility required for absolute indications for ESD (Japanese Gastric Cancer, 2021).
Quantitative predictive models benefit clinicians and patients in making more objective decisions regarding treatment options. To date, the predictive probability has not been clearly defined. The optimal threshold depends on the extent to which the patient or clinician rejects the risk. Fujikawa et al. (Fujikawa et al., 2015) reported that two-thirds of patients with clinical T1 gastric cancer are possible candidates for endoscopic treatment since the false-negative rate is 5%. In biopsies of breast cancer sentinel lymph nodes, the recognized false-negative rate is 5% (Qiu et al., 2016). Unlike ultrasound-guided biopsy of axillary lymph nodes in breast cancer, clinical diagnosis of gastric lymph node metastasis in EGC is difficult.
The incidence of lymph node metastasis in our study was 17.33%, which is similar to previous studies (Pereira et al., 2018; Yin et al., 2020; Mei et al., 2021). Although our study confirmed that lymphovascular invasion and perineural invasion were risk factors for lymph node metastasis in patients with EGC, clinicians could not obtain evidence of lymphovascular invasion and perineural invasion in the period of preoperative evaluation; thus, it was not included in the multivariate model. In the multivariate analysis, age, tumor size, histology, depth of invasion, and HER2 status were independent risk factors for lymph node metastasis. Li et al. (Li et al., 2018) found that male sex, age, depressed type, submucosal invasion, lymphovascular invasion, and tumor location were independent risk factors for lymph node metastasis in EGC. Oh et al. (Oh et al., 2021) demonstrated that in patients with EGC without lymphovascular invasion, tumor size >3 cm, submucosal invasion, and undifferentiated histologic type were significant risk factors for lymph node metastasis.
Previous studies have established nomograms to predict lymph node metastasis in EGC and have demonstrated a high-performance score (Zheng et al., 2016; Mu et al., 2019; Kim et al., 2020; Sui et al., 2021). However, previously established nomograms included lymphovascular invasion. Lymphovascular invasion has been suggested as an indicator of lymph node metastasis (Choi et al., 2021). However, lymphovascular invasion can only be obtained after endoscopy or gastrectomy. Thus, we aimed to establish a model using preoperative factors to better direct our selection of treatment methods.
In our study, the analysis revealed that among the 381 patients with EGC who fully met the absolute indications for ESD, 28 patients had lymph node metastasis and 4 (14.3%) had a positive HER2 expression. Studies have shown that the overexpression of HER2 is associated with invasive biological behavior and poor prognosis (Zhang et al., 2009; Lei et al., 2017). Han et al. (Han et al., 2020) found that the HER2 overexpression was significantly correlated with lymphovascular invasion and the presence of lymph node metastasis, which is consistent with our results.
Given that HER2 is directly related to lymphovascular invasion and lymph node metastasis, the detection of the HER2 expression is recommended for pathological evaluation in biopsy. Therefore, the inclusion of HER2 detection in preoperative evaluation can help clinicians make judgments and treatment decisions.
Based on the absolute indications for ESD and our results, we chose variables to predict the risk of lymph node metastasis for our nomogram in patients with EGC and to avoid unnecessary gastrectomy, which included the following: age, tumor size, ulceration, histology, depth of invasion, and HER2 status. Age, tumor size, ulceration, histology, depth of invasion, and HER2 status were easily obtained by routine preoperative examinations. The tumor size and the presence or absence of ulceration were obtained from endoscopic examination. Histology and HER2 status were determined using biopsy specimens. Invasion depth was determined using abdominal and pelvic multidetector-row computed tomography (MDCT) and ultrasound endoscopy. All these variables were easy to obtain; therefore, our nomogram had good application in clinical practice.
In our nomogram, the histological subtype of Por was dominant, and it was assigned 100 points; meanwhile, submucosal invasion was assigned 99 points, and HER2 positivity was assigned 78 points. Sizes over 3 cm, age ≤ 55 years, and ulceration were assigned relatively low points of 57, 46, and 17, respectively. The possibility of lymph node metastasis gradually increased with point accumulation. Our nomogram could predict the possibility of LNM for every individual patient, which may help clinicians make informed and customized decisions in clinical treatment. We demonstrated that our nomogram has good discrimination in both the training (AUC, 0.760) and validation sets (AUC, 0.771). In addition, clinical manifestation in the nomogram was superior to the absolute indications of ESD; therefore, its use may lead to the screening of more patients with EGC, with a negligible risk owing to excessive surgical resection.
Limitations
To the best of our knowledge, this is the first study to provide a nomogram to predict the incidence of lymph node metastasis in EGC via the detection of the HER2 expression. Nevertheless, this study has some limitations. This was a single-center, retrospective study. Although we enrolled 794 patients in the training set and 418 in the validation set to validate the model internally and externally in independent cohorts, further external validation from other centers is needed. Additionally, this study was based on an Asian population with EGC. Thus, the results may not be extrapolated to other patient populations without further validation in an independent cohort. Moreover, we did not develop a specific cut-off value for lymph node metastasis for different treatments in patients with EGC. The cut-off value depended on how the patients and doctors ignored the risk. Therefore, compared with stratification, our nomogram is useful in providing patients and doctors with evidence to aid clinical decision-making. Despite these limitations, our nomogram served as an effective tool for predicting the incidence of lymph node metastasis in Chinese patients with EGC, which may lead to improved selection of appropriate treatments.
CONCLUSION
In conclusion, we constructed a nomogram to predict the probability of lymph node metastasis in patients with EGC via HER2 detection. Our nomogram can be used not only for preoperative evaluation to determine whether standard radical gastrectomy is needed in patients with EGC at a high risk of lymph node metastasis but also for intraoperative evaluation to determine whether radical lymphadenectomy is necessary. The clinical performance of our nomogram is superior to that of the absolute indications of ESD in patients with EGC. Randomized clinical trials are needed to determine appropriate indications for function-preserving gastrectomy, which is still regarded as investigational treatment.
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Background

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors, the pathogenesis of which remains unclear. Mediator complex subunit 19 (MED19), a subunit of the Mediator complex, is a multi-protein co-activator necessary for DNA transcription factors to induce RNA polymerase II transcription. In the current study, we aimed to study the role of MED19 in HCC and elucidate its mechanism.



Methods

MED19 expression in HCC tissues was determined. The relationship between MED19 and the clinical prognosis was explored. The influence of MED19 on HCC cell viability, migration, invasion, and apoptosis was studied. The expression of AKT/mTOR pathway genes and proteins was detected by qRT-PCR and western blot. The correlation between MED19 and immune infiltration was investigated.



Results

MED19 was upregulated in HCC tissues compared with tumor-adjacent tissues, and was associated with a poor prognosis. Furthermore, high MED19 expression was correlated with race, gender, etc. Knockdown of MED19 inhibited cell proliferation, migration, invasion, and promoted apoptosis. Knockdown of MED19 decreased p-AKT and p-mTOR protein expression. Additionally, the downstream effectors of the AKT/mTOR pathway, p70S6K1 and 4EBP1, were affected by MED19. Notably, MED19 expression was positively correlated with the infiltration levels of B cells, CD4+ T cells, CD8+ T cells, macrophages, etc.



Conclusion

MED19 is significantly upregulated in HCC tissues and cells. MED19 may promote the progression of HCC in vitro and may be related to immune infiltration. Together, our data show that MED19 could be considered as a new possible biomarker as well as a novel therapeutic target for HCC.





Keywords: hepatocellular carcinoma, MED19, AKT/mTOR signaling pathway, proliferation/migration/invasion, tumor immune infiltration



Introduction

Hepatocellular carcinoma (HCC) is the most common primary malignancy of hepatocytes and serves as the third leading cause of cancer-related death worldwide (1).The treatment of HCC is limited. At present, surgery is the main treatment strategy for early HCC; however, following surgery recurrence and metastasis are common. Patients with advanced HCC are prescribed sorafenib, a specific molecular targeting drug, but drug resistance and side effects have become serious problems (2, 3). Furthermore, the prognosis of HCC is very poor with the 5-year survival rate reported at less than 5% (4). Therefore, researchers and clinicians must elucidate the molecular mechanisms of the occurrence, development, invasion, and metastasis of HCC to find and develop new therapeutic targets.

Mediator is an evolutionarily conserved multi-protein complex (5, 6). As an important part of the transcription mechanism of eukaryotes, the Mediator complex participates in gene expression and mediates the interaction between different proteins (7–9). In humans, mutations, or changes in the Mediator complex have a wide-ranging impact on the occurrence and development of a variety of diseases including cancer.

In 2003, MED19, or lung cancer metastasis-associated protein 1, was cloned from lung large carcinoma and found to be an important part of the Mediator complex (10–12). MED19 is mainly confined to the nuclear region of the cell (https://www.proteinatlas.org/ENSG00000156603-MED19/cell). Further, several studies have shown that MED19 plays a key role in malignant tumor growth by regulating signals related to cell growth, differentiation, cell cycle, and apoptosis (13–16). Zhang et al. found that the expression of MED19 in breast cancer tissues was significantly higher than that in adjacent tissues (17, 18). Further, MED19 promoted breast cancer cell proliferation through the EGFR/MEK/ERK signaling pathway (19). In addition, studies have reported that the expression of MED19 was positively correlated with the expression of bone morphogenetic protein 2 (BMP2) in bladder urothelial carcinoma bone metastasis and invasion (20). MED19 transcription can activate the expression of endogenous Tspan8, and regulate the adhesion and invasion of melanoma in a Tspan8-dependent manner (21). As a member of the Mediator complex, MED19 plays a key role in the activation and inhibition of tumor signal transduction and transcriptional regulation and has a role in the induction of other developmental diseases. Zou et al. (2011) reported that the inhibition of MED19 reduced HCC cellular proliferation, induced cell-cycle arrest, and suppressed tumor formation (22). However, the specific mechanism explaining how MED19 affects the occurrence and development of HCC is unclear. Therefore, an in-depth understanding of the biological function of MED19 and its mechanism of action in HCC might be helpful in the identification of potential targets for clinical treatment.

In the present study, we show that MED19 is upregulated in HCC tissues and that MED19 upregulation was closely correlated with a poor prognosis. Furthermore, MED19 knockdown was observed to modulate the migration, invasion, and apoptosis of HCC cells, and may promote the occurrence and development of HCC through the AKT/mTOR pathway. Additionally, MED19 was correlated with tumor immune infiltration. Together, this study shows that MED19 plays an important oncogenic role in the occurrence and development of HCC, and could be considered as a newpossible biomarker as well as a novel therapeutic target for HCC.



Materials and Methods


Public Datasets Analysis

Tumor Immune Estimation Resource (TIMER) 2.0 is a comprehensive resource for the systematic assessment of diverse cancer types. Using the TCGA database, TIMER 2.0 explores the differential gene expression between tumors and normal tissues, the correlation between gene expression and clinical results, and the analysis of tumor immune infiltration (23). Gene Expression Profiling Interactive Analysis (GEPIA) is a web server based on the visual analysis of the TCGA database (24). It provides several key interactive customization features, such as differential expression analysis, patient survival analysis, and related gene detection, etc. UALCAN is a comprehensive, user-friendly, and interactive web resource for analyzing cancer data (25). LinkedOmics is a platform that can access, analyze and compare cancer multi-omics data within and across tumor types (26). In the current study, the TIMER 2.0 database was used to analyze immune infiltration and the expression profile of MED19 in different types of human cancers. Additionally, using the GEPIA datasets, the survival analysis of MED19 in HCC was evaluated. Using the UALCAN dataset, factors related to MED19 transcription in HCC were investigated. Using the LinkedOmics datasets, genes in HCC that are related to MED19 were assessed and used to draw heat maps. Finally, the relationship between MED19 and several key HCC regulators, including AKT and mTOR was assessed.



Immunohistochemistry

Human HCC tissue specimens and adjacent non-tumor tissues were obtained from patients who underwent surgical hepatectomy. All patients were sourced from the Second Affiliated Hospital of Guilin Medical University, China and signed informed consent. Immunohistochemical staining analyses were performed using formalin-fixed paraffin-embedded tissue sections. The sections were deparaffinized, rehydrated, and incubated in EDTA at 120°C for 5 minutes for antigen repair. After incubating with 3% H2O2 at room temperature for 15 minutes, the sections were sealed with fetal bovine serum and incubated with primary antibody overnight. Goat anti-rabbit antibody coupled with HRP was used for immune detection. Finally, the immune complex was displayed with chromogenic substrate, and the sections were re-stained with hematoxylin. In order to reduce the non-specific binding of antibody, titration was used to optimize the concentration. The diagnosis of the liver cancer samples was verified by pathologists.



Cell Lines and Cell Culture

The human hepatocellular carcinoma cell lines HepG2 and Huh7 are generated by our laboratory. The HepG2 and Huh7 cells were maintained in DMEM high glucose medium (Gibco; Thermo Fisher Scientific) containing 10% serum (South American Fetal Bovine, EXCELL).



Plasmid Construction and Cell Transfection

The MED19 knockdown plasmid was designed by Genechem, Shanghai, China. The sh-MED19 sequence was as follows: sense 5’-CAGTACTCTTTCAATCCTAT-3’, irrelevant nucleotides not targeting any annotated human genes were used as the negative control (sh-NC): sense 5’-TTCTCCGAACGTGTCACGT-3’. Cell transfection with plasmids was conducted using Lipofectamine 2000 (Invitrogen, USA) in accordance with the manufacturer’s instructions.



Cell Proliferation Analysis

Cell proliferation was measured by the MTT assay (Solarbio, China). Briefly, the cells were transfected with the sh-MED19 plasmid or corresponding negative control and were then seeded into 96- well plates (5×103 cells/well), and cultured at 37°C for 0 h, 24 h, 48 h, 72 h. After incubation, 20 ul of the MTT solution was added to each well and incubated for 4 h at each time point at 37°C. The MTT solution was aspirated and 200ul DMSO (Solarbio, China) was added to each well to dissolve the formazan crystals. Cellular proliferation in each well was quantified by measuring optical density using an EPOCH 2 microplate spectrophotometer at a wavelength of 490 nm. The transfected cells were used for cell colony formation assay. Approximately, 100-1000 cells were added per well in a six-well plate. The colonies were then fixed with 4% paraformaldehyde, stained with crystal violet solution and counted.



Cell Migration and Invasion Assay

Cell migratory ability was assessed using the scratch assay. After transfection with the targeted plasmid, 106 cells were seeded in a six-well plate with DMEM containing 2% serum. After adhering to the well, the cells were scratched with a 10 ul pipette tip. The migration distance was measured at 0 h, 24 h and 48 h, and the migration capacity was calculated. Cell invasion was measured in a 24-well plate and transwell chamber covered with Matrigel (CORNING, USA). The transfected cells were resuspended in serum-free media and counted. The upper chamber was inoculated with 105 cells per well, and 10% serum media was added to the lower chamber of the 24-well plate as an inducer to trigger cell invasion. After 36 h, the bottom of the chamber was fixed with 4% paraformaldehyde, stained with 1% crystal violet and counted (100X).



Cell Apoptosis Assay

After cell transfection for 24 h, the 6-well plate was redigested to observe the transfection efficiency. A sterile cover glass was placed in the 6-well plate in advance. The cells were then added to the 6 well-plate and cultured overnight to a density of approximately 50-80%. Following the culture period, the cells were fixed with 0.5 ml fixative solution for 10 min, stained with 0.5 ml Hoechst 33258 staining solution for 5 min, washed with anti-fluorescence quenching solution, and observed under a fluorescence microscope. Normal cell nuclei appeared blue, apoptotic nuclei were densely stained, or fragmented and densely stained, and whitish.



Flow Cytometry for Apoptosis Detection

After 24 h of cell transfection to observe the transfection efficiency, apoptosis was measured using the Annexin V-Phycoerytirin (Annexin V-PE) cell apoptosis detection kit (C1065, Beyotime Biotechnology, China). These data were acquired by flow cytometry (Thermo Fisher, USA) and analyzed by Flowjo software.



qRT-PCR

Total RNA was extracted using the TRIZOL. RNA was reverse transcribed to cDNA using the qRT-PCR kit (Thermo Scientific, USA) according to the manufacturer’s protocol. The PCR cycling conditions were as follows: 40 cycles with pre-denaturation at 95°C for 15 min, denaturation at 95°C for 10 s, and annealing and extension at 60°C for 32 s.

The primers used in this study were synthesized by Wuhan Genecreate Biological Engineering Co., Ltd, and were as follows: MED19-F: CTGACAGGCAGCACGAATCT, MED19-R: CTCCTTCACCTTCTTCCCACA; AKT-F: TACTCTTTCCAGACCCACGAC, AKT-R: AGGTTCTCCAGCTTGAGGTC; mTOR-F: CGCTGTCATCCCTTTATCGAC, mTOR-R: CAGAGTCAAGTGGTCATAGTCCG; 4EBP1-F: CTCACCTGTACCAAAACACC, 4EBP1-R: CCCGCTTATCTTCTGGGCTA; p70S6K1-F: GTGCTGTGGATTGGTGGAGT, p70S6K1-R: GAGGTAGGGAGGCAAATTGAG; GAPDH-F: AGAAGGCTGGGGCTCATTTG, GAPDH-R: AGGGGCCATCCACAGTCTTC. All samples were normalized to internal controls and fold changes were calculated based on relative quantification (2-ΔΔCt).



Western Blot

48 h after cell transfection, the protein samples were extracted with high-efficiency RIPA cell lysis buffer and protease inhibitor (100:1). Then, the protein samples were electrophoresed on 10% sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gel, then transferred to polyvinylidene fluoride (PVDF) membrane and blocked with 5% skimmed milk powder for 2 h. The samples were incubated with the primary antibody overnight. All antibodies used in this study are shown in Table 1. The membrane was washed three times, incubated with the corresponding enzyme-labeled secondary antibodies for 1 h, including horseradish peroxidase (HRP) – conjugated anti-rabbit (cat. no. 111-035-003, 1:10000; Jackson ImmunoResearch, USA), and horseradish peroxidase (HRP) – conjugated anti-mouse (cat. no. 115-035-003, 1:10000; Jackson ImmunoResearch, USA). The signals of the protein bands were analyzed using ChemiDoc XRS+ biomolecular imaging system (BIO-RAD, USA). Analysis using Image J software.


Table 1 | Western blot antibodies.





Statistical Analysis

All in vitro experiments were performed in triplicate. All statistical calculations and analyses were performed using GraphPad Prism 8.0.2 software (GraphPad Software, San Diego, CA, USA). The data were presented as mean ± SD. The comparison between the two groups was performed using by unpaired Student’s t -test (for parametric data). P values <0.05 were considered statistically different.




Results


MED19 Was Up-Regulated in Hepatocellular Carcinoma

In this study, the carcinogenic effect of MED19 during HCC was investigated. First, we analyzed the expression patterns of MED19 in different tumor and non-tumor tissues. Using TIMER 2.0, MED19 was shown to be highly expressed for bladder urothelial carcinoma (BLCA), breast cancer (BRCA), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD) and other types in the TCGA project (Figure 1A). Based on the GEPIA dataset, matching TCGA normal and GTEx data, MED19 expression was found to be significantly higher in HCC tissues relative to other non-tumor tissues (Figure 1B). Based on the TCGA dataset, MED19 expression was highest in stage III HCC tissues (Figure 1C). The high expression of MED19 was associated with overall survival and disease-free survival, suggesting a poor prognosis (Figures 1D, E). In addition, within the clinical specimens collected, MED19 was highly expressed in cancer tissues compared with paracancerous tissues (Figure 1F). The level of MED19 transcription was significantly higher in HCC patients relative to healthy subjects in the subgroup analysis based on gender, age, race, tumor grade, etc. (Figure 2). Therefore, the expression of MED19 may serve as a potential diagnostic indicator in HCC.




Figure 1 | MED19 is highly expressed in HCC. (A) Expression of MED19 gene in different cancers or specific cancer subtypes. (B) MED19 was upregulated in LIHC samples compared with normal tissues. (C) Based on the TCGA data, the expression of the MED19 at different pathological stages of LIHC. (D, E) The higher expression of MED19 was associated with a shorter overall survival time and disease-free survival time of HCC. (F) IHC images of HCC tissues showed that the expression of MED19 in HCC tissues was higher than that in adjacent non-tumor tissues. *P < 0.05; ***P < 0.001.






Figure 2 | MED19 transcription in subgroups of patients with hepatocellular carcinoma stratified based on gender, age, and other criteria. (A) Boxplot showing relative expression of MED19 in healthy and LIHC samples. (B) Boxplot showing relative expression of MED19 in healthy individuals of any ethnicity or LIHC patients of Caucasian, African-American or Asian ethnicity. (C) Boxplot showing relative expression of MED19 in healthy individuals of either gender or male or female LIHC patients. (D) Boxplot showing relative expression of MED19 in healthy individuals of any age or LIHC patients aged 21-40, 40-60, 61-80, or 81-100 yr. (E) Boxplot showing relative expression of MED19 in healthy individuals of any weight or LIHC patients weighted normal, extreme, obese, or extreme obese. (F) Boxplot showing relative expression of MED19 in healthy individuals or LIHC patients with grade 1, 2, 3 or 4 tumors. (G) Boxplot showing relative expression of MED19 in healthy individuals or LIHC patients of hepatocellular carcinoma, fibrolamellar carcinoma, or hepatocholangio carcinoma (mixed). (H) Boxplot showing relative expression of MED19 in healthy individuals or LIHC patients with TP53-mutant or TP53- nonmutant. (I) Boxplot showing relative expression of MED19 in healthy individuals or LIHC patients with no regional lymph node metastasis or metastases in 1 to 3 axillary lymph nodes. *P < 0.05; **P < 0.01; ***P < 0.001; NS, nonsignificant.





MED19 Knockdown Inhibited Proliferation and Promoted Apoptosis of HCC Cell

In the current study, we used HepG2 and Huh7 cells as knockdown models to explore the potential biological function of MED19. shRNA was transfected into cells within a plasmid vector. The transfection efficiency was evaluated by fluorescence microscope and knockdown efficiency was evaluated by western blot and qRT-PCR (Figures 3A, B). The proliferation ability of Huh7 and HepG2 cells was detected by the MTT and colony formation assays. The downregulation of MED19 significantly inhibited cell proliferation (Figure 3C) and colony formation efficiency (Figure 3D). Due to a higher transfection efficiency of HepG2 relative to Huh7, fewer HepG2 colonies were observed. In addition, we found that the apoptotic ability of HCC cells increased significantly after MED19 was knockdown by Hoechst and flow cytometry (Figures 3E, F).




Figure 3 | MED19 knockdown inhibited HCC cell proliferation and promoted cell apoptosis. (A, B) Relative MED19 RNA and protein levels in HepG2 and Huh7 cells after transfection with sh-MED19 or sh-NC plasmid. (C) The viability of HepG2 and Huh7 cells in the sh-MED19 and sh-NC group. (D) Influence of MED19 knockdown on clone formation of HepG2 and Huh7 cells. (E) The apoptosis situation of HepG2 and Huh7 cells induced by Hoechst 33258. (F) The apoptosis situation of HepG2 and Huh7 cells by flow cytometry. *P < 0.05; **P < 0.01; ***P < 0.001. Perform three independent replicates. Statistical analysis is performed using an unpaired t -test. All results are expressed as mean ± SD.





MED19 Knockdown Inhibited HCC Cell Migration and Invasion

To explore the effect of MED19 on cell migration and invasion, a transwell experiment was performed. The number of cells that crossed the chamber in the sh-MED19 group was significantly lower than the sh-NC group (Figures 4A, D). The invasion experiment was performed in a chamber containing Matrigel. The knockdown of MED19 inhibited the invasion ability of HepG2 and Huh7 cells (Figures 4B, E). Wound-healing experiments further confirmed the influence of MED19 expression on the migration ability of HCC cells. The migration rate of HCC cells in the sh-MED19 group was markedly lower than that in the sh-NC group (Figures 4C, F). Together, these data suggested that MED19 may act as an oncogene and promotes migration and invasion in HCC.




Figure 4 | MED19 knockdown inhibited the migration and invasion of HCC cells in vitro. (A, D) Transwell assay was used to detect the migration of HCC cells between the sh-NC and the sh-MED19 group. (B, E) Transwell assay was used to detect the invasion of HCC cells between the sh-NC and sh-MED19 groups. (C, F) Wound-healing was utilized to evaluate the effect of MED19 knockdown on the migration of HCC cells. *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001. Perform three independent replicates. Statistical analysis is performed using an unpaired t -test. All results are expressed as mean ± SD.





MED19 Knockdown Inhibited the Activation of the AKT/mTOR Signaling Pathway In Vitro

To further explore the functional role of MED19 in cell proliferation, migration, invasion, and apoptosis, we aimed to identify the potential mechanism of MED19 in HCC cells. Initially, data from the TCGA database indicated that MED19 was positively correlated with AKT and mTOR (Figures 5A-C). To further explore the potential relationship between MED19 and other genes related to the AKT/mTOR signaling pathway (AKT, p-AKT, mTOR, p-mTOR, 4EBP1, p-4EBP1, p70S6K1, p-p70S6K1), proteins expression was determined by western blot. Western blot analysis revealed decreased p-AKT, p-mTOR, p-p70S6K1 protein expression, and increased p-4EBP1 expression in MED19-downregulated cells (Figures 5D, F). Together, these data indicate that the activity of the AKT/mTOR pathway was decreased in MED19-depleted HCC cells. However, after treatment with noval AKT activator, SC79, the activation of the AKT/mTOR signaling pathway in HCC was partially restored (Figures 5E, G). This suggests that SC79 increased the phosphorylation of AKT and mTOR in MED19 knocked down HCC cells, thus further supporting the hypothesis that the AKT/mTOR pathway is the molecular target of MED19 in HCC cells.




Figure 5 | MED19 knockdown inhibited AKT/mTOR signaling pathway. (A, B) Pathway enrichment analysis of MED19 in HCC. (C) Co-expression analysis of MED19 and AKT/mTOR pathway genes. (D, F) The protein expression of AKT, p-AKT, mTOR, p-mTOR, p70S6K1, p-p70S6K1, 4EBP1, p-4EBP1, and LC3B I/II in HepG2 and Huh7 cells from the sh-MED19 and sh-NC groups. (E, G) SC79 enhances the expression of p-AKT, p-mTOR, and p-p70S6K1 but inhibits the expression of p-4EBP1. *P < 0.05; **P < 0.01. Perform three independent replicates. Statistical analysis is performed using an unpaired t -test. All results are expressed as mean ± SD.



Previous studies have reported that abnormal AKT/mTOR signals were closely related to autophagy (27, 28). Based on this, we speculate that MED19 may reduce autophagy in HCC cells. Therefore, WB was used to determine the expression level of key autophagy-related proteins, LC3B-I and LC3B-II. The protein level of LC3B-II in the MED19 knockdown group was higher than the corresponding control group (Figures 5D, F). In general, the downregulation of MED19 inhibited the proliferation, migration, invasion, and apoptosis of HCC cells through the AKT/mTOR signaling pathway and may be related to autophagy. In addition, using the LinkedOmics database, we found that MED19 in HCC was related to many genes. In Figure 6, we highlight genes that are positively and negatively related to MED19 in HCC (Figures 6A-C).




Figure 6 | Genes differentially expressed in correlation with MED19 in hepatocellular carcinoma. (A) A Pearson test was used to analyze correlations between MED19 and genes differentially expressed in HCC. In the volcano map, red indicates positively correlated genes and green indicates negatively correlated genes. (B, C) Heat maps showing genes positively and negatively correlated with MED19 in HCC (TOP 50).





Correlation Between MED19 Expression and Immune Cells Infiltration and Markers of Different Subsets in HCC

In the process of tumor invasion, immune cells, as an important part of the tumor microenvironment (TME), are closely related to the occurrence and development of cancer (29–31). Cancer immunotherapy utilizes engineered auto-immune cells to eliminate tumor cells. Therefore, understanding the infiltrating immune cells in the TME is essential for deciphering the mechanism of immunotherapy, defining predictive biomarkers, and identifying new therapeutic targets. It is reported that cancer-associated fibroblasts in the tumor microenvironment matrix are involved in regulating the function of various tumor-infiltrating immune cells (32, 33). Studies have found that the expression of tumor-related genes is related to the infiltration level of CD4+ T cells, CD8+ T cells, macrophages, etc. (29, 34–40). The immune cells analyzed in HCC tissues included CD8+ T cells, B cells, tumor-associated macrophages (TAMs), monocytes, M1 and M2 macrophages, neutrophils, and natural killer (NK) cells. To explore the role of MED19 in immune responses within the HCC microenvironment, TIMER 2.0 was used to assess the potential relationship between the infiltration level of different immune cells and the expression of the MED19 gene in HCC. Because tumor purity affects the analysis of immune cell infiltration, the correlation analysis of tumor purity has been adjusted. These results indicate that the expression of MED19 in HCC was significantly correlated with the increased expression of marker genes in B cells, CD8+, CD4+, myeloid dendritic cells, macrophage, and neutrophils (Figure 7). Together, these data indicate that high MED19 expression creates an immunosuppressive microenvironment supports HCC progression. Therefore, as a potential target of HCC, MED19 may be beneficial for future immunotherapy.




Figure 7 | Correlation analysis between the expression of MED19 and the level of immune cells infiltration in HCC. After tumor purity adjustment, MED19 expression in HCC was positively correlated with infiltration levels of B cells, CD4+ T cells, CD8+ T cells, myeloid dendritic cells, macrophages, and neutrophils.






Discussion

MED19 is crucial in stabilizing Mediator’s complex’s transcriptional regulation processes (41–43). Numerous studies have shown that MED19 plays a role in tumor growth, migration, invasion, and apoptosis of various cancer types. In this study, we observed that the expression of MED19 in HCC tissue was increased compared with normal liver tissue, which was confirmed by IHC.

The high expression of MED19 in HCC patients indicates a poor prognosis, suggesting that the expression of MED19 may play an important role in HCC metastasis. Cui et al. found that inhibiting the expression of MED19 inhibited the proliferation and tumorigenesis of human prostate cancer cells (44, 45), and also inhibited tumor growth and metastasis in colorectal cancer (46). MED19 knockdown inhibited the proliferation and migration of bladder cancer cells by down-regulating the WNT/β-catenin signaling pathway (47). Given these results, through a series of experiments, we found that knocking down MED19 significantly reduced the ability of migration, invasion, proliferation, and colony-formation of HCC cells. In addition, MED19 knockdown significantly increased the proportion of apoptotic HCC cells. Together, our data showed that MED19 was related to the tumorigenesis and development of HCC, which may be a related oncogene of HCC.

Tumor immunotherapy based on immune infiltration is a current research hotspot and which still requires more investigation and optimization. Immune cells influence the tumor microenvironment and affect tumor progression and metastasis (18, 37, 48, 49). Based on many findings, we evaluated the correlation between the abnormal expression of MED19 in HCC and immune infiltrating cells. The results showed that the expression of MED19 was significantly correlated with the expression of B cells, CD8+, CD4+ and other cell-related genes.

Finally, based on the role of MED19 in the proliferation, migration, and invasion of HCC, we explored the mechanism of MED19 in the AKT/mTOR signaling pathway. The AKT/mTOR signaling pathway plays an active role in promoting tumor invasion and metastasis (50–53). Here, we show that MED19 knockdown reduced the expression of p-AKT, p-mTOR and p-P70S6K1, but increased the expression of p-4EBP1. Additionally, SC79, an AKT agonist, partially restored the expression of p-AKT, p-mTOR, p-p70S6K1, and p-4EBP1. In summary, MED19 knockdown inhibited the proliferation, migration, and invasion of HCC through the AKT/mTOR signaling pathway.

In obesity studies, adipose tissue inflammation is a key process that promotes cancer (54, 55). The tumor-promoting effect of obesity alters the level of the microenvironment and inflammatory Mediators and affects the level and function of immune infiltrating cells. Dean et al. found that MED19 regulates adipogenesis and participates in the process of fat metabolism by mediating PPAR-γ (56). In addition, MED19 binds to GATA transcription factors and regulates GATA-driven genes together with MED1 (57).

Our study showed that MED19 affects HCC oncogenesis through the AKT/mTOR pathway and may be related to autophagy. Based on this result, further experiments to determine other factors in this possible pathway are urgently needed. Primarily, these studies should aim to further determine the correlation between MED19 and autophagy. Secondly, the effect of MED19 supplementation on HCC cyclin protein Cyclin D1/B1 and apoptosis protein Bax, Bcl-2, etc. should be further elucidated. Thirdly, in vivo tumor formation experiments should be elaborated upon and the effect of MED19 supplementation on HCC should be well defined in vivo and in vitro. Lastly, future work should explore the role and mechanism of the MED19-gene(s) axis in HCC.



Conclusion

In summary, the data provided in this article show that MED19, as an oncogene, plays an important role in the proliferation, migration, and invasion of HCC cells through the AKT/mTOR signaling pathway, and may be related to autophagy. Therefore, MED19, as a potential biomarker for HCC diagnosis, may represent a potential therapeutic target for HCC treatment. Further efforts and investigations are needed to clarify the tumor-promoting mechanism of MED19.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Author Contributions

All authors participated in the design and performed of the experiments. YTZ wrote the article. YTZ and PQ contributed to the bioinformatics analysis. XX, ML, and HH analyzed the data. YLZ and JY directed the study and modified the article.



Funding

This work was supported by the National Natural Science Foundation of China [NSFC, No. 82160517], the Scientific Research and Technology Development Program of Guangxi [grant number AD18281009, AD18281010], and Thousands of Young and Middle-aged Backbone Teachers in Guangxi colleges and Universities Training Plan.



References

1. McGlynn, KA, Petrick, JL, and El-Serag, HB. Epidemiology of Hepatocellular Carcinoma. Hepatology (2021) 73(Suppl 1):4–13. doi: 10.1002/hep.31288

2. Gordan, JD, Kennedy, EB, Abou-Alfa, GK, Beg, MS, Brower, ST, Gade, TP, et al. Systemic Therapy for Advanced Hepatocellular Carcinoma: ASCO Guideline. J Clin Oncol (2020) 38(36):4317–45. doi: 10.1200/JCO.20.02672

3. Xu, J, Wan, Z, Tang, M, Lin, Z, Jiang, S, Ji, L, et al. N(6)-Methyladenosine-Modified CircRNA-SORE Sustains Sorafenib Resistance in Hepatocellular Carcinoma by Regulating Beta-Catenin Signaling. Mol Cancer (2020) 19(1):163. doi: 10.1186/s12943-020-01281-8

4. Feng, GS, Hanley, KL, Liang, Y, and Lin, X. Improving the Efficacy of Liver Cancer Immunotherapy: The Power of Combined Preclinical and Clinical Studies. Hepatology (2021) 73(Suppl 1):104–14. doi: 10.1002/hep.31479

5. Abdella, R, Talyzina, A, Chen, S, Inouye, CJ, Tjian, R, and He, Y. Structure of the Human Mediator-Bound Transcription Preinitiation Complex. Science (2021) 372(6537):52–6. doi: 10.1126/science.abg3074

6. Chen, X, Yin, X, Li, J, Wu, Z, Qi, Y, Wang, X, et al. Structures of the Human Mediator and Mediator-Bound Preinitiation Complex. Science (2021) 372(6546). doi: 10.1126/science.abg0635

7. Clark, AD, Oldenbroek, M, and Boyer, TG. Mediator Kinase Module and Human Tumorigenesis. Crit Rev Biochem Mol Biol (2015) 50(5):393–426. doi: 10.3109/10409238.2015.1064854

8. Robinson, PJ, Trnka, MJ, Bushnell, DA, Davis, RE, Mattei, PJ, Burlingame, AL, et al. Structure of a Complete Mediator-RNA Polymerase II Pre-Initiation Complex. Cell (2016) 166(6):1411–1422 e16. doi: 10.1016/j.cell.2016.08.050

9. Soutourina, J. Transcription Regulation by the Mediator Complex. Nat Rev Mol Cell Biol (2018) 19(4):262–74. doi: 10.1038/nrm.2017.115

10. Chen, L, Liang, Z, Tian, Q, Li, C, Ma, X, Zhang, Y, et al. Overexpression of LCMR1 Is Significantly Associated With Clinical Stage in Human NSCLC. J Exp Clin Cancer Res (2011) 30:18. doi: 10.1186/1756-9966-30-18

11. Xu, Y, Liang, Z, Li, C, Yang, Z, and Chen, L. LCMR1 Interacts With DEK to Suppress Apoptosis in Lung Cancer Cells. Mol Med Rep (2017) 16(4):4159–64. doi: 10.3892/mmr.2017.7095

12. Rosenblum-Vos, LS, Rhodes, L, Evangelista, CC Jr, Boayke, KA, and Zitomer, RS. The ROX3 Gene Encodes an Essential Nuclear Protein Involved in CYC7 Gene Expression in Saccharomyces Cerevisiae. Mol Cell Biol (1991) 11(11):5639–47. doi: 10.1128/mcb.11.11.5639-5647.1991

13. Ding, XF, Huang, GM, Shi, Y, Li, JA, and Fang, XD. Med19 Promotes Gastric Cancer Progression and Cellular Growth. Gene (2012) 504(2):262–7. doi: 10.1016/j.gene.2012.04.033

14. Liu, Y, Tao, X, Fan, L, Jia, L, Gu, C, and Feng, Y. Knockdown of Mediator Complex Subunit 19 Inhibits the Growth of Ovarian Cancer. Mol Med Rep (2012) 6(5):1050–6. doi: 10.3892/mmr.2012.1065

15. Li, XH, Fang, DN, and Zeng, CM. Knockdown of MED19 by Short Hairpin RNA-Mediated Gene Silencing Inhibits Pancreatic Cancer Cell Proliferation. Cancer Biother Radiopharm (2011) 26(4):495–501. doi: 10.1089/cbr.2010.0863

16. Wang, T, Hao, L, Feng, Y, Wang, G, Qin, D, and Gu, G. Knockdown of MED19 by Lentivirus-Mediated shRNA in Human Osteosarcoma Cells Inhibits Cell Proliferation by Inducing Cell Cycle Arrest in the G0/G1 Phase. Oncol Res (2011) 19(5):193–201. doi: 10.3727/096504011x12970940207760

17. Zhang, X, Fan, Y, Liu, B, Qi, X, Guo, Z, and Li, L. Med19 Promotes Breast Cancer Cell Proliferation by Regulating CBFA2T3/HEB Expression. Breast Cancer (2017) 24(3):433–41. doi: 10.1007/s12282-016-0722-3

18. Wang, Z, Yang, C, Li, L, Jin, X, Zhang, Z, Zheng, H, et al. Tumor-Derived HMGB1 Induces CD62L(dim) Neutrophil Polarization and Promotes Lung Metastasis in Triple-Negative Breast Cancer. Oncogenesis (2020) 9(9):82. doi: 10.1038/s41389-020-00267-x

19. Zhang, X, Gao, D, Fang, K, Guo, Z, and Li, L. Med19 Is Targeted by miR-101-3p/miR-422a and Promotes Breast Cancer Progression by Regulating the EGFR/MEK/ERK Signaling Pathway. Cancer Lett (2019) 444:105–15. doi: 10.1016/j.canlet.2018.12.008

20. Wen, H, Feng, CC, Ding, GX, Meng, DL, Ding, Q, Fang, ZJ, et al. Med19 Promotes Bone Metastasis and Invasiveness of Bladder Urothelial Carcinoma via Bone Morphogenetic Protein 2. Ann Diagn Pathol (2013) 17(3):259–64. doi: 10.1016/j.anndiagpath.2012.11.004

21. Agaesse, G, Barbollat-Boutrand, L, Sulpice, E, Bhajun, R, El Kharbili, M, Berthier-Vergnes, O, et al. A Large-Scale RNAi Screen Identifies LCMR1 as a Critical Regulator of Tspan8-Mediated Melanoma Invasion. Oncogene (2017) 36(35):5084. doi: 10.1038/onc.2017.195

22. Zou, SW, Ai, KX, Wang, ZG, Yuan, Z, Yan, J, and Zheng, Q. The Role of Med19 in the Proliferation and Tumorigenesis of Human Hepatocellular Carcinoma Cells. Acta Pharmacol Sin (2011) 32(3):354–60. doi: 10.1038/aps.2010.223

23. Li, T, Fu, J, Zeng, Z, Cohen, D, Li, J, Chen, Q, et al. TIMER2.0 for Analysis of Tumor-Infiltrating Immune Cells. Nucleic Acids Res (2020) 48(W1):W509–14. doi: 10.1093/nar/gkaa407

24. Tang, Z, Li, C, Kang, B, Gao, G, Li, C, and Zhang, Z. GEPIA: A Web Server for Cancer and Normal Gene Expression Profiling and Interactive Analyses. Nucleic Acids Res (2017) 45(W1):W98–W102. doi: 10.1093/nar/gkx247

25. Chandrashekar, DS, Bashel, B, Balasubramanya, SAH, Creighton, CJ, Ponce-Rodriguez, I, Chakravarthi, B, et al. UALCAN: A Portal for Facilitating Tumor Subgroup Gene Expression and Survival Analyses. Neoplasia (2017) 19(8):649–58. doi: 10.1016/j.neo.2017.05.002

26. Vasaikar, SV, Straub, P, Wang, J, and Zhang, B. LinkedOmics: Analyzing Multi-Omics Data Within and Across 32 Cancer Types. Nucleic Acids Res (2018) 46(D1):D956–63. doi: 10.1093/nar/gkx1090

27. Zhao, H, Zhang, X, Wang, M, Lin, Y, and Zhou, S. Stigmasterol Simultaneously Induces Apoptosis and Protective Autophagy by Inhibiting Akt/mTOR Pathway in Gastric Cancer Cells. Front Oncol (2021) 11:629008. doi: 10.3389/fonc.2021.629008

28. Yu, F, Ma, R, Liu, C, Zhang, L, Feng, K, Wang, M, et al. SQSTM1/p62 Promotes Cell Growth and Triggers Autophagy in Papillary Thyroid Cancer by Regulating the AKT/AMPK/mTOR Signaling Pathway. Front Oncol (2021) 11:638701. doi: 10.3389/fonc.2021.638701

29. Acharya, N, Madi, A, Zhang, H, Klapholz, M, Escobar, G, Dulberg, S, et al. Endogenous Glucocorticoid Signaling Regulates CD8(+) T Cell Differentiation and Development of Dysfunction in the Tumor Microenvironment. Immunity (2020) 53(3):658–671 e6. doi: 10.1016/j.immuni.2020.08.005

30. Huang, S, Song, Z, Zhang, T, He, X, Huang, K, Zhang, Q, et al. Identification of Immune Cell Infiltration and Immune-Related Genes in the Tumor Microenvironment of Glioblastomas. Front Immunol (2020) 11:585034. doi: 10.3389/fimmu.2020.585034

31. Iyengar, NM, Gucalp, A, Dannenberg, AJ, and Hudis, CA. Obesity and Cancer Mechanisms: Tumor Microenvironment and Inflammation. J Clin Oncol (2016) 34(35):4270–6. doi: 10.1200/JCO.2016.67.4283

32. Barrett, RL, and Pure, E. Cancer-Associated Fibroblasts and Their Influence on Tumor Immunity and Immunotherapy. Elife (2020) 9. doi: 10.7554/eLife.57243

33. Biffi, G, and Tuveson, DA. Diversity and Biology of Cancer-Associated Fibroblasts. Physiol Rev (2021) 101(1):147–76. doi: 10.1152/physrev.00048.2019

34. Chow, A, Zhou, W, Liu, L, Fong, MY, Champer, J, Van Haute, D, et al. Macrophage Immunomodulation by Breast Cancer-Derived Exosomes Requires Toll-Like Receptor 2-Mediated Activation of NF-kappaB. Sci Rep (2014) 4:5750. doi: 10.1038/srep05750

35. DeNardo, DG, and Ruffell, B. Macrophages as Regulators of Tumour Immunity and Immunotherapy. Nat Rev Immunol (2019) 19(6):369–82. doi: 10.1038/s41577-019-0127-6

36. Gibson, JT, Orlandella, RM, Turbitt, WJ, Behring, M, Manne, U, Sorge, RE, et al. Obesity-Associated Myeloid-Derived Suppressor Cells Promote Apoptosis of Tumor-Infiltrating CD8 T Cells and Immunotherapy Resistance in Breast Cancer. Front Immunol (2020) 11:590794. doi: 10.3389/fimmu.2020.590794

37. Jones, LM, Broz, ML, Ranger, JJ, Ozcelik, J, Ahn, R, Zuo, D, et al. STAT3 Establishes an Immunosuppressive Microenvironment During the Early Stages of Breast Carcinogenesis to Promote Tumor Growth and Metastasis. Cancer Res (2016) 76(6):1416–28. doi: 10.1158/0008-5472.CAN-15-2770

38. Krishna, S, Lowery, FJ, Copeland, AR, Bahadiroglu, E, Mukherjee, R, Jia, L, et al. Stem-Like CD8 T Cells Mediate Response of Adoptive Cell Immunotherapy Against Human Cancer. Science (2020) 370(6522):1328–34. doi: 10.1126/science.abb9847

39. Li, L, Yu, R, Cai, T, Chen, Z, Lan, M, Zou, T, et al. Effects of Immune Cells and Cytokines on Inflammation and Immunosuppression in the Tumor Microenvironment. Int Immunopharmacol (2020) 88:106939. doi: 10.1016/j.intimp.2020.106939

40. Matsuzaki, J, Tsuji, T, Luescher, IF, Shiku, H, Mineno, J, Okamoto, S, et al. Direct Tumor Recognition by a Human CD4(+) T-Cell Subset Potently Mediates Tumor Growth Inhibition and Orchestrates Anti-Tumor Immune Responses. Sci Rep (2015) 5:14896. doi: 10.1038/srep14896

41. Boube, M, Hudry, B, Immarigeon, C, Carrier, Y, Bernat-Fabre, S, Merabet, S, et al. Drosophila Melanogaster Hox Transcription Factors Access the RNA Polymerase II Machinery Through Direct Homeodomain Binding to a Conserved Motif of Mediator Subunit Med19. PloS Genet (2014) 10(5):e1004303. doi: 10.1371/journal.pgen.1004303

42. Ding, N, Tomomori-Sato, C, Sato, S, Conaway, RC, Conaway, JW, and Boyer, TG. MED19 and MED26 Are Synergistic Functional Targets of the RE1 Silencing Transcription Factor in Epigenetic Silencing of Neuronal Gene Expression. J Biol Chem (2009) 284(5):2648–56. doi: 10.1074/jbc.M806514200

43. Myers, LC, and Kornberg, RD. Mediator of Transcriptional Regulation. Annu Rev Biochem (2000) 69:729–49. doi: 10.1146/annurev.biochem.69.1.729

44. Cui, X, Xu, D, Lv, C, Qu, F, He, J, Chen, M, et al. Suppression of MED19 Expression by shRNA Induces Inhibition of Cell Proliferation and Tumorigenesis in Human Prostate Cancer Cells. BMB Rep (2011) 44(8):547–52. doi: 10.5483/bmbrep.2011.44.8.547

45. Yu, S, Wang, Y, Yuan, H, Zhao, H, Lv, W, Chen, J, et al. Knockdown of Mediator Complex Subunit 19 Suppresses the Growth and Invasion of Prostate Cancer Cells. PloS One (2017) 12(1):e0171134. doi: 10.1371/journal.pone.0171134

46. He, GY, Hu, JL, Zhou, L, Zhu, XH, Xin, SN, Zhang, D, et al. The FOXD3/miR-214/MED19 Axis Suppresses Tumour Growth and Metastasis in Human Colorectal Cancer. Br J Cancer (2016) 115(11):1367–78. doi: 10.1038/bjc.2016.362

47. Yuan, H, Yu, S, Cui, Y, Men, C, Yang, D, Gao, Z, et al. Knockdown of Mediator Subunit Med19 Suppresses Bladder Cancer Cell Proliferation and Migration by Downregulating Wnt/beta-Catenin Signalling Pathway. J Cell Mol Med (2017) 21(12):3254–63. doi: 10.1111/jcmm.13229

48. Bruni, D, Angell, HK, and Galon, J. The Immune Contexture and Immunoscore in Cancer Prognosis and Therapeutic Efficacy. Nat Rev Cancer (2020) 20(11):662–80. doi: 10.1038/s41568-020-0285-7

49. Sui, S, An, X, Xu, C, Li, Z, Hua, Y, Huang, G, et al. An Immune Cell Infiltration-Based Immune Score Model Predicts Prognosis and Chemotherapy Effects in Breast Cancer. Theranostics (2020) 10(26):11938–49. doi: 10.7150/thno.49451

50. Yi, J, Zhu, J, Wu, J, Thompson, CB, and Jiang, X. Oncogenic Activation of PI3K-AKT-mTOR Signaling Suppresses Ferroptosis via SREBP-Mediated Lipogenesis. Proc Natl Acad Sci USA (2020) 117(49):31189–97. doi: 10.1073/pnas.2017152117

51. Duan, Y, Haybaeck, J, and Yang, Z. Therapeutic Potential of PI3K/AKT/mTOR Pathway in Gastrointestinal Stromal Tumors: Rationale and Progress. Cancers (Basel) (2020) 12(10). doi: 10.3390/cancers12102972

52. Yang, R, Wang, M, Zhang, G, Bao, Y, Wu, Y, Li, X, et al. E2F7-EZH2 Axis Regulates PTEN/AKT/mTOR Signalling and Glioblastoma Progression. Br J Cancer (2020) 123(9):1445–55. doi: 10.1038/s41416-020-01032-y

53. Gao, W, Guo, H, Niu, M, Zheng, X, Zhang, Y, Xue, X, et al. Circpard3 Drives Malignant Progression and Chemoresistance of Laryngeal Squamous Cell Carcinoma by Inhibiting Autophagy Through the PRKCI-Akt-mTOR Pathway. Mol Cancer (2020) 19(1):166. doi: 10.1186/s12943-020-01279-2

54. Fosam, A, and Perry, RJ. Current Mechanisms in Obesity and Tumor Progression. Curr Opin Clin Nutr Metab Care (2020) 23(6):395–403. doi: 10.1097/MCO.0000000000000690

55. Moraes, JA, Encarnacao, C, Franco, VA, Xavier Botelho, LG, Rodrigues, GP, Ramos-Andrade, I, et al. Adipose Tissue-Derived Extracellular Vesicles and the Tumor Microenvironment: Revisiting the Hallmarks of Cancer. Cancers (Basel) (2021) 13(13). doi: 10.3390/cancers13133328

56. Dean, JM, He, A, Tan, M, Wang, J, Lu, D, Razani, B, et al. MED19 Regulates Adipogenesis and Maintenance of White Adipose Tissue Mass by Mediating PPARgamma-Dependent Gene Expression. Cell Rep (2020) 33(1):108228. doi: 10.1016/j.celrep.2020.108228

57. Immarigeon, C, Bernat-Fabre, S, Guillou, E, Verger, A, Prince, E, Benmedjahed, MA, et al. Mediator Complex Subunit Med19 Binds Directly GATA Transcription Factors and Is Required With Med1 for GATA-Driven Gene Regulation In Vivo. J Biol Chem (2020) 295(39):13617–29. doi: 10.1074/jbc.RA120.013728




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 Zhang, Qin, Xu, Li, Huang, Yan and Zhou. 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.




ORIGINAL RESEARCH

published: 10 January 2022

doi: 10.3389/fonc.2021.784525

[image: image2]


The Role of the SOX9/lncRNA ANXA2P2/miR-361-3p/SOX9 Regulatory Loop in Cervical Cancer Cell Growth and Resistance to Cisplatin


Shasha He 1, Yeqian Feng 1*, Wen Zou 1, Jingjing Wang 1, Guiyuan Li 2, Wei Xiong 2, Yangchun Xie 1, Jin-an Ma 1 and Xianling Liu 1


1 Department of Oncology, The Second Xiangya Hospital, Central South University, Changsha, China, 2 Cancer Research Institute of Central South University, Changsha, China




Edited by: 

Marta Martins, Universidade de Lisboa, Portugal

Reviewed by: 

Bin Yuan, Anhui Medical University, China

Ying Hu, Harbin Institute of Technology, China

*Correspondence: 

Yeqian Feng
 fengyeqian@csu.edu.cn

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


Received: 28 September 2021

Accepted: 29 November 2021

Published: 10 January 2022

Citation:
He S, Feng Y, Zou W, Wang J, Li G, Xiong W, Xie Y, Ma J-a and Liu X (2022) The Role of the SOX9/lncRNA ANXA2P2/miR-361-3p/SOX9 Regulatory Loop in Cervical Cancer Cell Growth and Resistance to Cisplatin. Front. Oncol. 11:784525. doi: 10.3389/fonc.2021.784525



Cervical cancer is a highly prevalent female malignancy. Presently, cisplatin (DDP) is a first-line agent for cervical cancer chemotherapy. However, its curative effect is limited because of chemo-resistance. It has been previously reported that SOX9 targeted and activated oncogenic genes, enhancing cervical cancer cell resistance to DDP. The effects of the SOX9/lncRNA ANXA2P2/miR-361-3p/SOX9 regulatory loop on cervical cancer cell growth and resistance to DDP have been demonstrated. miR-361-3p expression was decreased in DDP-resistant cervical cancer cells and tissues. Moreover, miR-361-3p overexpression inhibited the growth of resistant cervical cancer cells and the resistance to DDP, whereas miR-361-3p inhibition exerted opposite effects. miR-361-3p inhibited SOX9 expression through binding; the effects of miR-361-3p inhibition were partially reversed by SOX9 knockdown. LncRNA ANXA2P2 expression was elevated in DDP-resistant cervical cancer cells and tissues. LncRNA ANXA2P2 inhibited miR-361-3p expression by binding, thereby upregulating SOX9. LncRNA ANXA2P2 knockdown inhibited DDP-resistant cervical cancer cell growth and resistance to DDP, whereas the effects of lncRNA ANXA2P2 knockdown were partially reversed by miR-361-3p inhibition. SOX9 expression was elevated in DDP-resistant cervical cancer cells and tissues, and SOX9 activated lncRNA ANXA2P2 transcription by binding. Collectively, SOX9, lncRNA ANXA2P2, and miR-361-3p form a regulatory loop, modulating DDP-resistant cervical cancer cell growth and response to DDP treatment.
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Introduction

Cervical cancer is a widespread female malignancy with high incidence and results in over 300,000 yearly fatalities worldwide (1, 2). Although human papillomavirus (HPV) infection has been regarded as a leading cause of cervical cancer (3–5), genetic factors might also affect the progression of HPV infection to cervical pre-cancer and cervical cancer (6). Presently, cisplatin (DDP) is a first-line agent for cervical cancer chemotherapy; however, its curative effect is limited because of a large portion of patients acquiring chemo-resistance (7). Therefore, the identification of new prognostic biomarkers would provide clinicians with potential therapeutic targets for personalized treatment regimens.

miRNA, a family of small endogenous RNA of 19–22 bp in length and devoid of protein-coding capacity, could result in the target mRNA degradation or translation inhibition through complete or incomplete complementarity to the 3’-untranslated region (3’-UTR) of target mRNA (8). For instance, our group reported miR-130a (9, 10) and miR-21 (11) modulating cervical cancer cell growth and resistance to DDP through targeting CTR1 or PTEN. There are more miRNAs that have been reported as multifaceted players regulating cancer aggressiveness and tumor microenvironment formation, such as miR-361. miR-361-3p is often reduced or lost in numerous kinds of malignancies and participates in tumor growth, epithelial–mesenchymal transition (EMT), distant migration, chemo- or radio-resistance, glycolysis, angiogenesis, and inflammation by inhibiting the expression of its target genes (12–16). Although Wang et al. (15) regarded miR-361-3p as an anti-tumor miRNA in cervical cancer-inhibiting cancer cell growth and invasion, its role, targets, and mechanism in cervical cancer resistance to DDP are still unclear.

Long non-coding RNAs (lncRNAs) are non-coding transcripts of lengths greater than 200 nucleotides. It lacks the potential to encode proteins but performs a variety of cellular functions (17), thereby exerting biological functions in tumor development and drug resistance (18, 19). Although lncRNAs could regulate gene expression in multiple ways, one of the common ways is the competing endogenous RNA (ceRNA) hypothesis, which states that lncRNAs serve as miRNA sponges, competing with miRNA target mRNAs and counteracting miRNA-mediated suppression on target mRNAs, also known as the competing endogenous RNA (ceRNA) mechanism. Through the ceRNA mechanism, lncRNAs participate in miRNA biological functions by rescuing miRNA targets’ expression (20–22). For instance, lncRNA GAS5 inhibited cisplatin-induced cervical cancer cell apoptosis by regulating the miR-21/STAT3 axis (23). In our previous study, it has also been demonstrated that lncRNA CASC2 serves as a ceRNA for miR-21, modulating cervical cancer cell resistance to DDP through targeting PTEN (11). Since the role of the transcriptional factor SOX9 in activating oncogenic miR-130a had already been reported (9), this study aims to search for lncRNAs that are potentially correlated with SOX9 and miR-361.

This study has confirmed the expression of miR-361-3p in DDP-resistant cervical cancer cell lines and tissues and analyzed the association of miR-361-3p expression with the survival of cervical cancer patients. miR-361-3p overexpression and inhibition were achieved in DDP-resistant or original cervical cancer cells, and the cellular effects of miR-361-3p were examined. Since SOX9 activates oncogenic miR-130a (9), the affinity of miR-361-3p to SOX9 and the inhibition of SOX9 expression were investigated. The dynamic effects of the miR-361-3p/SOX9 axis on DDP-resistant cervical cancer cells were examined. Next, lncRNAs associated with SOX9 and miR-361-3p were analyzed, and ANXA2P2 was selected. ANXA2P2 expression was examined in cell lines and tissues, and the predicted lncRNA ANXA2P2 binding to miR-361-3p was verified. The dynamic effects of the lncRNA ANXA2P2/miR-361-3p axis on DDP-resistant cervical cancer cells were examined. Finally, the predicted SOX9 binding to lncRNA ANXA2P2 was verified. Altogether, a novel regulatory axis modulating the growth and DDP resistance of cervical cancer cells has been identified.



Materials and Methods


Clinical Sampling

With the approval of the Ethics Committee of Central South University (ethic approval No. 2020542), 50 DDP-sensitive and DDP-resistant cervical cancer tissues were harvested from patients who underwent surgical resection or biopsy and combined radiotherapy and chemotherapy at the Second Xiangya Hospital. All patients had signed an informed consent approved by the Institutional Review Board. Samples were immediately transferred to a −80°C container. The clinical features of the patients are listed in Table 1. All the patients had received a combination of DDP-based chemotherapy and radiotherapy; after 2 cycles of therapy (24–26), patients showcasing progression disease (PD), recurrence, or metastasis in 6 months were classified as DDP-resistant.


Table 1 | The clinical characteristics of cervical cancer patients.





Cell Lineages and Cell Culture

Caski (CRM-CRL-1550™) and HeLa (CCL-2™) cell lines were obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). HeLa cells were cultured in Eagle’s Minimum Essential Medium (Gibco; Waltham, MA, USA) added with 10% FBS (Invitrogen; Waltham, MA, USA). Caski cells were cultured in RPMI-1640 medium (Gibco) added to 10% FBS (Invitrogen). Both cell lines were cultured at 37°C in a CO2 saturation of 5%.



Constructing DDP-Resistant Cervical Cancer Cell Lines

The cells were passaged by trypsinization, and the incremental and intermittent DDP treatment were combined to establish DDP-resistant Caski and HeLa cell lines. The initial DDP concentration in the culture medium was 0.01 μM and the cells were cultured in that concentration for 24 h. After removing DDP, cells were continually cultured until stable growth at under 0.01 μM DDP. DDP concentration was subsequently doubled, and the cycles were repeated until the highest concentration (8 μM) was reached. After about 10 months, DDP-resistant Caski and HeLa cell lines, Caski/DDP and HeLa/DDP, were obtained.



Cell Transfection

Original Caski and HeLa cells, and DDP-resistant Caski/DDP and HeLa/DDP cells were transfected with miR‐361‐3p mimics, miR-361-3p inhibitor, the specific small interfering RNAs targeting SOX9 (siRNA1/2/3-SOX9), lncRNA ANXA2P2 (si-ANXA2P2), and the negative control (mimics NC, inhibitor NC, and si‐NC), respectively. The specific sequences are listed in Table S1. All the transfection vectors were synthesized and procured from GenePharma (Shanghai, China). Lipofectamine 3000 (Invitrogen) was applied for cell transfection for 48 h.



Resistance Confirmation

Original Caski and HeLa cells, and DDP-resistant Caski/DDP and HeLa/DDP cells were cultured in 96-well plates. After 24 h of incubation, the cells were treated with 1, 2, 4, 8, 16, or 32 μg/ml DDP. After 48 h of incubation, the Cell Counting Kit-8 (CCK-8) agent was added to detect the absorbance of each well at 450 nm. Inhibition rate = (1 − A450 value of the administration group)/A450 value of the control group × 100%. The half-maximal inhibitory concentration (IC50) calculator software was used to calculate the drug concentration required to inhibit 50% of the cell growth.



CCK-8 Assay

Original Caski and HeLa cells, and DDP-resistant Caski/DDP and HeLa/DDP cells in the logarithmic growth phase were inoculated in 96-well plates at a density of 2 × 103 cells/well. After undergoing culture for 24 h, the cells were treated and/or transfected, accordingly, and incubated. At the end of the incubation, 10 μl of CCK-8 agent was added into the wells and incubated for 2 h at 37°C. The absorbance was subsequently measured at 450 nm.



qRT-PCR

Total RNA was extracted from cultured cells using the Trizol reagent (Invitrogen). The expression levels of miRNA and mRNA were measured using a SYBR Green qPCR assay (Takara, Dalian, China) (27). The expression of GAPDH (reference for mRNA determination) or RNU6B (reference for miRNA determination) served as an endogenous control, and the specific primers used are presented in Table S1. The 2−ΔCT method was applied for data processing.



Western Blot

After cell lysis in RAPI protein lysate (Beyotime, Shanghai, China) to collect total protein, quantification of the total protein was accomplished via Pierce BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Protein separation was conducted by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, 200 mA, 120 min). The proteins were subsequently electro-blotted onto a PVDF membrane (Merck Millipore, Billerica, MA, USA). The membrane was then immersed in Tris Buffered Saline Tween (TBST) with 5% skim milk for 1 h at room temperature. The mixture was cultivated overnight with primary antibodies, including anti-SOX9 (1:1000, Cat# ab185966, Abcam, Cambridge, MA, USA) at 4°C. After having been washed thrice with TBST buffer, the HRP-linked antibody goat anti-rabbit IgG (1:1,000, ab6721, Abcam) was added, followed by incubation at room temperature on a shaker for 1.5 h. After TBST-wash in triplicate, the blots were finally visualized under the ECL chemiluminescence system, with their integral optical density analyzed using Lab Works4.5 software. β-actin was deemed the control for SOX9 protein.



Colony Formation Assay

DDP-resistant Caski/DDP and HeLa/DDP cells were incubated in 6‐well plates at a density of 5 × 103 cells/well. The cells were allowed to grow for 2 weeks and colonies were subsequently fixed with 4% paraformaldehyde for 30 min and were dyed in crystal violet (Sigma‐Aldrich; St. Louis, MO, USA) for 15 min. The visible colonies were counted manually under a microscope (Olympus, Tokyo, Japan).



Dual-Luciferase Reporter Assay

Wild- and mutant-type SOX9 and ANXA2P2 luciferase reporter vectors were constructed by cloning SOX9 3’-UTR or ANXA2P2 fragment to psiCheck-2 vector (Promega, Madison, WI, USA) or inducing a mutation into the predicted miR-361-3p binding site. Reporter vectors were named wt-SOX9, wt-ANXA2P2, mut-SOX9, or mut-ANXA2P2. Reporter vectors were co-transfected in 293T cells with miR-361-3p mimics or miR-361-3p inhibitor. Luciferase alterations were then determined in a Dual-luciferase Reporter Assay System (Promega).

The lncRNA-ANXA2P2 promoter region fragment (contains 2,048 to 2,056 bp) construct was amplified from genomic DNA of Caski/DDP and HeLa/DDP cells. The wt and mutated ANXA2P2 promoter constructs were cloned into the pGL3-basic reporter gene vector and verified through sequencing. To determine the activities of ANXA2P2 promoter constructs, Caski/DDP and HeLa/DDP cells were transfected by Lipofectamine 2000 in six-well plates followed by dual-luciferase reporter assays (Promega). The specific sequences are listed in Table S1.



Chromatin Immunoprecipitation Assay

ChIP assays were performed following the Upstate Chromatin Immunoprecipitation Protocol (www.upstate.com) and the aforementioned method (28) using anti-IgG and anti-SOX9. The immune complexes were eluted from the beads by addition of elution buffer (1% SDS, 0.1 M NaHCO3), vortexing for 30 s, and mixing at RT for 15 min and centrifugation to collect the eluates. Elution was performed twice. The eluates were combined and followed by the addition of sodium chloride (0.33 M final concentration) to reverse crosslinking by incubation overnight at 65°C. DNA was isolated and purified by phenol:chloroform extraction and isopropanol precipitation and subsequently used for PCR with primers designed to be flanking the putative SOX9-binding site of the ANXA2P2 promoter.



Xenograft Mice Assay In Vivo

Sterile conditions were maintained through the lifetime of twenty-four male BALB/c nude mice (4 weeks old). The approval of xenograft in vivo assay was obtained from Second Xiangya Hospital. Firstly, antagomiR-NC and antagomiR-361-3p were synthesized by BGI (Shenzhen, China). The knockdown of ANXA2P2 (Lv-sh-ANXA2P2) or miR-361-3p (antagomiR-361-3p) was performed using MISSION® shRNA lentiviral particles (Sigma-Aldrich), which have been designed to inhibit the production of ANXA2P2 or miR-361-3p in CaSki/DDP and HeLa/DDP cells. Subsequently, Lv-sh-ANXA2P2 or antagomiR-361-3p transfected CaSki/DDP and HeLa/DDP cells (1×106) were subcutaneously injected into the armpit of nude mice, respectively. A caliper was used to measure tumor volume following the length×width2/2 formula. The average volume of the tumor was measured thrice every 3 days. At the termination of the experiment (the 22nd day), mice were sacrificed and the tumor was excised from each mouse to measure the average volume and weight.



Hematoxylin and Eosin Staining for Histological Analysis

Tumors were weighed and excised immediately after sacrificing the mice. The tumor tissues were fixed in 10% neutral-buffered formalin overnight. The sections were stained with hematoxylin and eosin (H&E) to observe morphological changes.



Immunohistochemistry Staining

The tumor tissues were used for immunohistochemical staining to detect E-cadherin, N-cadherin, Vimentin, cleaved caspase 3, and SOX9 levels. The tissues were embedded in paraffin, and the cross-sections were then deparaffinized and rehydrated through graded alcohols and washed in PBS twice for 10 min. The slices were incubated for a night with rabbit polyclonal primary antibody of E-cadherin (Cat# ab1416, Abcam), N-cadherin (Cat# ab76011, Abcam), Vimentin (Cat# ab92547, Abcam), cleaved caspase 3 (Cat# ab32351, Abcam), and SOX9 (Cat# ab185966, Abcam). The sections were subsequently incubated with 45 µl of secondary antibody horseradish peroxidase-conjugated goat anti-rabbit IgG H&L (HRP) (Cat# ab6721, 1/1000, Abcam) at 37°C for 30 min. The slices were dyed with 3,3’-diaminobenzidine (DAB) working solution for 3 min, then washed in water for 10 min, and counterstained with hematoxylin. After rewashing the slices in water for 10 min, the cross-sections were dehydrated and cleared. The slices were finally observed and photographed with a light microscope.



Data Processing and Statistical Analysis

The data were analyzed with the GraphPad software. The measurement data were expressed as mean ± standard deviation (SD). Among-group and intra-group data comparisons were performed with the ANOVA followed by Tukey’s post-hoc test or Student’s t-tests. p < 0.05 indicated a statistically significant difference.




Results


miR-361-3p Underexpression of in DDP-Resistant Cervical Cancer Cells

Abnormally expressed miRNAs were identified through bioinformatics analysis in 167 chemotherapy complete-response patients compared with 27 progressive disease patients based on the TCGA-CESC cervical cancer data and were visualized in a volcano plot (Figure S1A) and heatmap (Figure S1B). Five significantly downregulated miRNAs (hsa-miR-1269a, hsa-miR-16-2-3p, hsa-miR-660-5p, hsa-miR-361-3p, and hsa-miR-616-5p) were found using the threshold of false-positive rate less than 0.05 and |logFC| > 0.4 (Table S2). To investigate the expressions of those miRNAs in cervical cancer DDP resistance, DDP-resistant cervical cancer cell lines based on Caski and HeLa cells were firstly analyzed. To confirm the DDP resistance, original Caski and HeLa cells and DDP-resistant Caski/DDP and HeLa/DDP cells were exposed to 1, 2, 4, 8, 16, or 32 μg/ml DDP and the IC50 values were evaluated by assessing cell viability. Figures 1A, B show that the IC50 values for Caski/DDP and HeLa/DDP were significantly elevated compared to those for the original Caski and HeLa cells, from 4.071 to 12.36 (HeLa/DDP) and 4.221 to 11.72 (Caski/DDP). The expressions of those miRNAs in cervical cancer DDP resistance cells and normal cervical cancer cells were subsequently detected (Figure S2C). Among them, in Caski/DDP and HeLa/DDP cells, miR-361-3p expression was the most significantly downregulated compared to those of the original Caski and HeLa cells (Figure 1C and Figure S2C). Consistently, miR-361-3p expression was decreased in DDP-resistant cervical cancer tissues in comparison to those in DDP-sensitive samples (Figure 1D). Moreover, miR-361-3p expression was decreased in progressive disease patients when compared with chemotherapy complete response patients based on TCGA-CESC data (Figure S2D). Hence, miR-361-3p was selected for further investigations.




Figure 1 | Underexpression of miR-361-3p in cisplatin (DDP)-resistant cervical cancer cells. (A, B) Original Caski and HeLa cells and DDP-resistant Caski/DDP and HeLa/DDP cells were exposed to 1, 2, 4, 8, 16, or 32 μg/ml DDP and the cell viability was determined using CCK-8 assay. IC50 values were calculated and shown. (C) miR-361-3p expression in original Caski and HeLa cells and DDP-resistant Caski/DDP and HeLa/DDP cells was determined using qRT-PCR. (D) miR-361-3p expression in DDP-sensitive and DDP-resistant cervical cancer tissues (n = 50) was determined using qRT-PCR. (E) Correlation of miR-361-3p expression with the survival probability of patients with cervical cancer was analyzed using the online tool Kaplan–Meier plotter based on TCGA data from Pan-Cancer Atlas. (F) A Cox proportional hazard regression model was used to analyze to correlation of miR-361-3p expression with the overall survival in patients with cervical cancer using the linkedOmics website (http://www.linkedomics.org/login.php) based on TCGA-CESC data.



Moreover, the correlation of miR-361-3p expression with the survival probability of cervical cancer patients was analyzed through the Kaplan–Meier plotter (https://kmplot.com/analysis/) based on TCGA data from Pan-Cancer Atlas; as illustrated in Figure 1E, elevated miR-361-3p expression was associated with higher survival probability. Moreover, a Cox proportional hazard regression model indicated that higher miR-361-3p expression predicted better overall survival in cervical cancer patients using the linkedOmics website (http://www.linkedomics.org/login.php) based on the TCGA-CESC data (Figure 1F).



Overexpressing miR-361-3p Could Re-Sensitize DDP-Resistant Cervical Cancer Cells to DDP

Since miR-361-3p is significantly downregulated in DDP-resistant cervical cancer cells and tissues, miR-361-3p overexpression or inhibition was achieved in DDP-resistant Caski/DDP and HeLa/DDP cells, and the cellular effects of miR-361-3p overexpression and inhibition were investigated. miR-361-3p overexpression or inhibition was confirmed in target cells by qRT-PCR (Figure 2A). The cell viability of miR-361-overexpressing cells (Figures 2B, C) and colony formation capacity was inhibited in both cell lines (Figure 2D), whereas miR-361-3p inhibition exerted opposite effects on both cell lines (Figures 2B, D). DDP-resistant cervical cancer cells were subsequently transfected with miR-361-3p mimics or inhibitor, exposed to 1, 2, 4, 8, 16, or 32 μg/ml DDP, and examined for cell viability and IC50 values; miR-361-3p overexpression significantly lowered the IC50 values for both cell lines, whereas miR-361-3p inhibition further elevated the IC50 values (Figures 2E, F).




Figure 2 | Overexpressing miR-361-3p could re-sensitize DDP-resistant cervical cancer cells to DDP. (A) miR-361-3p overexpression or inhibition was achieved in DDP-resistant cervical cancer cells by transfecting miR-361-3p mimics or inhibitor. miR-361-3p overexpression or inhibition was confirmed in target cells by qRT-PCR. (B, C) DDP-resistant cervical cancer cells were transfected with miR-361-3p mimics or inhibitor and examined for cell viability by CCK-8 assay. (D) DDP-resistant cervical cancer cells were transfected with miR-361-3p mimics or inhibitor and examined for colony formation capacity by colony formation assay. (E, F) DDP-resistant cervical cancer cells were transfected with miR-361-3p mimics or inhibitor, exposed to 1, 2, 4, 8, 16, or 32 μg/ml DDP, and examined for cell viability by CCK-8 assay. IC50 values were calculated and shown. *p < 0.05, **p < 0.01, #p < 0.05, ##p < 0.01.





SOX9 Is Upregulated in DDP-Resistant Cervical Cancer and a Direct Target of miR-361

SOX9 targeting oncogenic miR-130a to activate its expression and therefore affecting cervical cancer chemo-resistance to DDP through the miR-130a/CTR1 axis has been previously recognized (9). Here, the miRWalk online tool predicted SOX9 as a direct downstream target of miR-361-3p. Next, the role of SOX9 and its correlation with miR-361-3p was investigated. Differing from miR-361, SOX9 mRNA and protein expression was significantly upregulated in DDP-resistant Caski/DDP and HeLa/DDP cells compared with that in original Caski and HeLa cells (Figures 3A, B), and upregulated in DDP-resistant cervical cancer tissues in comparison with non-resistant samples (Figure 3C). Based on TCGA-CESC data, higher SOX9 expression was associated with lower survival likelihood of cervical cancer patients, as revealed by the analysis conducted by the Kaplan–Meier plotter (Figure 3D).




Figure 3 | SOX9 is upregulated in DDP-resistant cervical cancer and a direct target of miR-361-3p. (A, B) SOX9 mRNA (A) and protein (B) expression in original Caski and HeLa cells and DDP-resistant Caski/DDP and HeLa/DDP cells was determined using qRT-PCR and Western blot assays. (C) SOX9 expression in DDP-sensitive and DDP-resistant cervical cancer tissues (n = 50) was determined using qRT-PCR. (D) Correlation of SOX9 expression with the survival probability of patients with cervical cancer was analyzed using the online tool Kaplan–Meier plotter based on TCGA data from Pan-Cancer Atlas. (E, F) DDP-resistant cervical cancer cells were transfected with miR-361-3p mimics or inhibitor and examined for SOX9 mRNA (E) and protein (F) expression by qRT-PCR and Western blot assays. (G) Wild- and mutant-type SOX9 luciferase reporter vectors were constructed by cloning SOX9 3’-UTR to psiCheck-2 vector or inducing mutation to the predicted miR-361-3p binding site. (H) Wild- and mutant-type SOX9 luciferase reporter vectors were co-transfected to 293T cells with miR-361-3p mimics or inhibitor. The luciferase activity was determined using Dual-luciferase Reporter Assay System. **p < 0.01, ##p < 0.01.



As for the predicted miR-361-3p regulation of SOX9, DDP-resistant cervical cancer cells were transfected with miR-361-3p mimics or inhibitor, and SOX9 mRNA and protein expression was examined; Figures 3E, F depict that miR-361-3p negatively regulated SOX9 mRNA and protein expression in both Caski/DDP and HeLa/DDP cells. As for predicted miR-361-3p binding to SOX9, wild- and mutant-type SOX9 luciferase reporter vectors were constructed by cloning SOX9 3’-UTR to psiCheck-2 vector or inducing mutation to the predicted miR-361-3p binding site (Figure 3G). These vectors were co-transfected to 293T cells with miR-361-3p mimics or inhibitor. When co-transfected with wt-SOX9, miR-361-3p overexpression was inhibited, whereas miR-361-3p inhibition enhanced the luciferase activity of wt-SOX9; miR-361-3p failed to alter the luciferase activity in cells co-transfected with mut-SOX9 (Figure 3H).



Dynamic Effects of the miR-361-3p/SOX9 Axis on DDP-Resistant Cervical Cancer Cells

After confirming miR-361-3p regulation of SOX9, the dynamic effects of the miR-361-3p/SOX9 axis on cervical cancer cell resistance to DDP was subsequently investigated. SOX9 knockdown in DDP-resistant cervical cancer cells was achieved by transfecting small interfering RNA against SOX9 (siRNA1/2/3-SOX9). SOX9 knockdown was confirmed in target cells by qRT-PCR and Western blot (Figures 4A, B). DDP-resistant cervical cancer cells were then co-transfected with si-SOX9 and miR-361-3p inhibitor and examined for cell phenotypes. SOX9 knockdown significantly inhibited viability and colony formation capacity, and partially attenuated the effects of miR-361-3p inhibition (Figures 4C, D). DDP-resistant cervical cancer cells were subsequently co-transfected with si-SOX9 and miR-361-3p inhibitor, exposed to 1, 2, 4, 8, 16, or 32 μg/ml DDP, and examined for cell viability and IC50 values. SOX9 knockdown significantly lowered the IC50 values of both cell lines, and partially reversed the effects of miR-361-3p inhibition on DDP-resistant cervical cancer cells’ response to DDP treatment (Figure 4E).




Figure 4 | Dynamic effects of the miR-361-3p/SOX9 axis on DDP-resistant cervical cancer cells. (A, B) SOX9 knockdown was achieved in DDP-resistant cervical cancer cells by transfecting small interfering RNA against SOX9 (siRNA1/2/3-SOX9). SOX9 knockdown was confirmed in target cells by qRT-PCR (A) and Western blot (B) assays. (C, D) Then, DDP-resistant cervical cancer cells were co-transfected with si-SOX9 and miR-361-3p inhibitor and examined for cell viability by CCK-8 assay (C) and colony formation capacity by colony formation assay (D). (E) DDP-resistant cervical cancer cells were co-transfected with si-SOX9 and miR-361-3p inhibitor, exposed to 1, 2, 4, 8, 16, or 32 μg/ml DDP, and examined for cell viability by CCK-8 assay. IC50 values were calculated and shown. *p < 0.05, **p < 0.01.





LncRNA ANXA2P2 Regulates miR-361-3p and SOX9 Expression

As previously reviewed, lncRNAs commonly act as ceRNA for miRNAs, leading to miRNA inhibition and the upregulation of miRNA targets (20, 29–31). Considering the aberrant miR-361-3p downregulation in DDP-resistant cervical cancer, lncRNAs that might significantly negatively correlate with the expression of miR-361-3p were searched for on the TCGA-CESC database and 16 related ncRNAs were found (Table S3). The association of these lncRNAs with the overall survival of cervical cancer patients was subsequently predicted by the Kaplan–Meier plotter (Figure S2A) and LinkedOmics (http://www.linkedomics.org/login.php) (Figure S2B) database and five lncRNAs (DLEU1, SNORA8, UBE2Q2P1, SCARNA8, and ANXA2P2) were obtained. Finally, the LncTar website (http://www.cuilab.cn/lnctar) was used to predict the potential binding sites, in which DLEU1 and ANXAP2 may bind to miR-361 (Figure 5A). Among two lncRNAs, the ANXAP2 mRNA expression level was the lowest in the miR-361-3p mimics group in two DDP-resistant cervical cancer cells (Figure 5B). Moreover, higher ANXA2P2 expression could be potentially associated with glioma progression or poorer prognosis (32–35). Hence, lncRNA ANXAP2 was selected for further investigations. In DDP-resistant cervical cancer cells, miR-361-3p overexpression was downregulated, whereas miR-361-3p inhibition upregulated ANXA2P2 expression (Figure 5C). The Dual-LUC analysis was subsequently performed to validate the predicted ANXA2P2 binding to miR-361. Wild- and mutant-type ANXA2P2 luciferase reporter vectors were constructed and co-transfected to 293T cells with miR-361-3p mimics or inhibitor. When co-transfected with wt-ANXA2P2, miR-361-3p overexpression was remarkably inhibited, whereas miR-361-3p inhibition elevated wt-ANXA2P2 luciferase activity; when co-transfected with mut-ANXA2P2, miR-361-3p failed to alter luciferase activity (Figure 5D). Similar to SOX9, ANXA2P2 expression was dramatically upregulated in DDP-resistant Caski/DDP and HeLa/DDP cells compared with that in original Caski and HeLa cells (Figure 5E), and upregulated in DDP-resistant cervical cancer tissues compared to those in non-resistant samples (Figure 5F). The correlation of ANXA2P2 expression with the overall survival in patients with cervical cancer was subsequently analyzed using a Cox proportional hazard regression model on the linkedOmics website based on TCGA-CESC data. As illustrated in Figure 5G, higher ANXA2P2 expression predicted poorer overall survival in patients with cervical cancer. To confirm ANXA2P2 regulation of miR-361-3p and SOX9, respectively, ANXA2P2 knockdown was achieved in DDP-resistant cervical cancer cells by transfecting small interfering RNA against ANXA2P2 (si-ANXA2P2). ANXA2P2 knockdown was confirmed by qRT-PCR (Figure 5H). In DDP-resistant cervical cancer cells, ANXA2P2 knockdown upregulated miR-361-3p expression but downregulated SOX9 expression (Figures 5I–J). Thus, ANXA2P2 was found to target miR-361, inhibit miR-361-3p expression, and promote SOX9 expression.




Figure 5 | LncRNA ANXA2P2 regulates miR-361-3p and SOX9 expression. (A) Two lncRNAs (DLEU1 and ANXAP2) that targeted miR-361-3p in cervical cancer were screened based on the TCGA-CESC database by correlation analysis and Kaplan–Meier plotter and LinkedOmics database by survival analysis. (B) DDP-resistant cervical cancer cells were transfected with miR-361-3p mimics and examined for DLEU1 and ANXAP2 expression by qRT-PCR. (C) DDP-resistant cervical cancer cells were transfected with miR-361-3p mimics or inhibitors and examined for ANXA2P2 expression by qRT-PCR. (D) Wild- and mutant-type ANXA2P2 luciferase reporter vectors were constructed by cloning ANXA2P2 fragment to psiCheck-2 vector or inducing mutation to the predicted miR-361-3p binding site. Luciferase reporter vectors were co-transfected to 293T cells with miR-361-3p mimics or inhibitor. The luciferase activity was determined using the Dual-luciferase Reporter Assay System. (E) ANXA2P2 expression in original Caski and HeLa cells and DDP-resistant Caski/DDP and HeLa/DDP cells was determined using qRT-PCR. (F) ANXA2P2 expression in DDP-sensitive and DDP-resistant cervical cancer tissues (n = 50) was determined using qRT-PCR. (G) A Cox proportional hazard regression model was used to analyze the correlation of ANXA2P2 expression with the overall survival in patients with cervical cancer using the linkedOmics website based on TCGA-CESC data. (H) ANXA2P2 knockdown was achieved in DDP-resistant cervical cancer cells by transfecting small interfering RNA against ANXA2P2 (si-ANXA2P2). ANXA2P2 knockdown was confirmed by qRT-PCR. (I, J) DDP-resistant cervical cancer cells were transfected with si-ANXA2P2 or si-NC and examined for the expression of miR-361-3p and SOX9 by qRT-PCR. **p < 0.01, ##p < 0.01.





The SOX9/lncRNA ANXA2P2/miR-361-3p/SOX9 Regulatory Loop Modulates Cervical Cancer Cell Resistance to DDP

After confirming ANXA2P2 targeting and inhibiting miR-361, the dynamic effects of ANXA2P2 and miR-361-3p on DDP-resistant cervical cancer cells were detected. Target cells were co-transfected with si-ANXA2P2 and miR-361-3p inhibitor and examined for cell phenotypes. ANXA2P2 knockdown inhibited cell viability and colony formation capacity, whereas miR-361-3p inhibition partially reversed the effects of ANXA2P2 knockdown (Figures 6A–C). Next, DDP-resistant cervical cancer cells were co-transfected with si-ANXA2P2 and miR-361-3p inhibitor, exposed to 1, 2, 4, 8, 16, or 32 μg/ml DDP, and examined for cell viability. As illustrated in Figures 6D, E, ANXA2P2 knockdown significantly lowered the IC50 values of both cell lines, whereas miR-361-3p inhibition partially elevated the IC50 values. These data indicate that miR-361-3p could partially reverse the effects of ANXA2P2 on DDP-resistant cervical cancer cells.




Figure 6 | Dynamic effects of the ANXA2P2/miR-361-3p axis on DDP-resistant cervical cancer cells. DDP-resistant cervical cancer cells were co-transfected with si-ANXA2P2 and miR-361-3p inhibitor and examined for cell viability by CCK-8 assay (A, B) and colony formation capacity by colony formation assay (C). (D, E) DDP-resistant cervical cancer cells were co-transfected with si-ANXA2P2 and miR-361-3p inhibitor, exposed to 1, 2, 4, 8, 16, or 32 μg/ml DDP, and examined for cell viability by CCK-8 assay. IC50 values were calculated and shown. (F) The Cox linear regression analysis on the correlation between SOX9 and ANXA2P2 using 304 cases of cervical squamous carcinoma samples from the TCGA-CESC database. (G) Jaspar predicted the possible binding sites between SOX9 and the ANXA2P2 promoter. (H) ChIP assay was performed using anti-IgG (negative control) or anti-SOX9. The levels of the ANXA2P2 promoter in the immunoprecipitate of anti-IgG and anti-SOX9 were determined using qRT-PCR. (I) The binding site of SOX9 was at the ANXA2P2 promoter region 2,048 to 2,056 bp and the predicted binding site was mutated (ANXA2P2-mut). Then, the luciferase activity of ANXA2P2 was detected using Dual-luciferase report assay in HeLa/DDP and Caski/DDP cells after transfection of the ANXA2P2-wt or ANXA2P2-mut alone or together with the SOX9 expression vector. (J) HeLa/DDP and Caski/DDP cells were co-transfected with si-SOX9 and examined for ANXA2P2 expression by qRT-PCR assay *p < 0.05, **p < 0.01, ***p < 0.001.



SOX9 has been recognized as an oncogenic gene enhancing cervical cancer resistance to DDP (9). Firstly, the Cox linear regression analysis using 304 cases of cervical squamous carcinoma samples from the TCGA-CESC database demonstrated the positive correlation between SOX9 and ANXA2P2 (Figure 6F). It was then verified whether the ANXA2P2 promoter region obtained a response element for SOX9; ChIP-Atlas database (Table 2) and JASPAR tool (Table 3) indicated the possible binding between SOX9 and ANXA2P2, and the highest predicting scores of the potential binding site were selected for further investigation (Figure 6G). Thus, a ChIP assay was performed using anti-IgG (negative control) and anti-SOX9 to evaluate the levels of the ANXA2P2 promoter in the immunoprecipitate of anti-IgG and anti-SOX9. Figure 6H demonstrated that the levels of the ANXA2P2 promoter in the immunoprecipitate of anti-SOX9 were sharply elevated compared with those in the immunoprecipitate of anti-IgG in DDP-resistant Caski/DDP and HeLa/DDP cells. To further confirm the direct interaction between SOX9 and the ANXA2P2 promoter, the predicted SOX9-binding site was mutated at region 2,048 to 2,056 bp of the ANXA2P2 promoter (ANXA2P2-mut) (Figure 6I). Then, the wt-ANXA2P2 and mut-ANXA2P2 constructs were transfected alone or with the SOX9 expression vector into Caski/DDP and HeLa/DDP cells. The results of dual-luciferase reporter assays demonstrated that the promoter activity of wt-ANXA2P2 was markedly increased after transfection with the SOX9 expression plasmid. However, no changes were observed in wt-ANXA2P2 (Figure 6I). As displayed in Figure 6J, SOX9 inhibition dramatically inhibited ANXA2P2 expression in DDP-resistant cervical cancer cells.


Table 2 | ChIP-Atlas database indicated the possible binding between SOX9 and ANXA2P2.




Table 3 | JASPAR indicated the possible binding between SOX9 and ANXA2P2.





Dynamic Effects of the ANXA2P2/miR-361-3p Axis on the Growth of Xenograft Formed by DDP-Resistant Cervical Cancer Cells in Nude Mice

The effects of the ANXA2P2/miR-361-3p axis towards the growth, metastasis, and apoptosis of cervical cancer in vivo were evaluated on the xenograft nude mice model. Caski/DDP cells pre-transfected with lentivirus-mediated ANXA2P2 or miR-361-3p knockdown or negative control were subcutaneously injected into the armpits of nude mice, respectively. The ANXA2P2 expression level in the Lv-sh-ANXA2P2 group was markedly decreased, while observably increased in the antagomiR-361-3p group when compared to that in the control group (Figure 7A). Moreover, Lv-sh-ANXA2P2 notably promoted miR-361-3p expression, while antagomiR-361-3p inhibited miR-361-3p expression (Figure 7A). During the period of xenograft growth in nude mice, the measurement of tumor volumes was performed every 3 days. The results showed that the volumes of xenograft formed by Caski/DDP cells with the ANXA2P2 knockdown group were significantly inferior to those formed in the control group, while miR-361-3p knockdown dramatically promoted tumor volumes (Figure 7B). At the end of the experiment (the 22nd day), mice were euthanized and tumor tissues were excised, and the weight (Figure 7C) and size (Figure 7D) of xenografts formed by Caski/DDP cells with ANXA2P2 silencing were markedly inferior to those formed in the control group, while miR-361-3p knockdown exerted opposite effects; the effects of lncRNA ANXA2P2 knockdown were partially reversed by miR-361-3p inhibition. H&E staining was subsequently performed to examine the histopathological characteristics of the tumors; Figure 7E illustrates that tumor tissues in the ANXA2P2 knockdown group showed obvious necrosis, whereas miR-361-3p inhibition exacerbated the necrosis of tumor. As depicted in Figure 7E, IHC staining results indicated that the knockdown of ANXA2P2 observably promoted E-cadherin protein expression, while inhibiting N-cadherin and Vimentin expression, while miR-361-3p knockdown exerted opposite effects on the tumor metastasis protein expressions. Furthermore, the apoptosis-related proteins (cleaved caspase 3) and SOX9 protein were also examined by IHC staining. The silencing of ANXA2P2 significantly increased cleaved caspase 3 and reduced SOX9 proteins, while miR-361-3p inhibition notably restrained cleaved caspase 3 and facilitated SOX9 proteins (Figure 7E). These findings reveal the dynamic effects of the ANXA2P2/miR-361-3p axis on the growth and tumorigenesis of cervical cancer in vivo.




Figure 7 | Effects of the ANXA2P2/miR-361-3p axis on the growth of xenograft formed by DDP-resistant cervical cancer cells in nude mice. Caski/DDP cells pre-transfected with lentivirus-mediated ANXA2P2 or miR-361-3p knockdown or negative control were subcutaneously injected into the armpit of nude mice, respectively. (A) ANXA2P2 or miR-361-3p knockdown was achieved in DDP-resistant cervical cancer cells by transfecting Lv-sh-ANXA2P2 or antagomiR-361-3p. The ANXA2P2 and miR-361-3p expressions were confirmed in target cells by qRT-PCR. (B) Tumor volumes of nude mice were measured every 3 days from the 10th day after injection. (C) Tumors were removed from nude mice 22 days after injection. On the 25th day, the tumor weights in different groups were detected. (D) Picture of mouse tumors illustrated that knockdown of ANXA2P2 significantly reduced tumor size, while miR-361-3p inhibition promoted tumor size. (E) The histopathological characteristics of the tumors were examined by hematoxylin and eosin (H&E) staining, and the tumor metastasis proteins (E-cadherin, N-cadherin, and Vimentin), the apoptosis-related proteins (cleaved caspase 3), and SOX9 of the tumors were examined by immunohistochemistry (IHC) staining. Scale bar = 100 μm. **p < 0.01, ***p < 0.001 compared to Lv-sh-NC+ antagomiR-NC group.






Discussion

The specific functions of the SOX9/lncRNA ANXA2P2/miR-361-3p/SOX9 regulatory loop on the growth and DDP-resistance of cervical cancer cells were demonstrated (Figure 8). miR-361-3p expression was underexpressed in DDP-resistant cervical cancer cells and tissues. miR-361-3p overexpression inhibited DDP-resistant cervical cancer cell growth and resistance to DDP, whereas miR-361-3p inhibition exerted opposite effects. miR-361-3p inhibited SOX9 expression through binding; the effects of miR-361-3p inhibition on DDP-resistant cervical cancer cells were partially reversed by SOX9 knockdown. LncRNA ANXA2P2 expression was elevated in DDP-resistant cervical cancer cells and tissues. ANXA2P2 inhibited miR-361-3p expression by binding, thereby upregulating SOX9. ANXA2P2 knockdown inhibited DDP-resistant cervical cancer cell growth and resistance to DDP, whereas the effects of ANXA2P2 knockdown were partially reversed by miR-361-3p inhibition. SOX9 expression was elevated in DDP-resistant cervical cancer cells and tissues, and SOX9 activated ANXA2P2 transcription by binding.




Figure 8 | A schematic diagram showing the effects of the SOX9/lncRNA ANXA2P2/miR-361-3p/SOX9 regulatory loop on cervical cancer cell proliferation and resistance to DDP.



Reportedly, miR-361-3p plays a tumor-suppressive role in multiple cancers, including non-small cancer lung cancer (13, 36–38), prostate cancer (39), thyroid cancer (16), and cervical cancer (15, 40, 41). Although previous studies have indicated the aberrant downregulation of miR-361-3p in regular cervical cancer cell lines and cervical cancer tissues (15, 40, 41), this study demonstrated the significant downregulation of miR-361-3p in DDP-resistant cervical cancer cells and tissues for the first time. Consistent with the expression trend, miR-361-3p overexpression remarkably inhibited the growth of DDP-resistant cervical cancer cells. Furthermore, miR-361-3p overexpression elevated the sensitivity of DDP-resistant cervical cancer cells to DDP under DPP stimulation. Inversely, miR-361-3p inhibition further enhanced DDP-resistant cervical cancer cells’ resistance to DDP. These data suggest that the restoration of miR-361-3p expression could potentially improve cervical cancer cell response to DDP treatment.

miRNAs commonly participate in multiple biological functions during cancer initiation and development by targeting the 3′‐UTR of mRNA and subsequent post-transcriptional regulation of gene expression. Nevertheless, miRNAs that are upregulated in cancer can possibly serve as therapeutic factors (42, 43). Therefore, inhibiting aberrantly elevated miRNAs that can promote tumorigenesis and inhibit apoptosis, or administrating tumor suppressor miRNAs could be promising therapeutic avenues in cervical cancer therapy (42, 43). Since miR-361-3p has been recognized as a tumor suppressor in cervical cancer, the downstream target of miR-361-3p was subsequently searched to investigate the mechanism underlying the tumor-suppressive role of miR-361-3p. As mentioned in our previous study, SOX9 could activate the expression of oncogenic miR-130a, enhancing cervical cancer resistance to DDP through the miR-130a/CTR1 axis (9). Moreover, SOX9 has been recognized as a direct target of miR-215-3p, which is involved in the tumor-suppressive role or miR-215-3p in cervical cancer cell (44). By using the online tool (miRWalk) and experimental validation, it was concluded that miR-361-3p directly bound to SOX9 and inhibited SOX9 expression. Consistent with the aberrant upregulation of SOX9 in DDP-resistant cervical cancer cells and tissues, SOX9 knockdown inhibited the growth of DDP-resistant cancer cells and elevated the sensitivity of DDP-resistant cervical cancer cells to DDP. Moreover, SOX9 knockdown partially reversed the effects of miR-361-3p inhibition, suggesting that miR-361-3p exerts its effects through the targeting of SOX9.

LncRNAs serve as sponges for miRNAs, competing with miRNA targets, inhibiting miRNA functions, and relieving miRNA-mediated suppression on targets (45, 46). Considering the downregulation of miR-361-3p in DDP-resistant cells and tissues, it was hypothesized that some lncRNAs might lead to miR-361-3p downregulation. ANXA2P2 has been reported as an oncogenic lncRNA, with higher expression in glioma and association with glioma progression or poorer prognosis (32, 34, 35). It has also been reported that higher ANXA2P2 expression promotes the aggressive phenotypes of hepatocellular carcinoma (33). However, the role of ANXA2P2 in cervical cancer remains unclear. In this study, the aberrant upregulation of ANXA2P2 in DDP-resistant cervical cancer cells and tissues was confirmed. Also, through targeting, ANXA2P2 inhibited miR-361-3p expression. ANXA2P2 knockdown inhibited the growth of DDP-resistant cancer cells and elevated the sensitivity of DDP-resistant cervical cancer cells to DDP, which could be partially restored by miR-361-3p inhibition. Therefore, ANXA2P2 acts on DDP-resistant cancer cells through targeting miR-361-3p.

As per previous reports, SOX9 guides signaling implicated in tumor initiation, metastasis, cancer cell proliferation, chemo- and radio-resistance, and stem cell maintenance, thereby affecting tumorigenesis as an oncogene (47). Zhou et al. reported that the silencing of SOX9 suppressed cell growth, stemness, migration, and invasion in colorectal cancer (48). Chen et al. suggested that SOX9 promotes cell stemness and tumor growth in vitro and in vivo in osteosarcoma (49). It was demonstrated that SOX9 activates oncogenic miR-130a by binding to the promoter region of miR-130a (9). Notably, herein, ChIP-Atlas database and JASPAR tool indicated the potential binding between SOX9 and ANXA2P2, which was then substantiated by experimental analyses. SOX9 activated ANXA2P2 expression by targeting its promoter. Thus, SOX9, ANXA2P2, and miR-361-3p form a regulatory loop, modulating DDP-resistant cervical cancer cell growth and response to DDP treatment (Figure 8).
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Supplementary Figure 1 | Differentially expressed miRNAs were screened based on TCGA-CESC data. (A, B) Differentially expressed miRNAs in 167 chemotherapy complete response patients compared with 27 progressive disease patients based on TCGA-CESC cervical cancer data screened out by microarray analysis and visualized in a volcano plot (A) and heat-map (B). (C) The expressions of five significantly down-regulated miRNAs (hsa-miR-1269a, hsa-miR-16-2-3p, hsa-miR-660-5p, hsa-miR-361-3p, and hsa-miR-616-5p) in original Caski and HeLa cells and DDP-resistant Caski/DDP and HeLa/DDP cells were determined using qRT-PCR. (D) miR-361-3p expression was detected in progressive disease patients and chemotherapy complete response patients based on TCGA-CESC data.


Supplementary Figure 2 | Survival analysis for miR-361-3p related lncRNAs within cervical cancer patients. (A) The correlation of the expression of eight lncRNAs (UBE2Q2P1, SNORA8, C15orf54, ANXA2P2, OR10A6, SCARNA8, DLEU1, and CDR1) with the survival probability of cervical cancer patients was analyzed using Kaplan–Meier plotter (https://kmplot.com/analysis/) based on TCGA data from Pan-Cancer Atlas. (B) The correlation of the expression of seven lncRNAs (UBE2Q2P1, SFTA1P, DLEU1, SCARNA8, ANXA2P2, SLC7A5P1, and SNORA8) with the survival probability of cervical cancer patients were analyzed using LinkedOmics (http://www.linkedomics.org/login.php).
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HSP70 and HSP90 are two powerful chaperone machineries involved in survival and proliferation of tumor cells. Residing in various cellular compartments, HSP70 and HSP90 perform specific functions. Concurrently, HSP70 and HSP90 homologs may also translocate from their primary site under various stress conditions. Herein, we address the current literature on the role of HSP70 and HSP90 chaperone networks in cancer. The goal is to provide a comprehensive review on the functions of cytosolic, mitochondrial and endoplasmic reticulum HSP70 and HSP90 homologs in cancer. Given that high expression of HSP70 and HSP90 enhances tumor development and associates with tumor aggressiveness, further understanding of HSP70 and HSP90 chaperone networks may provide clues for the discoveries of novel anti-cancer therapies.
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Introduction

Heat shock protein 70 kDa (HSP70) and HSP90 are two powerful ATPase-dependent chaperone machineries involved in protein folding, degradation, maturation of client proteins and protein trafficking (1–4). Over the last decade, HSP90 and HSP70 have gained a lot of attention due to their critical roles in cancer (5–7). Currently, a large number of preclinical and clinical studies assess various ways of exploiting HSP70 and HSP90 machineries for the discovery of effective anti-cancer therapies (8).

HSP90 family is composed of four members: two in cytosol (HSP90AA1&HSP90AB1), one in endoplasmic reticulum (ER) (GRP94/HSP90B1) and one in mitochondria (TRAP1) (9, 10). Even though conformational states are conserved in all HSP90 members, each HSP90 homolog has its own kinetics and equilibria, suggesting specific functions in the relevant subcellular compartment (11). Сytosolic HSP90 members require co-chaperones for their functional cycles, though no co-chaperones have been yet identified for mitochondrial and ER HSP90 chaperones (11, 12).

HSP70 family is composed of 13 members and the most well-studied are: cytosolic HSP70/HSPA1A and HSC70/HSPA8, mitochondrial HSP70 homolog known as mortalin/glucose-regulated protein 75 (GRP75), and an ER HSP70 member- HSPA5/GRP78 also known as binding immunoglobulin protein (BiP) (10, 13). Similar to HSP90, HSP70s require co-chaperones for the regulation of their functional cycles (5).

HSP90 and HSP70 play essential role in proteome homeostasis (14). HSP70 binds to virtually all unfolded or misfolded proteins while HSP90 interacts with specific set of clients [reviewed in (13, 15, 16)] (17). Both chaperones undergo conformational changes to facilitate the binding and release of client proteins (13, 17). HSP70 is composed of N-terminal nucleotide-binding domain (NBD) and C –terminal substrate-binding domain (SBD), comprising an α-helical lid (SBDα) and a β-sandwich core (SBDβ) (13). HSP90 is composed of three domains, such as N-terminal (NTD) and middle domains (MD), required for ATP binding and hydrolysis, and C-terminal domain (CTD), which is essential for dimerization (18). HSP70 typically acts early in the folding process, while HSP90 functions later (17). HSP70 functional cycle is tightly regulated by HSP40 co-chaperone and nucleotide-exchange factors (NEFs) (13). Upon release from HSP70, newly synthesized polypeptides will either fold spontaneously or will be transferred to HSP90 for further folding or targeted for proteasomal degradation (5, 13). The function of HSP90 and its co-chaperones is also regulated by various post-translational modifications. Acetylation and phosphorylation may affect ATPase activity, client and co-chaperone binding (15). Furthermore, HSP90 can also be ubiquitinated by the C- terminus of HSC70-interacting protein (CHIP) [reviewed in (15)]. CHIP is an E3 ubiquitin - protein ligase, which binds to the C terminal EEVD motif of HSP70 and HSP90 chaperones via its tetratricopeptide repeat (TPR) domain (13, 19). Additionally, HSP90 and HSP70 folding activity can also be affected by reactive aldehydes generated from lipid peroxidation (20).

HSP70 and HSP90 molecular chaperones collaborate with each other in the process of protein remodeling. Several studies have demonstrated that HSP70, HSP90 and co-chaperones regulate the tumor suppressor protein p53 (21, 22). In a recent study, Boysen and colleagues have reported that stress-inducible HSP70 isoform (HSPA1A) and DNAJB1 co-chaperone unfold the p53 DNA binding domain (DBD) while HSP90 protects the p53 DBD from unfolding (23). Similar HSP90 and HSP70 functional antagonism has also been observed for other client proteins. Wang and colleagues reported that HSP70 binds and inactivates the glucocorticoid receptor (GR) ligand-binding domain and loads it onto HSP90 via HSP70 and HSP90 organizing protein (HOP), leading to the formation of GR-maturation complex (17).

Several research groups reported the presence of HSPs in extracellular milieu. Specifically, HSP70 family members (HSP70/HSPA1A and mortalin), HSP90 family members (GRP78, HSP90α and HSP90β), HSP60 and HSP27 were identified on the cell surface of tumor cells (24–26). Along this line, the majority of HSP70 and HSP90 members and their co-chaperones were identified in extracellular vesicles derived from various liquid biopsies of cancer patients (27–31) [reviewed in (8)]. Furthermore, HSP70 and HSP90 family members and co-chaperones have been shown to be released by immune cells in extracellular vesicles (8, 32–36). It is also worth mentioning that extracellular HSP70 and HSP90 homologs modulate various components of the immune system [reviewed in (37)]. Currently, various studies are aimed at exploiting extracellular HSPs as a diagnostic tool and as therapeutic targets (8, 38–43). This review will focus on functions of the cytosolic, mitochondrial and ER members of HSP70 and HSP90 chaperone machineries in cancer (Figure 1). Further understanding of HSP70 and HSP90 functions may provide clues on their roles in cancer progression and open new perspectives for the development of novel anti-cancer therapies.




Figure 1 | Graphical summary of HSP90 and HSP70 functions in cancer. HSP90 and HSP70 homologs are distributed in cytosol, nucleus, ER and mitochondria, where they perform specific functions, supporting tumor survival and growth. EMT, epithelial-mesenchymal transition; UPR, unfolded protein response; OXPHOS, oxidative phosphorylation; CMA, chaperone-mediated autophagy; CDC, complement-dependent cytotoxicity; Bclaf1, B-cell lymphoma 2 -associated transcription factor 1; HIF-1, hypoxia-inducible factor 1; MAST1, microtubule-associated serine/threonine kinase 1.





Cytosolic HSP90 and HSP70 in Cancer


HSP90α/HSP90AA1 and HSP90β/HSP90AB1

HSP90α and HSP90β are the two main cytosolic HSP90 isoforms encoded by two different genes, namely HSP90AA1 and HSP90AB1, respectively (44, 45). HSP90α is induced upon inflammation, proteotoxic and other stress conditions, whereas HSP90β is constitutively expressed (44, 45). Even though the two isoforms share a high degree of identity (85%), they have distinct functions (44, 45). Taipale and colleagues predicted that HSP90 interacts with 7% of the transcription factors, 60% of the protein kinases and 30% of mammalian E3-ubiquitin ligases in the human genome (46). In this regard, Prince and collaborators compared relative interaction strength for both isoforms and demonstrated that HSP90α binds hypoxia-inducible factor 1α (HIF-1α) with higher relative interaction strength than to the heat shock factor 1 (HSF-1) (45). By contrast, HSP90β had higher relative interaction strength towards HSF-1 than to HIF-1α (45). This was further supported by the finding that HSP90α-knockout cells are more prone to hypoxia-induced cell death, while addition of purified recombinant extracellular HSP90α prevented cell death under hypoxia (47). Along this line, downregulation of HIF-1α resulted in decreased HSP90α expression in metastatic breast cancer cells (48).

Recently, Ono and colleagues have shown that triple deletion of HSP90α/β and CDC37 co-chaperone reduced epithelial-mesenchymal transition (EMT), attenuated extracellular vesicle (EV)-driven tumorsphere formation and EV-driven macrophage M2 polarization in metastatic oral cancer (49). Results also showed that a high HSP90α-positive cancer cell rate correlated with high-grade tumors, whereas HSP90β-positive cancer cell rate associated with low-grade tumors (49). Furthermore, in contrast to low-grade tumors, HSP90β was highly expressed in infiltrating tumor-associated macrophages in metastatic oral cancer (49).

Interestingly, Li and colleagues have reported that cytosolic HSP90 together with its co-chaperone CDC37 are important for the regulation of necroptosis (50). Mechanistically, receptor-interacting protein kinase 3 (RIP3) binds to HSP90-CDC37 while HSP90 inhibition disrupts RIP3 activation, thus blocking necroptosis (50).

HSP90α also interacts with B-cell lymphoma 2 (Bcl-2) –associated transcription factor 1 (Bclaf1) (51). Zhou and co-workers reported that HSP90 CTD domain inhibitor novobiocin resulted in proteasomal degradation of Bclaf, reduced c-Myc mRNA and inhibited hepatocellular carcinoma growth, suggesting that targeting HSP90 CTD domain may be a promising strategy for tumors with Bclaf upregulation (51). Cooper and colleagues showed that HSP90α/β also interacts with GSK3β/axin1/β-catenin (52). In another study, Wang and colleagues demonstrated that overexpression of HSP90β leads to growth, invasion and migration of gastric cancer cells (53). Mechanistically, HSP90β interacts with LRP5, leading to EMT, via activation of Akt and Wnt/β-catenin signaling pathways in gastric cancer cells (53). Taken together, HSP90α and HSP90β act through multiple signaling pathways, including c-Myc, Akt and Wnt/β-catenin (54).

Intriguingly, inactivation of ubiquitin-specific protease 22 (USP22), member of gene expression signature known as “death-from-cancer”, associates with lower HSP90β expression in mammary and colorectal cell lines (55). USP22-depleted tumor cells exhibited a high sensitivity to HSP90 inhibitor ganetespib, suggesting that targeting USP22 and HSP90β may prove effective for the treatment of breast and colorectal cancer (55). Recently, Pan and co-workers have shown that HSP90β stabilizes microtubule-associated serine/threonine kinase 1 (MAST1), a molecule associated with cisplatin resistance (56). Mechanistically, HSP90β binds to MAST1 and prevents its ubiquitination by CHIP and the ensuing degradation via proteasome (56). In this regard, HSP90 inhibitor 17-AAG has been shown to sensitize cells to cisplatin (56).

HSP90α and HSP90β also interact with HSP70 family members. Specifically, Moriya and co-workers demonstrated that HSP90α together with HSP70 ER member GRP78/BiP interact with PRDM14, a member of PR domain-containing family overexpressed in many tumors (57). In another study, Rozenberg and colleagues reported that HSP90β interacts with mortalin during complement activation (58). Results also showed that HSP90β competes with mortalin for binding to complement C9 (58). It appears that the interaction of HSP90β with mortalin protects tumor cells from complement-dependent cytotoxicity (CDC) (58).

Taking into account the important roles of HSP90α and HSP90β in tumor development, it is critical to identify HSP90 isoform-specific inhibitors. In this regard, Huck and colleagues demonstrated that protein-scaffold inhibitors preferentially bind HSP90α rather than HSP90β (59). In another study, Khandelwal and co-workers have designed a selective HSP90β inhibitor, which resulted in specific degradation of HSP90β clients (60). Collectively, HSP90α and HSP90β play a critical role in angiogenesis, invasion, metastasis, EMT and CDC, however, further studies are needed to identify the distinct functions of HSP90α and HSP90β in cancer development.



HSP70/HSPA1A/1B and HSC70/HSPA8

HSP70 and the heat shock cognate protein 70 (HSC70) are stress-inducible and constitutive cytosolic isoforms encoded by HSPA1A/1B and HSPA8, respectively (61). HSP70 chaperone function involves co-chaperones, such as HOP, CHIP, HSP40, HSP70-interacting protein (Hip) and NEFs (13, 62–66). Co-chaperones assist HSP70 throughout its functional cycle in folding and degradation of its client proteins (13).

HSP70 is a multi-functional chaperone which has been implicated in various hallmarks of cancer [reviewed in (5)]. Mechanistically, HSP70 blocks apoptosis via inhibiting c-Jun N-terminal kinase (JNK), p38, apoptosis-inducing factor (AIF) and formation of death-inducing signaling complex (DISC) (67–70). Apart from apoptosis, HSP70 also regulates both necrosis by inhibiting JNK and autophagy by stabilizing lysosomal membranes (71–74). Furthermore, HSP70 is essential for survival of malignant cells as HSP70 protects tumor cells from oncogene-induced senescence program by regulating p53 and cyclin-dependent kinase Cdc2 (5, 72).

HSP70 also interacts with aminoacyl-transfer RNA synthetase-interacting multifunctional protein 2 (AIMP2) lacking exon 2 (AIMP-DX2) and HIF-1α, leading to angiogenesis, metastasis and tumor aggressiveness (75–78). Along this line, overexpression of HSP70 correlates with metastatic tumors (79). HSP70-peptide complexes isolated from hepatocellular carcinoma tissues promote EMT via p38 mitogen-activated protein kinase (MAPK) pathway (80). Additionally, HSP70 stabilizes E-cadherin/catenin complexes and Wiskott-Aldridge syndrome family member 3 (WASF3), thus regulating the metastatic process (81–84).

HSP70 plays critical role in tumor immunity. Several studies have shown that HSP70-peptide complexes induce cytotoxic T lymphocyte (CTL) response (85–87). In addition, Multhoff and colleagues reported that HSP70s on the tumor cells are recognized by NK cells (88). Moreover, HSP70-derived peptide TKD together with IL-2 or IL-15 can stimulate NK cells (89–91). This was further translated into a phase II clinical trial, where TKD peptide was used to pre-stimulate autologous NK cells for their adoptive transfer into patients with non-small cell lung carcinoma (92).

HSC70 is also involved in chaperone-assisted selective autophagy and endosomal microautophagy (eMI) (93–95). Li and colleagues reported that mitochondrial outer membrane protein FUNDC1 associates and delivers HSC70-peptide complex to mitochondria for its further ubiquitination by CHIP (96). HSC70 also interacts with Rab1A, a critical molecule for cancer cell survival (97). HSC70 inhibition downregulates Rab1A expression, while Rab1A inactivation leads to cell death via inhibition of autophagosome formation, suggesting that HSC70 promotes tumor survival by stabilizing Rab1A (97). HSC70-intreacting partners also include ASIC2, mutant forms of p53 and p73, proto-oncogenic form of Dbl and cell surface nucleolin (98–101).

Several studies reported that upon heat shock or oxidative stress HSC70 translocates from the cytoplasm into the nucleus (102, 103). Wang and colleagues reported that inhibition of nuclear HSC70 reduces cell growth upon heat shock (103). High expression of HSC70 has been observed in various tumors (104, 105). HSC70 was also identified as one of the proteins secreted by neuroblastoma cell lines in the conditioned media (106). Shan and colleagues illustrated that HSPA8 silencing dampens the cell proliferation and induces apoptosis in endometrial cancer cells (107). In another study, HSC70 depletion increased the expression of integrin β1, suggesting that HSC70 may promote invasion (108).

Mizukami and colleagues reported that fusion of HSC70 with CD4+T and CD8+ T cell epitopes elicited anti-tumor response (109). In another study, Zhang and colleagues demonstrated that fusion of HSC70-derived ATPase domain with tyrosinase-related protein 2 (TRP2) mounted CTL response in B16 melanoma, suggesting that HSC70-based immunotherapy approaches might prove effective for anti-cancer treatment (105, 110).




Mitochondrial HSP90 and HSP70 in Cancer


TRAP1

Tumor necrosis factor receptor-associated protein 1 (TRAP1) was initially discovered as a protein associated with the cytoplasmic domain of type 1 Tumor necrosis Factor Receptor-1 (TNFR1) (111, 112). The 75-kDa molecular chaperone, designated as HSP75, showed the ability to form complexes with the retinoblastoma protein (113). It then became clear that TRAP1 and HSP75 are identical molecules (112). TRAP1 functions as homodimer and requires ATP for its chaperone activity (114). TRAP1 has N-terminal mitochondrial targeting sequence that directs TRAP1 to mitochondrial matrix and is cleaved upon the import (115–117).

TRAP1 is highly expressed in mitochondria isolated from tumor cells compared to normal cells (3). Long lines of experimental evidence suggest that TRAP1 is involved in tumor metabolism and cytoprotection of cancer cells. Masuda and colleagues reported that induction of apoptosis by β-hydroxyisovalerylshikonin (β-HIVS) and topoisomerase II inhibitor VP16 in tumor cell lines is associated with the reduction in TRAP-1 expression (118). Moreover, inactivation of TRAP1 by small interfering RNA (siRNA) in tumor cells treated with β-HIVS or VP16 induced the release of cytochrome c, pointing out an important role of TRAP1 in intrinsic apoptotic pathway (112, 118). In a subsequent study, Hua and colleagues demonstrated that granzyme M, a serine protease stored in granules of NK cells, acts on mitochondria and causes swelling, loss of transmembrane potential, production of reactive oxygen species (ROS) and cytochrome c release (119). Mechanistically, granzyme M cleaves TRAP1 leading to ROS accumulation and cell death (119). Kang and colleagues reported that TRAP1 and HSP90 in mitochondria interact with cyclophilin D and antagonize the mitochondrial permeability transition process (3, 112).

TRAP1 showed to be a critical regulator of mitochondrial metabolism. Sciacovelli and co-workers demonstrated that high expression of TRAP1 in tumor cells enhances neoplastic transformation (120). Specifically, TRAP1 forms complexes with succinate dehydrogenase (SDH) and inhibits its activity, contributing to Warburg phenotype (120). Warburg phenotype is characterized by preferential conversion of glucose to lactate, so that tumor cells mainly rely on glycolysis, an anaerobic metabolism for ATP production, even in the presence of oxygen (121). TRAP1 inhibits oxygen consumption rate and ATP synthesis by oxidative phosphorylation (OXPHOS) (120). Results also showed that TRAP1-expressing tumor cells have a high level of succinate, resulting in HIF-1α stabilization (120, 122). Along this line, Chae and co-workers reported that TRAP1 together with SDHB regulate HIF1α-dependent tumorigenesis (123). In another study, Yoshida and colleagues found that TRAP1 knockout (KO) enhances mitochondrial respiration and suppresses glycolysis (124). Furthermore, TRAP1 KO cells exhibited high levels of ATP, ROS production and cytochrome c oxidase (complex IV), a terminal enzyme in electron transport chain required for ATP production (124). Authors also showed that TRAP1 associates with c-Src and downregulates its activity (124). In addition, Park and colleagues demonstrated that interaction of TRAP1 with sirtuin-3 enhances mitochondrial respiration and reduces ROS production in glioma stem cells, thus supporting stemness (125).

Taking into account that full-length of TRAP1 is required for OXPHOS regulation, it has been suggested that TRAP1, similarly to HSP90, requires other chaperones for its OXPHOS function (117). In a recent study, Joshi and colleagues demonstrated that TRAP1 interacts with other mitochondrial chaperones, including HSPA9/GRP75, HSP60 and prohibitin as well as with OXPHOS-associated molecules, such as complex IV, complex II and ATP synthase (117). Interestingly, most of TRAP1 interactors, except for GRP75 and HSP60, had a preference for ATP-bound state (117).

Inactivation of TRAP1 showed to enhance invasion (124). Agliarulo and co-workers demonstrated that TRAP1 silencing promotes cell motility while simultaneously compromising the ability of cells to cope with stress, and this effect showed to be mediated via the AKT pathway (126). It is also interesting to point out that TRAP1 expression varies in different types of cancer. For example, low expression of TRAP1 correlated with high-grade cervical and bladder cancer, while high TRAP1 expression was found in colorectal carcinomas (124, 127). Therefore, further studies are required to understand the role of TRAP1 in mitochondrial bioenergetics, apoptotic mechanisms and its expression in specific types of cancer.



GRP75/HSPA9/Mortalin/mtHSP70

Mortalin is found in mitochondria, ER, nucleus, cytosol, extracellular vesicles and on the cell surface (24, 128, 129). Mortalin shares 52% and 65% homology with stress-inducible isoform HSP70/HSPA1A and yeast mitochondrial HSP70 – SSC1, respectively (130). Similar to TRAP1, mortalin has a 46-amino acid mitochondrial targeting sequence that allows GRP75 to be localized in mitochondria (131). Mortalin is highly expressed in tumor tissues, leading to tumor growth, metastasis, angiogenesis and apoptosis resistance (132, 133). Ryu and co-workers used mutant mortalin, lacking the mitochondrial targeting sequence, to identify the presence of mortalin in the nucleus and, hence, they called it nuclear mortalin (129). Nuclear mortalin inhibits p53 and activates telomerase and heterogeneous nuclear ribonucleoprotein K (hnRNP-K) (129, 132, 134–136). Importantly, Lu and colleagues demonstrated that mortalin interacts with p53 in cancer cells under stress (136). Targeting mortalin-p53 interaction has resulted in p53-dependent apoptosis in tumor cells, suggesting that disruption of mortalin-p53 complex may be a promising strategy for anti-cancer therapy (136, 137).

Another strategy by which mortalin protects cancer cell from apoptosis involves HIF-1α (138). Recently, Mylonis and colleagues have reported that mortalin binds and mediates targeting of HIF-1α to the outer mitochondrial membrane, where HIF-1α blocks apoptosis when ERK is inactivated (138). HIF-1α release from the mitochondria under ERK inactivation resulted in induction of apoptosis (138).

Mortalin plays a critical role in epithelial-mesenchymal transition (EMT) (139). High expression of proteins involved in focal adhesion, PI3K-AKT and JAK-STAT signaling has been observed in mortalin - positive tumor cells (139). Furthermore, these cells exhibited high expression of mesenchymal markers, including vimentin, fibronectin, β-catenin and CK14, while the expression of epithelial markers (E-cadherin, CK8 and CK18) was reduced (139).

In a recent study, Yun and colleagues have reported that cells that overexpress mortalin had increased expression of cancer cell stemness markers, such as ABCG2, OCT-4, CD9, MRP1, ALDH1 and CD133 (132). Results had also shown that inactivation of mortalin by short hairpin RNA (shRNA) suppresses migration and invasion (132). Moreover, high expression of mortalin has correlated with resistance to therapies while mortalin silencing sensitized tumor cells to chemotherapeutic agents (132). In a recent study, Li and colleagues have demonstrated that NF-κB binds to mortalin promoter, leading to ovarian cancer cell proliferation (140). Conversely, NF-κB downregulation leads to reduction in mortalin expression (140).

Similar to TRAP1, mortalin plays an important role in mitochondrial bioenergetics (141). Mortalin is a major mitochondrial protein involved in mitochondrial import of proteins (142). Mortalin, bound to the translocase of the inner membrane-44 (TIM-44), imports the preprotein into the mitochondrial matrix, where mortalin refolds or transfers the preprotein to HSP60 chaperone (142–144). Inactivation of mortalin leads to a loss of mitochondrial membrane potential, reduction of oxygen consumption and induction of oxidative stress in medullary thyroid carcinoma (145).




ER HSP90 and HSP70 in Cancer


GRP94/HSP90B1/gp96/ERp99/Endoplasmin

The HSP90 member that resides in ER is GRP94 (146). GRP94 is targeted to ER by its N-terminal signal sequence that is cleaved upon GRP94 entry into the ER lumen where GRP94 resides due to its C-terminal KDEL sequence (146, 147). Another location where GRP94 has been identified is the cell surface (146). Several studies reported the presence of GRP94 on the surface of tumor cells and a small portion of immature thymocytes during early development, though the role of membrane-bound GRP94 is not yet clear (148, 149). Additionally, GRP94 functions as a dimer and unlike cytosolic HSP90s, has no known co-chaperones (146).

Unlike cytosolic HSP90 homologs, GRP94 is not upregulated in response to a high temperature, but rather is induced in response to ER stress, including glucose deprivation, hypoxia, B cell differentiation and perturbations of calcium or redox homeostasis (146, 150–154). Stress in ER machinery leads to cascades of signals known as unfolded protein response (UPR), which subsequently restores homeostasis or induces growth arrest and apoptosis (146, 155, 156).

Proper folding of proteins and quality control require collaboration between GRP94 and mitochondrial HSP70 family member GRP78 (146). Similar to HSP70-HSP90 collaboration, GRP78 binds to immunoglobulin (Ig) chains followed by GRP94 Ig folding in ER (146, 157, 158). Furthermore, GRP78-GRP94 forms ternary complex with client proteins in ER presumably for handling over the clients from GRP78 to GRP94 (146, 158).

GRP94 functions are not restricted to UPR, as GRP94 showed to be a critical immune chaperone [reviewed in (37)] (159). It has been shown that GRP94 is a chaperone for integrins and leucine-rich repeats domain 32 (LRRC32), also known as GARP, a docking protein for the membrane expression of transforming growth factor - β (TGF-β) (159, 160). Zhang and colleagues showed that GRP94 deletion in T regulatory cells leads to the loss of FOXP3, increased expression of interferon - γ (IFN-γ) and reduced bioavailability of TGF-β (160, 161). Since TGF-β plays critical roles in oncogenic processes, including EMT, angiogenesis, proliferation, metastasis and immune evasion, targeting GRP94 may prove effective for the development of anticancer therapies through the control of the expression of TGF-β (159).

Melendez and colleagues demonstrated GRP94 is expressed on the surface of breast cancer cells, whereas no expression of GRP94 was observed on the surface of non-malignant cells (162). Zheng and co-workers reported that GRP94 surface expression on tumor cells induces DC maturation and primes T cells, suggesting that GRP94 is a potent DC stimulator (163).

Besides immunologic functions, GRP94 regulates maturation of insulin-like growth factors (IGFs), which are essential prosurvival factors for tumor cells (159, 164). Hua and colleagues demonstrated that inactivation of GRP94 resulted in apoptosis of multiple myeloma cells via disruption of the Wnt-LRP6-survivin pathway (165). Results also showed that GRP94 inhibition blocked multiple myeloma growth in mouse xenograft model, suggesting that GRP94 may be a promising target for the treatment of multiple myeloma (165).

With the use of GRP94-selective inhibitor PU-WS13, Patel and colleagues demonstrated that GRP94 plays an important role in plasma membrane HER2 stability, and inactivation of GRP94 resulted in reduction of HER2-overexpressing tumor cell viability (166). Mechanistically, inhibition of GRP94 leads to the translocation of HER2 to early endosomes and plasma-membrane adjacent lysosomes (166). Along this line, membrane GRP94 interacts with HER2 and facilitates its dimerization, contributing to cell proliferation (167). Targeting GRP94 with a monoclonal antibody reduced growth and increased apoptosis in breast cancer cells (167). In another study, targeting GRP94 with the W9 monoclonal antibody sensitized BRAFV600E melanoma cells to BRAF inhibitors (168). Taken together, GRP94 plays crucial role in UPR, tumor immunity and promotes cancer via its client network. GRP94-based immunotherapy approaches represent promising strategies for anti-cancer therapy, however, this requires further investigation.



GRP78/HSPA5/BiP

GRP78 performs various cellular functions, including folding, degradation, transport of peptides across ER membrane and regulation of calcium homeostasis (169, 170). Similar to cytosolic HSP70 homologs, GRP78 is composed of N-terminal ATPase domain and C-terminal substrate-binding domain (SBD) (168). Due to its ER retention motif, GRP78 primarily resides in ER, but it has also been observed in mitochondria, cytoplasm, cell surface, nucleus and extracellular vesicles (8, 171, 172). Similar to GRP94, GRP78 chaperone plays critical role in UPR, initiated upon ER stress (171). GRP78 inactivation results in spontaneous activation of UPR, expansion of ER lumen and induction of GRP94 expression (173).

Another process that is activated upon ER stress and involves GRP78 is autophagy. High expression of GRP78 increased autophagosome formation in estrogen receptor-positive breast cancer cells (174, 175). Mechanistically, elevated expression of GRP78 activates AMP-activated protein kinase (AMPK) and tuberous sclerosis 2 (TSC2), both of which inhibit mechanistic target of rapamycin (mTOR), resulting in initiation of autophagy (174, 175). Silencing of GRP78 leads to inhibition of autophagosome formation (173). Furthermore, Li and colleagues demonstrated that high expression of GRP78 activates the Class III phosphatidylinositol 3-kinase (PI3K)-mediated autophagy pathway and induces degradation of IKKβ, leading to inhibition of the NF-κB pathway, at the same time altering expression of pyruvate kinase M2 and HIF-1α (176). Along this line, under stress conditions, GRP78 binds to cytosolic misfolded proteins and SQSTM1/p62 (171, 177, 178). Interaction with p62 leads to SQSTM1/p62 conformational change, favoring cargo delivery into autophagosome for its further degradation into amino acids (171, 177, 178). Malek and co-workers reported that treatment with the proteasome inhibitor bortezomib induces GRP78 and GRP78-mediated autophagy in myeloma cells (179). Inhibition of GRP78 followed by bortezomib treatment disrupted autophagy and enhanced anti-tumor effect (179). In a recent study, Wu and colleagues have demonstrated that the GRP78 inhibitor HA15 promoted apoptosis which was accompanied with UPR and autophagy in lung cancer cells (180).

ER stress and UPR induce GRP78, resulting in its translocation to mitochondrial compartments, including intermembrane space, inner membrane and matrix (181). Hayashi and colleagues demonstrated that GRP78 forms complex with sigma-1 receptor (Sig-1R), ER calcium-sensitive co-chaperone in mitochondrion-associated membrane (182). Under ER stress, Sig-1R dissociates from GRP78 and binds to inositol 1,4,5- trisphosphate receptors, promoting a prolonged calcium influx from ER into mitochondria (182).

Recently, Ni and co-workers have identified a novel cytosolic GRP78 isoform (GRP78va) generated by alternative splicing (183). Results showed that GRP78va is upregulated in human leukemia cell lines, as well as in primary leukemia cells obtained from patients (183). GRP78va lacks ER retention signaling peptide and specifically activates ER kinase PERK (183). Mechanistically, GRP78va interacts with P58IPK, an inhibitor of PERK, and antagonizes its inhibitory activity (183). Inactivation of GRP78va decreased survival, whereas overexpression promoted survival of leukemia cells, suggesting that high expression of the cytosolic GRP78 isoform protects cancer cells from cell death (183). GRP78 may also translocate to cytosol through the ER-associated degradation (ERAD) pathway and via Bax/Bak-dependent changes, affecting ER permeability upon ER stress-induced apoptosis (184, 185).

GRP78 has also been detected in the nucleus (186–188). Matsumoto and colleagues used gilvocarcin V (GV), anti-tumor antibiotic that promotes protein-DNA cross-linking when photoactivated by near UV-light, to show that GRP78 lacking hydrophobic leader sequence was selectively cross-linked to DNA in human fibroblasts (189). In another study, Zhai and co-workers demonstrated that inactivation of GRP78 sensitizes cells to UVC-induced cell death, suggesting a protective role of GRP78 against DNA damage (186, 190).

High expression of GRP78 was observed in various types of cancer such as colon, lung, prostate, myeloma, leukemia and breast cancer and showed to correlate with unfavorable clinical outcome (179, 191, 192). Biallelic inactivation of both PTEN and GRP78 inhibited AKT activation and tumorigenesis in prostate epithelium (193). This was further supported by the finding that antibody directed against COOH-terminal domain of GRP78 inhibited growth and AKT activity in prostate cancer cell lines (194). In another study, Cook and colleagues demonstrated that GRP78 inactivation inhibits de novo fatty acid synthesis in breast cancer cells (195). Combination of tamoxifen and GRP78-targeting morpholino antisense oligonucleotides resulted in increased ROS production and cell death (195). Intriguingly, GRP78 inactivation downregulated the expression of innate immune checkpoint CD47 in breast cancer cells, whereas reduction of GRP78 in normal mammary tissue increased the expression of CD47 and macrophage infiltration (195). Recently, the same research team has demonstrated that co-expression of CD47 and GRP78 associated with a poor outcome in breast cancer patients (196).

Induction of UPR affects sensitivity of cells to chemotherapeutic agents (197). In this regard, Reddy and co-workers demonstrated that elevated GRP78 expression inhibits apoptosis in cells treated with topoisomerase inhibitors (187). Mechanistically, etoposide treatment leads to the activation of caspase-7, while elevated expression of GRP78 inhibits caspase-7 activation (187). Along this line, several studies showed that GRP78 forms a complex with caspase-7 and caspase -12 and prevents release of caspase-12 from ER, suggesting that one of the mechanisms by which GRP78 blocks cell death is by inhibiting caspase activation (187, 198). In another study, Lee and colleagues observed elevated expression of GRP78 in 5-fluorouracil (5-FU)-resistant colorectal cancer cells (180). GRP78 inhibition in cells treated with 5-FU led to apoptosis through the activation of caspase-3 (180). Furthermore, GRP78 promoted cell survival via the activation of PI3K-AKT-mTOR signaling pathway (180).

Recently, Dauer and colleagues have demonstrated that GRP78 silencing leads to a slower proliferation rate, reduction in colony formation and downregulation of genes involved in self-renewal in pancreatic cancer cells (199). Furthermore, GRP78 silencing affected the redox balance leading to lipid-peroxidation and higher ROS production (199). Chang and co-workers reported that overexpression of GRP78/p-PERK signaling pathway activates nuclear factor-erythroid 2-related factor (NRF2), leading to enhanced expression of glycolytic enzymes and stemness markers in head and neck squamous cell carcinoma, thus, supporting Warburg phenotype and cancer cell stemness (200). Taken together, GRP78s may change its location and mediate various processes, including UPR, Warburg phenotype, stemness, apoptosis, autophagy and innate immune responses.




Discussion

Residing in various cellular compartments, HSP70 and HSP90 isoforms perform distinct functions within a cancer cell. HSP70 and HSP90 homologs are critical regulators of UPR, mitochondrial bioenergetics, lipid metabolism, apoptosis, innate and adaptive immune responses. Apart from their primary locations, HSP70 and HSP90 isoforms may translocate and accumulate in specific locations inside the cell under various stress conditions, thus supporting tumorigenesis. Furthermore, HSP homologs may be released into extracellular space and acquire different functions. HSP90 and HSP70 cytosolic, ER and mitochondrial isoforms support tumor growth and development via different signaling pathways (Figure 2). Concurrently, different HSP homologs may also act through the same mechanism. For example, inhibiting the interaction between HSP90α and Bclaf1 leads to the downregulation of mature c-Myc mRNA, while Myc silencing decreases TRAP1 mRNA (51, 201). Furthermore, Zavareh and colleagues demonstrated that HSP90 inhibition downregulates the expression of immune checkpoint PD-L1 on the surface of tumor cells via the regulation of c-Myc (202). HSP105 inhibition also downregulates c-Myc (203). Therefore, targeting specific molecular pathways by inhibiting HSP homologs may be effective against tumors with the dysregulation of specific signaling pathways, however, it should be taken into account that blocking a specific HSP isoform may have an effect on other HSP homologs, and this requires further investigation.




Figure 2 | Schematic representation of HSP90/HSP70 signaling pathways in cancer. HSP90α and HSP90β are cytosolic stress-inducible and constitutive members of HSP90 family, respectively, which support tumor development via multiple signaling pathways. HSP70 and HSC70 are two main cytosolic stress-inducible and constitutive members of HSP70 family, respectively, which play critical roles in the regulation of apoptosis, autophagy, oncogene-induced senescence program, angiogenesis, invasion and metastasis. GRP94 and GRP78 are ER HSP90 and HSP70 members, which play an important role in the regulation of apoptosis, invasion, metastasis, autophagy, drug resistance, cancer cell stemness and tumor immunity. TRAP1 is a mitochondrial HSP90, which plays critical role in tumor metabolism and cytoprotection of cancer cells. Mortalin is a mitochondrial HSP70 family member playing an important role in tumor metabolism, regulation of apoptosis, invasion and metastasis. MMP9, matrix metalloproteinase 9; OXPHOS, oxidative phosphorylation; Bclaf1, B-cell lymphoma 2 -associated transcription factor 1; HIF-1, hypoxia-inducible factor 1; MAST1, microtubule-associated serine/threonine kinase 1; TGF-β, transforming growth factor β; PI3K, phosphatidylinositol 3-kinase; WASF3, Wiskott-Aldridge syndrome family member 3; TIM-44, translocase of inner membrane-44; NRF2, nuclear factor-erythroid 2-related factor; AIMP-DX2, aminoacyl-transfer RNA synthetase-interacting multifunctional protein 2 (AIMP2) lacking exon 2; MAPK, mitogen-activated protein kinase; TSC2, tuberous sclerosis 2; mTOR, mechanistic target of rapamycin.



Even though considerable progress has been made in assessing intracellular and extracellular functions of HSP70 and HSP90 in cancer, a lot is still unclear. For example, the effect of various HSP70 and HSP90-based therapies on the distribution of HSP70 and HSP90 homologs across cellular compartments and their release in extracellular space is unknown and requires further investigation. It is also important to differentiate between two HSP90 cytosolic isoforms and assess their individual functions in cancer. Furthermore, since HSP90 and HSP70 play critical roles in innate and adaptive immune responses, it is important to understand intracellular HSP70 and HSP90 immune functions in cancer. Elucidating intracellular and extracellular roles of individual HSP70 and HSP90 homologs may provide further clues on the release of HSP70 and HSP90 in the tumor microenvironment and help in the development of more effective HSP70 and HSP90-based therapies.



Conclusion

HSP90 and HSP70 are two powerful chaperone machineries involved in almost all stages of tumor development. HSP90 and HSP70 homologs are implicated in the regulation of apoptosis, UPR, lipid metabolism, metastasis, angiogenesis, autophagy, innate and adaptive immune responses, acting via different signaling pathways. Further understanding of molecular mechanisms of specific HSP90 and HSP70 homologs inside and outside the cell may provide clues for the discovery of novel anti-cancer therapies.
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Objective: Pyridoxine 5′-phosphate oxidase (PNPO) is a key enzyme in the metabolism of vitamin B6 and affects the tumorigenesis of ovarian and breast cancers. However, the roles of PNPO in other types of cancer remain unknown.
Methods: The expression of PNPO was interpreted by The Cancer Genome Atlas (TCGA) database and Genotype Tissue-Expression (GTEX) database. Analysis of PNPO genomic alterations and protein expression in human organic tissues was analyzed by the cBioPortal database and human multiple organ tissue arrays. PNPO with drug sensitivity analysis was performed from the CellMiner database. The correlations between PNPO expression and survival outcomes, clinical features, DNA mismatch repair system (MMR), microsatellite instability (MSI), tumor mutation burden (TMB), and immune-associated cell infiltration were analyzed using the TCGA, ESTIMATE algorithm, and TIMER databases. Gene Set Enrichment Analysis (GSEA) was applied to elucidate the biological function of PNPO in pan-cancer.
Results: The differential analysis showed that the level of PNPO mRNA expression was upregulated in 21 tumor types compared with normal tissues, which was consistent with its protein expression in most cancer types. The abnormal expression of PNPO could predict the survival outcome of patients with esophageal carcinoma (ESCA), kidney renal clear cell carcinoma (KIRC), prostate adenocarcinoma (PRAD), ovarian serous cystadenocarcinoma (OV), and uveal melanoma (UVM). Furthermore, the most frequent mutation type of PNPO genomic was amplified. Moreover, the aberrant PNPO expression was related to MMR, MSI, TMB, and drug sensitivity in various types of cancer. The expression of PNPO was related to the infiltration levels of various immune-associated cells in pan-cancer by ESTIMATE algorithm and TIMER database mining.
Conclusion: Our results suggest that PNPO is a potential molecular biomarker for predicting patient prognosis, drug sensitivity, and immunoreaction in pan-cancer.
Keywords: drug sensitivity, immune, multi-analyses, prognosis, pyridoxine 5′-phosphate oxidase, tumorigenesis
INTRODUCTION
Pyridoxine 5′-phosphate oxidase (PNPO) is a key enzyme in the metabolism of vitamin B6 and could convert pyridoxine 5′-phosphate and pyridoxamine 5′-phosphate into pyridoxal 5′-phosphate (PLP) (di Salvo et al., 2011). PLP is an essential co-factor required for more than 140 enzymes and the active form of vitamin B6 (Lumeng et al., 1974; Ink and Henderson, 1984). Previous reports showed that PLP expression level was significantly related to cancer risk (Mocellin et al., 2017), while it also participates in many courses of metabolism including the metabolic process of proteins, carbohydrates, and fats (Frey and Reed, 2011). Thus, PNPO, a rate-limiting enzyme to regulate the production of PLP, could also take an important effect on these metabolisms (Ngo et al., 1998; di Salvo et al., 2011). PNPO has been known to play a part in human epilepsy (Hoffmann et al., 2007; Khayat et al., 2008; Veeravigrom et al., 2015), and some research displayed that PNPO has played a role in the development of ovarian, breast, and colorectal cancers (Chen et al., 2017; Zhang et al., 2017; Ren et al., 2019). It could regulate the biological behavior in human ovarian and breast cancer cells, indicating that PNPO may be a vital factor in tumorigenesis (Zhang et al., 2017; Ren et al., 2019). PNPO was reported as an oncogene to promote cell proliferation, migration, and invasion, and regulate cell cycle and apoptosis in ovarian and breast cancer cell lines (Zhang et al., 2017; Ren et al., 2019). PNPO combined with other six genes has been proven to be an independent prognostic index panel for OS in patients with colorectal cancer (Chen et al., 2017). However, there is a lack of research on PNPO and other cancers until now.
Recently, many studies were interested in the analysis of tumorigenesis and progression of pan-cancer, which could reveal the similarities and differences in cancers. For example, as we know, HER2 and HER3 played vital functions in the development of HER2-amplified breast cancer. The expression and constitutive phosphorylation of HER3 were reported to be ubiquitous in HER2-amplified breast cancer cell lines. However, advanced data showed that the role of HER3 was different in other HER2-amplified cancer types, suggesting that its role was variable and dependent on the disease context (Majumder et al., 2021). Thus, it is meaningful to further explore the spectrum of an oncogene in pan-cancer. So far, there is still no associated analysis between PNPO and pan-cancer. We performed systemic research on the roles of PNPO in human pan-cancer. We comprehensively investigated the different expression levels of PNPO in pan-cancer and normal control tissues via The Cancer Genome Atlas (TCGA), Genotype-Tissue Expression (GTEX), and Oncomine databases. Meanwhile, the prognostic value of PNPO to predict survival outcomes was also evaluated. Then, we searched for the potential relationship between PNPO mRNA expression level and clinical features, DNA mismatch repair system (MMR), microsatellite instability (MSI), tumor mutation burden (TMB), and infiltrating immune cells in pan-cancer. PNPO genomic alternations were also determined using the cBioPortal database. Furthermore, the Gene Set Enrichment Analysis (GSEA) was applied to elucidate the biological function of PNPO in pan-cancer. Drug sensitivity analysis of PNPO was performed by the CellMiner™ database. In summary, our results indicated that PNPO could serve as a candidate prognostic factor among a variety of cancers. PNPO exerts its function via the regulation of MMR, MSI, TMB, tumor immune microenvironment, and drug sensitivity. This study highlights the multifaceted role of PNPO in pan-cancer, which provides a rationale for targeting PNPO as a novel therapeutic strategy.
MATERIALS AND METHODS
Data Processing and PNPO Expression Analysis
The UCSC Xena (https://xena.ucsc.edu/) was used to examine the transcriptome data of pan-cancer and clinical characters in TCGA. Human normal tissue expression matrices were obtained from the GTex Portal (https://www.gtexportal.org/). The Strawberry Perl scripts software (Version 5.30.0.1, http://strawberryperl.com/) was performed to extract the PNPO expression data in 33 TCGA tumor types and GTex normal tissues. PNPO expression was also evaluated in various tumor types from the Oncomine database (www.oncomine.org) (Rhodes et al., 2007). PNPO mRNA expression levels in healthy men and women tissues were observed by the “gganatogram” R package. The expression data were transformed with log2 (TPM) excluding missing data and duplicated values. The analysis was done by R version 4.0.2 software (https://www.Rproject.org). PNPO mRNA expression in cell lines was obtained using Cancer Cell Line Encyclopedia (https://portals.broadinstitute.org/ccle/) (Barretina et al., 2012).
Tissue Microarray
Human multiple organ tissue arrays (Cat# HOrgC110PT01 and HOrgC120PG05, Shanghai Outdo Biotech Co., Ltd., Shanghai, China) were used to test the protein expression of PNPO by immunohistochemistry. The study of the human subject was approved by the Ethics Committee of Shanghai Outdo Biotech Co., Ltd. A total of 230 paraffin-embedded tissue samples were collected, and of these, 2 samples were either invalid or missing. All the other 228 samples were valid, including 121 malignant tumor tissues, 89 adjacent tissues of cancer, and 18 normal tissues (Supplementary Table S1). The anti-PNPO antibody (1:2000 dilution, #15552-1-AP) was obtained from ProteinTech Group (Chicago, IL, United States).
Correlation of PNPO Expression With Survival Prognosis and Clinical Features
Cox proportional hazard models and Kaplan–Meier plotter analysis were used to assess the relationship between PNPO mRNA expression and survival outcomes including overall survival (OS), progression-free interval (PFI), disease-free interval (DFI), and disease-specific survival (DSS). The “survival”, “survminer”, “limma”, and “ggpubr” R-packages were employed.
Genomic Alterations PNPO in Pan-Cancer
The cBioPortal database (http://www.cbioportal.org/) was used to analyze the gene alternations of PNPO in TCGA pan-cancer datasets (Cerami et al., 2012). The genetic alterations and mutated site information of PNPO were obtained through the “Oncoprint”, “Cancer Type Summary”, and “Mutations” modules.
Relationship Between PNPO Expression and Deoxyribonucleic Acid Mismatch Repair System, Microsatellite Instability, and Tumor Mutation Burden in Pan-Cancer
We performed the association analysis between PNPO expression and the related genes of MMR, MSI, and TMB due to increasing studies that showed that the prognosis of cancers was associated with them (Germano et al., 2017; Stelloo et al., 2017; Yu et al., 2019). Expression profile data from TCGA were used to evaluate the levels of the MMR genes. The result was visualized as a heatmap using the “reshape2” and “RColorBrewer” R-packages. The scores of MSI and TMB were used to be calculated from TCGA pan-cancer mutation data (https://tcga.xenahubs.net) (Bonneville et al., 2017). TMB scores were calculated by a Perl script and revised though dividing the total length of exons (Cheng et al., 2021). Spearman’s coefficient was performed to elaborate the correlations between the expression level of PNPO and MSI/TMB. Radar plots using the R-package “fmsb” were displayed as final results.
Association Analysis of PNPO Expression with Tumor Immune Microenvironment in Cancers
The association between PNPO and immune checkpoint genes was processed by “reshape2” and “RColorBrewer” R-packages. The Estimation of Stromal and Immune cells in Malignant Tumors using Expression data (ESTIMATE) algorithm was performed to calculate immuneScore, stromalScore, and ESTIMATEScore by R package “ESTIMATE” (Yoshihara et al., 2013). The relationship between the expression of PNPO and the abundance of various immune-related cells in pan-cancer tissues was analyzed by the TIMER database (https://cistrome.shinyapps.io/timer/). PNPO expression in multiple types of cancer was evaluated through the “Diff Exp” module in the TIMER database (Li et al., 2017).
Biological Functions of PNPO by Gene Set Enrichment Analysis (GSEA)
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was performed using the GSEA online database (https://www.gsea-msigdb.org/gsea/downloads.jsp). The biological functions of PNPO in pan-cancer were explored via GSEA analysis, which was processed with the R-packages “clusterProfiler” (Subramanian et al., 2005).
Drug Sensitivity of PNPO in Pan-Cancer
NCI-60 compound activity data and RNA-seq expression profiles from the CallMiner™ were downloaded to analyze drug sensitivity of PNPO in pan-cancer (https://discover.nci.nih.gov/cellminer/home.do). Drugs approved by FDA or clinical trials were selected for analysis. The “impute”, “limma”, “ggplot2”, and “ggpubr” R package were performed (Shankavaram et al., 2009).
Statistical Analysis
Wilcoxon rank-sum test and Spearman rank test were performed to examine the expression difference and correlation between two groups, respectively. Log-rank test was applied to analyze the survival outcome by Kaplan–Meier survival curves. Cox proportional hazard regression model was used to calculate the hazard ratio (HR). Statistical analyses were executed by GraphPad Prism8 and R version 4.0.2 software. Statistical significance was considered by p-values < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
RESULTS
Expression of PNPO in Pan-Cancer and Normal Tissues
To explore the mRNA expression of PNPO in human normal tissues, we studied PNPO expression in physiological tissue from the GTEX dataset. PNPO was overexpressed in the liver, adrenal gland, and kidney tissues (Figure 1A). The expression abundances of PNPO in various male and female tissues were also shown. In sum, there was no significant difference between PNPO mRNA expression levels and gender (Supplementary Figure S1A). Next, the expression of PNPO in pan-cancer was further analyzed through the RNA-seq data of TCGA and GTex databases. A significant expression difference of PNPO was found in 33 types of cancer excluding those without normal tissue data. PNPO expression was overexpressed in BLCA (bladder urothelial carcinoma), BRCA (breast invasive carcinoma), CESC (cervical squamous cell carcinoma and endocervical adenocarcinoma), CHOL (cholangiocarcinoma), COAD (colon adenocarcinoma), DLBC (lymphoid neoplasm diffuse large B-cell lymphoma), ESCA (esophageal carcinoma), GBM (glioblastoma multiforme), HNSC (head and neck squamous cell carcinoma), LGG (brain lower grade glioma), LUAD (lung adenocarcinoma), LUSC (lung squamous cell carcinoma), OV (ovarian serous cystadenocarcinoma), PAAD (pancreatic adenocarcinoma), PRAD (prostate adenocarcinoma), READ (rectum adenocarcinoma), SKCM (skin cutaneous melanoma), STAD (stomach adenocarcinoma), THCA (thyroid carcinoma), THYM (thymoma), and UCEC (uterine corpus endometrial carcinoma) compared to control tissues (Figure 1B). On the contrary, PNPO was decreased in ACC (adrenocortical carcinoma), KIRC (kidney renal clear cell carcinoma), LAML (acute myeloid leukemia), and TGCT (testicular germ cell tumors) compared to control tissues (Figure 1B). We also searched the mRNA expression of PNPO in human pan-cancer by the TIMER database. PNPO expression was significantly upregulated in BLCA, BRCA, CESC, COAD, ESCA, GBM, HNSC, LUAD, LUSC, PAAD, PCPG (pheochromocytoma and paraganglioma), PRAD, READ, STAD, and UCEC (Figure 1C), while PNPO was downregulated in CHOL, KICH (kidney chromophobe), KIRC, and THCA (Figure 1C) than the control group. Based on the Oncomine database, PNPO expression was higher expressed in colorectal cancer, leukemia, lymphoma, and myeloma compared to the human normal control tissues, while it was lower expressed in kidney cancer (Supplementary Figure S1B). PNPO was overexpressed in almost all the human cell lines in the CCLE database except the medulloblastoma cell line (Supplementary Figure S1C).
[image: Figure 1]FIGURE 1 | Differential expression of PNPO. (A) PNPO mRNA expression in normal tissues from GTEX data. (B) Differential PNPO mRNA expression between TCGA cancers and GTEX normal tissues. The red column represents cancer samples and the blue column represents normal samples. Normal group was normal tissue in TCGA and GTEX database. (C) PNPO mRNA expression in different cancer types in TIMER. *p < 0.05, **p < 0.01, and ***p < 0.001. Normal group was normal tissue in TCGA database.
Protein Expression of the PNPO in Human Tissues
The human multiple cancer tissue microarray data showed that PNPO expression was negative in the normal esophagus (n = 2), rectum (n = 2), thyroid (n = 4), and lung (n = 4) tissues, while it was positive in the normal stomach (n = 2), colon (n = 2), liver (n = 1), and pancreas (n = 1) tissues (Supplementary Figure S2). The staining intensity of PNPO was greater in BLCA (n = 16), CESA (n = 8), COAD (n = 5), LUAD (n = 5), and THCA (n = 12) than their adjacent tissues (p < 0.05, Figures 2A–E and Supplementary Table S1). The protein expression level of PNPO was strongly expressed in both normal and cancer tissues of the liver (n = 5) and kidney (n = 5) (Figures 2F,G). PNPO was also expressed in a major percentage of certain cancer types, such as BRCA (n = 7), HNSC (n = 3), and UCEC (n = 8) without significant difference (Figures 2H–J). From the results, we deduced that PNPO might be positively expressed in these cancers if we enlarge the sample size. The protein expression level of PNPO was low in LUSC (n = 4), TGCT (n = 3), PESC (penis squamous cell carcinoma, n = 5), ESCA (n = 5), STAD (n = 5), and READ (n = 3), which also has no significant difference (Supplementary Figures S3A–F). We speculate that there are two possible reasons for this situation: the sample size is not enough and the heterogeneity of the tumor (Dagogo-Jack and Shaw, 2018; Lawson et al., 2018). PNPO protein was expressed in pancreas normal and adjacent tissues, while not expressed in pancreas cancer (Supplementary Figure S3G), which was not consistent with its mRNA expression level. Our previous data showed that PNPO was negative in normal ovarian and fallopian tube tissues. Despite the lack of negative control tissue of the ovary in this array, we found that PNPO staining was strong in ovarian cancer tissues (n = 6) (Supplementary Figure S3H). The staining of PNPO was also strong in prostate cancer (n = 6) and brain tumor (n = 6) tissues, but not in their adjunct tissues or normal tissues in this tissue array (Supplementary Figures S3I,J).
[image: Figure 2]FIGURE 2 | Protein expression level of PNPO in human multiple cancer tissues of BLCA (A), CESC (B), COAD (C), LUAD (D), THCA (E), LIHC (F), KIRC (G), ESCA (H), LUSC (I), and TGCT (J). Representative images of PNPO expression in pan-cancer tissues are shown. Original magnification, ×100 and ×400.
Prognostic Assessment Value of PNPO in Pan-Cancer
In order to survey the prognostic assessment value of PNPO in pan-cancer, Cox proportional hazards model and Kaplan–Meier analysis were carried out to evaluate the relationship between PNPO expression and patients’ survival period. The expression of PNPO was correlated with OS in KIRC (p = 0.003), LAML (p = 0.014), and THYM (p = 0.041) performed by Cox proportional hazards regression model. PNPO was regarded as a high-risk factor for LAML and THYM, while it was a low-risk factor for KIRC of OS prognosis assessment in pan-cancer (Supplementary Table S2). A high level of PNPO predicted good OS in OV (p = 0.047, Figure 3A), while a high level of PNPO predicted poor OS of UVM (uveal melanoma) by Kaplan–Meier survival analysis (p = 0.0261, Figure 3B). For PFI, the overexpressed mRNA level of PNPO represented an adverse factor in BLCA (p = 0.038), while the overexpressed PNPO was a favorable factor in KIRC (p = 0.004) (Supplementary Table S2). Kaplan–Meier curves for PFI indicated a positive correlation between PNPO overexpression and good survival outcome in patients with ESCA (p = 0.007, Figure 3C) but a negative relationship between PNPO expression and PFI in UVM (p = 0.015, Figure 3D). Next, we found that high PNPO expression predicted poor DFI in BLCA (p = 0.034) (Supplementary Table S2), but there was no significance in pan-cancer by Kaplan–Meier survival analysis. Furthermore, PNPO exhibited a significant prognostic value in KIRC (p < 0.001), PRAD (p = 0.002), and UVM (p = 0.034) in Cox proportional hazards regression model for DSS (Supplementary Table S2). Patients with the overexpression of PNPO had lengthened DSS in KIRC (p = 0.034, Figure 3E), but had shortened DSS in PRAD (p = 0.018, Figure 3F) and UVM (p = 0.010, Figure 3G).
[image: Figure 3]FIGURE 3 | Patient survival period analysis. (A,B) Kaplan–Meier analysis of the association between PNPO expression and OS in OV (A), and UVM (B). (C,D) Kaplan–Meier analysis of the correlation between PNPO expression and PFI in ESCA (C), and UVM (D). (E,G) Kaplan–Meier analysis of the association between PNPO expression and DSS in KIRC (E), PRAD (F), and UVM (G). The red line represents high PNPO expression and the blue line represents low PNPO expression. OS, overall survival; PFI, progression-free interval; DSS, disease-specific survival.
Correlation Analysis Between PNPO Expression and Clinicopathological Phenotypes in Pan-Cancer
We further explored the correlation between the mRNA expression level of PNPO and patients’ clinicopathological features progression in pan-cancer. Higher expression of PNPO was found in age ≥65 years group in BRCA (p = 0.0044), KICH (p = 0.033), LIHC (p = 0.01), PCPG (p = 0.0089), and THYM (p = 0.036, Supplementary Figure S4A). PNPO expression was related to tumor stage in LUSC, PAAD, READ, STAD, and THCA (Supplementary Figure S4B). We also discovered that PNPO was associated with tumor treatment response in BLCA, DLBC, KIRC, PRAD, and UCEC, especially between CR and PR groups (Supplementary Figure S4C). Then, we found that the overexpression of PNPO was significantly associated with tumor status in BLCA and GBM, while the overexpression of PNPO was correlated with tumor-free status in KIRC and SARC (sarcoma) (Supplementary Figure S4D). Moreover, we investigated the relationship between the mRNA expression of PNPO and clinical characteristics of BRCA patients through the Kaplan–Meier plotter database (Supplementary Table S3). Overexpressed PNPO was associated with better OS and PFS in ER-positive, HER2-negative, and Grade 3 BRCA patients (p < 0.05). High PNPO mRNA expression level was associated with better OS in the lymph node-positive and -negative groups, while it was only correlated with better RFS in the lymph node-positive group. The overexpression of PNPO was also positively related to better RFS in the HER2-positive group patients. Meanwhile, overexpressed PNPO was also associated with better RFS during luminal A and B groups. These results suggest that PNPO expression level could impact the prognosis in BRCA patients.
Genetic Alteration Analysis of PNPO in Pan-Cancer
The highest gene alteration rate of PNPO appears for pan-cancer patients with uterine corpus endometrial carcinoma, uterine carcinosarcoma, breast invasive carcinoma, pancreatic adenocarcinoma, and mesothelioma with amplification (>2%) as the primary type using the cBioPortal database (Figure 4A). Amplification, miss mutation, and deep deletion are the main type of frequent genetic alterations of PNPO (Figure 4B). The types, sites, and case numbers of the PNPO gene modification were further displayed (Figure 4C). PNPO missense mutation was the main type alteration, while R138C alteration was detected in 2 cases of UCEC. The most frequent putative copy-number alterations of PNPO were amplification, gain function, and diploid (Figure 4D). The gene alteration of CDK5RAP3, SP2-AS1, SP2, PRR15L, NFE2L1, COPZ2, CBX1, SNX11, SP6, and SCRN2 was more common in the altered group than in the unaltered group (Figure 4E).
[image: Figure 4]FIGURE 4 | The genetic alterations of PNPO. (A) Alterations summary of PNPO in TCGA pan-cancer datasets. (B) Summary of PNPO structural variant, mutations, and copy-number alterations. (C) The mutation types, number, and sites of the PNPO genetic alterations. (D) The alteration types of PNPO in pan-cancer. (E) The related genes alteration frequency in PNPO altered group and unaltered group.
Correlation of PNPO Expression With Immune-Related Biomarker
The correlation between PNPO expression and MMR/MSI/TMB across all tumors of TCGA was further analyzed. PNPO expression was positively correlated with MMR-related genes level in most tumors, especially in BLCA, CESC, HNSC, LUSC, PRAD, and STAD (Figure 5A). In addition, the expression of PNPO also has a positive correlation with the most common MMR-related genes, including MLH1, PMS2, MSH2, and MSH6 in KIRC, LAML, LGG, LUAD, PCPG, SARC, SKCM, YHCA, and UVM. The results displayed that PNPO expression was positively associated with increased MSI in ESCA, STAD, and UCEC, while PNPO expression was negatively associated with MSI in BRCA, DLBC, HNSC, KICH, LGG, LUAD, LUSC, OV, PRAD, SKCM, and THCA (Figure 5B). Additionally, a positive association between PNPO expression and TMB was displayed in STAD, THYM, and UCEC, while a negative association between PNPO mRNA expression and TMB was found in BRCA and LGG (Figure 5C).
[image: Figure 5]FIGURE 5 | The correlation of PNPO expression with immune-related biomarkers. (A) Heatmap indicating the correlation between PNPO expression and mismatch repair (MMR) genes. For each pair, the top left triangle indicates the p-value, and the bottom right triangle indicates the correlation coefficient. (B) Radar map of correlation between PNPO expression and microsatellite instability (MSI). (C) Radar map of correlation between PNPO expression and tumor mutation burden (TMB). *p < 0.05, **p < 0.01, and ***p < 0.001.
Correlation of PNPO Expression With Tumor Immune Microenvironment
To further investigate the relationship with the human immune system, we examined the relationship between PNPO expression and the tumor immune microenvironment according to the ESTIMATE algorithm and TIMER database. It was shown that PNPO expression had a positive correlation with estimated immune and stromal scores in GBM, while a negative correlation with immune and stromal scores was found in BRCA, PAAD, PCPG, STAD, THCA, and UCEC (Supplementary Table S4). The association between the expression of PNPO and immune checkpoint genes expression was explored. The results demonstrated that the mRNA expression level of PNPO was significantly correlated with mostly immune checkpoint genes, which suggested that a high level of PNPO might mediate immune escape. In particular, we found that in BRCA, HNSC, LIHC, SARC, THCA, and UVM, PNPO expression was correlated with more than 30 immune checkpoint markers, such as TNFRSF, CD48, and ICOS (Supplementary Figure S5). The relationship between PNPO expression and immune-associated cells infiltration in pan-cancer was further performed in the TIMER database. It was shown that PNPO expression was significantly correlated with six types of infiltrating immune-associated cells including B cell, CD8+T cells, CD4+T cells, neutrophils, macrophages, and dendritic cells in BRCA, GBM, KICH, LIHC, SARC, STAD, THCA, and THYM (Supplementary Figure S6). In particular, we found that the mRNA expression level of PNPO was correlated with 8 types of immune-associated cells in BRCA (Figures 6A,B). Furthermore, we also found that the expression of PNPO was significantly correlated with the immune-associated cell infiltration levels of macrophages in 9 cancer types, CD4+T cells in 4 cancer types, dendritic cells in 3 cancer types, mast cells in 3 cancer types, and CD8+T cells in 3 cancer types in the ESTIMATE algorithm (Figure 6).
[image: Figure 6]FIGURE 6 | Correlation between PNPO gene expression and tumor immune microenvironment in TCGA database. (A–F) Analysis of immune-associated cells infiltration with PNPO expression in pan-cancer.
Biological Function of PNPO in Cancer
GSEA was performed to explore the main biological process affected by PNPO in pan-cancer. From KEGG gene sets analysis, the data suggested that PNPO negatively regulated signaling pathways in BLCA, BRCA, SKCM, and STAD, while PNPO positively regulated signaling pathways in CHOL, PCPG, THYM, and UVM (Figure 7). We also found that PNPO had a complex regulation with different signaling pathways in MESO (mesothelioma), OV, SARC, and UCEC (Supplementary Figure S7). Drug metabolism was the most common signaling pathway of PNPO involved in pan-cancer, followed by hematopoietic cell lineage, porphyrin, and chlorophyll signaling pathway. Antigen processing and presentation, natural killer cell-mediated cytotoxicity, cytokine–cytokine receptor interaction, and regulation of autophagy were all involved in PNPO biology function in pan-cancer biological analysis.
[image: Figure 7]FIGURE 7 | GSEA analysis in KEGG signature of PNPO in BLCA (A), BRCA (B), SKCM (C), STAD (D), CHOL (E), PCPG (F), THYM (G), and UVM (H). Different color curves represent different functions or pathways. The peak of the upward and downward curve indicates the positive and negative regulation of PNPO, respectively. Score, enrichment score.
Drug Sensitivity Analysis of PNPO
We further investigated the potential correlation analysis between drug sensitivity and PNPO expression using the CellMiner™ database. Notably, PNPO expression was negatively correlated with drug sensitivity of vinorelbine, paclitaxel, okadaic acid, pipamerone, dinaciclib, lexibulin, dolastatin, eribulin mesilate, and vinblastine (Figures 8A,D,E,G–I,K,L,N). Our results exhibited that PNPO expression was positively associated with amonafide, fludarabine, 5-fluoro deoxyuridine, AT-13387, IWR-1, allopurinol, and pracinostat sensitivity (Figures 8B,C,F,J,M,O,P). The data indicated that PNPO might be associated with chemoresistance of certain chemotherapeutic agents, such as paclitaxel and vinblastine, which were commonly used in the clinic. Comprehensively, we deduced that the involvement of PNPO in chemoresistance might be related to the metabolism of starch and sucrose, porphyrin and chlorophyll, cytochrome P450, and other enzymes, and the biosynthesis of isoleucine and other amino acids (Figures 7, 8).
[image: Figure 8]FIGURE 8 | Drug sensitivity analysis of PNPO. The expression of PNPO was associated with the sensitivity of vinorelbine (A), amonafide (B), fludarabine (C), paclitaxel (D), okadaic (E), 5-fluoro deoxyuridine (F), pipamerone (G), dinaciclib (H), lexibulin (I), AT-13387 (J), dolastatin (K), eribulin mesilate (L), IWR-1 (M), vinblastine (N), allopurinol (O), and pracinostat sensitivity (P).
DISCUSSION
PNPO is an enzyme that converts pyridoxine 5′-phosphate into PLP, an active form of vitamin B6 implicated in a variety of cancers (Musayev et al., 2009). PNPO, which served as a key enzyme in the metabolism of vitamin B6, has primarily been studied in the context during the development of epilepsy (Hoffmann et al., 2007; Bagci et al., 2008). The deficiency of PNPO was verified to be a reason for infantile and neonatal epileptic encephalopathy (Khayat et al., 2008). PNPO deficiency could also lead to hepatic cirrhosis, which may be associated with apparent epigenetic activation of purinergic signaling in hepatic stellate cells (Coman et al., 2016). Our previous studies confirmed that PNPO was overexpressed in ovarian cancer and enhanced the malignant biology function of ovarian cancer cells, indicating that PNPO is a candidate oncogene role in tumorigenesis (Zhang et al., 2017). However, the research of PNPO in other kinds of cancer types is still very poor. Thus, we produced the research focus on the roles of PNPO in human pan-cancer in this study. The mRNA expression level of PNPO is relatively overexpressed in the human liver, kidney, and skeletal muscle, but low expressed in the ovary and lung (Kang et al., 2004). The results were verified according to the GTEX dataset, indicating that PNPO was overexpressed in the liver, adrenal gland, and kidney tissues. This is similar to our finding that PNPO was highly expressed in stomach, colon, liver, and pancreas normal tissues in protein expression level by immunohistochemistry. We next confirmed the expression of PNPO in 33 tumor types compared to normal tissues from the online database. PNPO was significantly upregulated in most types of cancer, while it was only found to be downregulated in ACC, KIRC, LAML, and TCGT compared to control tissues. Based on the CCLE database, we discovered that PNPO was overexpressed in most cell lines. By our multiple organ tissue arrays, the protein expression of PNPO was higher in BLCA, CESC, COAD, LUAD, and THCA tissues. The previous studies showed that PNPO was upregulated in ovarian cancer (Zhang et al., 2017) and human breast invasive ductal carcinoma patients (Ren et al., 2019). PNPO was also reported to be upregulated in colorectal cancer from a gene array study (Chen et al., 2017). In our previous study, it was unveiled that increased PLP could inhibit the protein expression of PNPO, thus suppressing the proliferation of human ovarian cancer cells (Zhang et al., 2017). High circulating levels of PLP, reflecting reduced amounts of circulating homocysteine, have been associated with improved disease outcomes in pan-cancer patients (Galluzzi et al., 2013). Elevated PLP was assumed or verified to decrease cell proliferation in melanoma, hepatoma, gastric cancer, breast cancer, and pancreatic cancer cell lines (Peterson et al., 2020). These reports were consistent with our results and further confirmed with our data, suggesting that PNPO took important effects on tumorigenesis during human cancers.
Furthermore, we try to analyze the correlation between the mRNA expression level of PNPO and the prognosis in human pan-cancer patients. Our Kaplan–Meier survival indicated that PNPO was negatively related with the OS in BLCA, PFI in UVM, DSS in PRAD, and UVM with a significant difference. These could confirm the oncogenic role of PNPO in human cancers. However, we also found that the mRNA expression level of PNPO acted as a protective factor in OV and KIRC. These suggested that PNPO may play different roles in certain cancer types, which need further to be tested in the future. Additionally, it has been shown that high expression of PNPO was associated with clinical stages and metastasis in breast invasive ductal carcinoma (Ren et al., 2019), but we found that PNPO was more likely a protective factor in BRCA patients from Kaplan–Meier plotter databases. We suspected that the difference between our results from the online database and the reported data might be due to the different methods to test the expression of PNPO. The protein expression of PNPO in human breast invasive ductal carcinoma was examined (Ren et al., 2019), while mRNA expression of PNPO in BRCA was tested in Kaplan–Meier plotter databases.
The PNPO gene is located in chromosome 17q21.32 (Mills et al., 2014). PNPO deficiency, due to its gene mutations, has been widely studied in infantile and neonatal epileptic encephalopathy (Mills et al., 2005; Hoffmann et al., 2007; Hatch et al., 2016; di Salvo et al., 2017; Ciapaite et al., 2020). However, there is no related research about PNPO gene alteration in human cancers. We then unearthed the fact that amplification was the most altered frequency of PNPO in pan-cancer using the cBioPortal database. It was found that the co-occurrence of CDK5RAP3, SP2-AS1, SP2, PRR15L, NFE2L1, COPZ2, CBX1, SNX11, SP6, and SCRN2 alterations was observed with the PNPO alteration group. It was suggested that PNPO played an important role in the maintenance of DNA integrity and glucose homeostasis in Drosophila (Mascolo et al., 2020). The inhibitive effect of PNPO on the glycine cleavage system could cause synthetic lethality in Escherichia coli (Ito et al., 2020). PNPO is a converting enzyme for PLP, which acts as a co-factor for more than 140 enzymes in metabolism. PLP, which served as an active form of vitamin B6, took part in many metabolic processes such as one-carbon, amino acid, gluconeogenesis, and lipid, contributing to tumorigenesis (Brasky et al., 2017). The amplification of PNPO in pan-cancer may induce the abnormal expression of PLP (Wilson et al., 2019), which leads to the dysfunction of physical metabolism in cancer development.
In the study, we first displayed evidence of the potential association between the expression of PNPO and MMR, MSI, or TMB. The results revealed that PNPO expression was positively related to MMR-related gene expression in most types of tumors. Additionally, PNPO correlates with MLH1, MSH2, MSH6, and PMS2 in KIRC, LAML, LGG, LUAD, PCPG, SARC, SKCM, YHCA, and UVM. Further analysis demonstrated that the expression of PNPO is significantly associated with MSI in 14 cancer types and TMB in 4 cancer types. The data indicated that PNPO expression might influence the response of cancer patients to immune checkpoint therapy, which will contribute to further understand the mechanism of immunotherapy in treating cancers.
A previous study suggested that a lack of vitamin B6 may damage immune response (Doke et al., 1997). Low plasma PLP is related to impaired differentiation and maturation of monocyte-derived macrophages and T lymphocytes (Meydani et al., 1991; Rall and Meydani, 1993). Vitamin B6 deficiency significantly reduced the percentage and total number of lymphocytes, mitogenic responses of peripheral blood lymphocytes to mitogens, and the production of interleukin 2 (Meydani et al., 1991). PLP was strongly negatively correlated with tumor volume and increased lymphocyte proliferation in mice, indicating that PLP may have a greater antitumor immune response (Gebhard et al., 1990). This indicated that PLP, the active form of Vitamin B6, played an important role in regulating the human immune system. Therefore, we suspected that PNPO as the key enzyme-producing PLP could also take part in immunity regulation in human cancer. Our correlation analysis demonstrated that more than 30 immune checkpoint genes were positively correlated with PNPO expression in many tumor types, including BRCA, HNSC, LIHC, SARC, THCA, and UVM. The results suggested that PNPO might be involved in immune escape in human cancer immune therapy. TIMER database mining further found that PNPO expression was significantly associated with the infiltration levels of various immune-associated cells, including B cell, dendritic cells, CD8+T cells, CD4+T cells, neutrophils, and macrophages in BRCA, GBM, KICH, LIHC, SARC, STAD, THCA, and THYM. According to the ESTIMATE algorithm, the correlation between PNPO expression and immune-associated cell infiltration also occurred in many types of cancer, including BRCA, KIRC, KIRP, and PRAD. Until now, little is known about the roles that PNPO plays in the human immune system. The roles of PNPO in the tumor immune microenvironment remains a research gap worth investigating in further research.
From KEGG analysis, we found that drug metabolism is the most common signaling pathway of PNPO involved in pan-cancer. PNPO is the key enzyme to produce PLP, which has been estimated to be a co-factor in about 4% of human enzyme activities (Ueland et al., 2017). It is no surprise that PNPO has been associated with human physical metabolism. However, there is no related research between PNPO and drug sensitivity or resistance until now. Using the CellMiner™ database, we found that PNPO expression was correlated with many drug sensitivity, such as paclitaxel, vinblastine, and 5-fluoro deoxyuridine. Therefore, we deduced that PNPO may take effect in chemotherapy and may be correlated with chemoresistance. Antigen processing and presentation, and natural killer cell-mediated cytotoxicity were identified gene regulatory mechanisms of PNPO from KEGG analysis, which suggested these were the candidate signaling pathways associated with PNPO and immune system in pan-cancer. We found that TGF-β1 signaling-mediated PNPO expression was at least partially mediated by the upregulation of miR-143–3p in ovarian cancer (Zhang et al., 2017). PNPO could be regulated by the MALAT1/miR-216b-5p/PNPO axis in the development of human breast invasive ductal carcinoma (Ren et al., 2019). Thus, these data implicated that PNPO may crosstalk between vitamin B6 mechanism and other signaling pathways. We speculate that the mechanism of PNPO involved in human cancers could include two parts: one is involved in metabolic regulation, and the other is to function through interaction with signaling pathways. The regulation of metabolism may be the common thing with PNPO in various tumors, while participating in the regulation of different signal pathways may be the reason for its heterogeneity in pan-cancer.
CONCLUSION
The pan-cancer analysis systematically displayed the characteristics of PNPO in multiple aspects, including expression pattern, survival prognosis, genetic mutation, MMR, MSI, TMB, tumor immune microenvironment, signaling pathway, and drug sensitivity. PNPO might serve as a potential target for cancer treatment since they displayed abnormal expression in multiple cancers and predicted a worse prognosis in cancer patients. Moreover, the aberrant PNPO expression was related to MMR, MSI, TMB, and tumor immune microenvironment across various types of cancer. This study highlights the multifaceted roles of PNPO in pan-cancer and provides new insights into the candidate effect of PNPO in regulating chemoresistance.
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Sarcomas are highly aggressive cancers of mesenchymal origin whose clinical management is highly complex. This is partly due to a lack of understanding of the molecular mechanisms underpinning the transformation of mesenchymal stromal/stem cells (MSCs) which are presumed to be the sarcoma-initiating cells. c-Myc is amplified/overexpressed in a range of sarcomas where it has an established oncogenic role and there is evidence that it contributes to the malignant transformation of MSCs. T-box transcription factor 3 (TBX3) is upregulated by c-Myc in a host of sarcoma subtypes where it promotes proliferation, tumor formation, migration, and invasion. This study investigated whether TBX3 is a c-Myc target in human MSCs (hMSCs) and whether overexpressing TBX3 in hMSCs can phenocopy c-Myc overexpression to promote malignant transformation. Using siRNA, qRT-PCR, luciferase reporter and chromatin-immunoprecipitation assays, we show that c-Myc binds and directly activates TBX3 transcription in hMSCs at a conserved E-box motif. When hMSCs were engineered to stably overexpress TBX3 using lentiviral gene transfer and the resulting cells characterised in 2D and 3D, the overexpression of TBX3 was shown to promote self-renewal, bypass senescence, and enhance proliferation which corresponded with increased levels of cell cycle progression markers (cyclin A, cyclin B1, CDK2) and downregulation of the p14ARF/MDM2/p53 tumor suppressor pathway. Furthermore, TBX3 promoted the migratory and invasive ability of hMSCs which associated with increased levels of markers of migration (Vimentin, SLUG, SNAIL, TWIST1) and invasion (MMP2, MMP9). Transcriptomic analysis revealed that genes upregulated upon TBX3 overexpression overlapped with c-myc targets, were involved in cell cycle progression, and were associated with sarcomagenesis. Together, the data described indicate that the c-Myc/TBX3 oncogenic molecular pathway may be a key mechanism that transforms hMSCs into sarcomas.
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Background

Sarcomas comprise a heterogenous group of neoplasms that are derived from mesenchymal tissues such as bone, cartilage, muscle, adipose and fibrous connective tissues. While relatively rare in adults (1% of all cancers), they account for >20% of all pediatric malignancies and in children and young adults they represent some of the most aggressive cancers (1). The clinical management of sarcomas remains uboptimal which is, in part, due to late diagnosis that results from a lack of specific symptoms and frequent misdiagnosis, resistance to current treatment modalities, local recurrence and metastases (1). The cells which give rise to sarcomas are still under debate, but growing evidence suggests that mesenchymal stromal/stem cells (MSCs), and in some instances mesenchymal progenitor cells, may be sarcoma-initiating cells (1–4). However, very little is known about the factors that drive their malignant transformation. This is important to elucidate because it will allow the identification of more reliable diagnostic markers and target-specific therapies.

At a molecular genetics level, whereas 15-20% of sarcomas have specific genetic alterations and relatively simple karyotypes with translocations resulting in oncogenic fusion proteins, two-thirds of sarcomas have complex karyotypes (1). Sarcomas with simple karyotypes include Ewing’s sarcoma, alveolar rhabdomyosarcoma and synovial sarcoma and sarcomas with a complex karyotype include osteosarcoma, liposarcoma and chondrosarcoma (other than myxoid) (1). While the oncogenic fusion proteins that drive sarcomas with a simple karyotype are reasonably well described, the factors that drive sarcomas with a complex karyotype are poorly understood. The transcription factor c-Myc is amplified/upregulated in several sarcomas with complex genetics including leiomyosarcoma, osteosarcoma, liposarcoma, chondrosarcoma and rhabdomyosarcoma, and this has been associated with cancer aggressiveness and poor clinical outcome (1, 5–11). Furthermore, c-Myc contributes to sarcomagenesis by promoting cancer stem cell expansion and by functioning as a pro-proliferative and pro-migratory factor. For example, in fibrosarcoma cells, c-Myc promotes stem-cell-like properties by binding and activating the ABCG2 promoter and in rhabdomyosarcoma and Ewing’s sarcoma cells respectively it promotes proliferation by activating MALAT1 and repressing p21CIP1 (12–14). Importantly, the T-box transcription factor TBX3 is upregulated in sarcoma cell lines and patient-derived sarcoma tissues including fibrosarcomas, chondrosarcomas, liposarcomas and rhabdomyosarcomas, and c-Myc transcriptionally activates TBX3 to promote transition through S-phase in rhabdomyosarcoma and chondrosarcoma cells (15–17). TBX3 was shown to promote proliferation, tumor formation, migration, and invasion of chondrosarcoma, liposarcoma and rhabdomyosarcoma cells (15, 17).

Together the above results suggest that TBX3 is a key mediator of c-Myc induced sarcomagenesis and that c-Myc/TBX3 may be an important axis that drives MSCs into a subset of sarcomas. Indeed, various studies in murine and human MSCs (hMSCs) have already demonstrated that c-Myc may be key to their transformation (18–21). For example, c-Myc overexpression in combination with RB knockdown in hMSCs led to osteosarcoma formation in vivo (18). Shimizu et al. demonstrated that c-Myc overexpression alone was sufficient to transform mouse bone marrow-derived MSCs into osteosarcoma, and the process was substantially accelerated when the cell cycle control locus Ink4a-Arf was lost (19). In this regard, it is important to note that human TBX3 negatively regulates the INK4A-ARF locus (22, 23), and an inverse correlation between TBX3 and p14ARF was observed in chondrosarcomas and fibrosarcomas (17).

We hypothesize that the c-Myc/TBX3 axis is important in sarcomagenesis and that TBX3 overexpression will drive hMSCs into sarcomas. Here we test this by performing a series of experiments in 2D- and 3D-cell culture models and also undertake a transcriptomic analysis. We show that TBX3 is transcriptionally activated by c-Myc in hMSCs and that overexpressing TBX3 in hMSCs promotes stemness, proliferation, migration, and invasion. Collectively our data provide evidence that TBX3 functions downstream of c-Myc in the transformation of hMSCs into sarcomas.



Materials And Methods


Cell Culture

Human adipose-derived MSCs from three different donors (hMSC lines 1-3) were isolated, characterized and expanded as previously described (24) and their identity was confirmed by flow cytometry using a panel of MSC markers CD73, CD90, CD44, CD36, CD45 and CD105 (Supplementary Figure 1). Approval was obtained from the Research Ethics Committee of the Faculty of Health Sciences, University of Pretoria (protocol number 218/2010) and written informed consent was obtained prior to lipoaspirate harvesting from healthy donors undergoing routine plastic or reconstructive surgery procedures. SW1353 chondrosarcoma cells (HTB-94) and SW872 liposarcoma cells (HTB-92) were obtained from ATCC. SaOS-2 (ATCC HTB-85) osteosarcoma cells were a gift from Abe Kasonga (University of Pretoria). Embryonic kidney HEK293FT cells were obtained from Thermo Fisher Scientific, USA. Cell cultures were maintained under standard culture conditions (37°C, 5% CO2, 65% humidity) in Dulbecco’s Modified Eagle Medium GlutaMax™ culture medium (DMEM, Gibco, Life Technologies/Thermo Fisher Scientific, USA) supplemented with 10-20% fetal bovine serum (FBS, Gibco, USA) and 1% penicillin and streptomycin (pen/strep, Gibco, USA). HEK293FT cells stably express the SV40 large T antigen and the neomycin resistance gene and were cultured with 500 μg/ml geneticin (G-418). At 80% confluence, hMSC cultures were passaged using 0.25% Trypsin/EDTA (Gibco, USA) and re-seeded at a density of 5000 cells/cm2. All experiments were performed with hMSCs at passages lower than 20.



Immunophenotype

Immunophenotype analysis of hMSC lines 1-3 was performed as described previously (25). The hMSCs were positive for CD73, CD90, and CD105 and negative for CD45.



RNA Interference

MSCs were plated at a density of 5000 cells/cm2 in a 24-well plate and transfected at 60% confluency with either 50 nM siTBX3 #1 (SI03100426, Qiagen, USA), 100 nM siTBX3 #2 (SI00083503, Qiagen, USA), 50 nM sic-Myc #1 (SI00300902, Qiagen, USA), 50 nM sic-Myc #2 (SI02662611, Qiagen, USA) or 50-100 nM control (non-silencing, siCtrl) (1027310, Qiagen, USA). Cells were transfected using HiPerFect® transfection reagent (Qiagen, USA) according to manufacturer’s instructions.



Plasmids

Lentiviral plasmids pCDH-Empty, pCDH-FLAG-TBX3 and envelope (p.VSV.G) and packaging (psPAX8) expression plasmids were kind gifts from Li Zhao (26). pCDH-FLAG-c-Myc was purchased from Addgene (plasmid # 102626; http://n2t.net/addgene:102626; RRID : Addgene_102626, a gift from Hening Lin) (27) and the FLAG-c-Myc construct was kindly provided by Professor Lüscher from Institut für Biochemie, Germany (28). The human TBX3 promoter luciferase reporter constructs were as previously described (16).



Lentivirus Production and Transduction of hMSCs

Lentivirus was generated by co-transfecting pCDH-FLAG-TBX3 or pCDH-FLAG-c-Myc with p.VSV.G and psPAX8 plasmids into HEK293FT cells using Lipofectamine LTX transfection reagent (Invitrogen Life Technology, USA) according to manufacturer’s instructions. The empty pCDH-Empty vector (EV) with no insert was used as a control. Viral supernatant was harvested at 48 and 72 h post-transfection and concentrated by ultracentrifugation. Viral titer was determined using limiting-dilution colony formation titering assay. Using polybrene infection reagent (8 μg/mL, Merck, Germany), hMSC line 1 was transduced with viral supernatant [multiplicity of infection (MOI) of 0.3] to achieve TBX3/c-Myc overexpression and subjected to 0.5 μg/ml puromycin (Sigma, USA) for 16 - 18 days until colonies formed. Single cells were grown into colonies and sub-cultured into 24-well plates. The efficacy of stable TBX3 overexpression was confirmed by qRT-PCR, western blotting, and immunofluorescence.



Western Blot Analysis

Total protein lysates were prepared as described previously (29). Primary antibodies used were: rabbit polyclonal anti-TBX3 (1:1000; ab99302; Abcam, Cambridge, UK), mouse monoclonal anti-β-actin (1:3000; sc-47778), mouse monoclonal anti-NANOG (1:500; sc-374001), rabbit polyclonal anti-cyclin A (1:1000; sc-751), mouse monoclonal anti-CDK2 (1:500; sc-6248), mouse monoclonal anti-MDM2 (1:500; sc-965), rabbit polyclonal anti-p16 (1:250; sc-759), rabbit polyclonal anti-p19/p14 (1:250), mouse monoclonal anti-p53 (1:500; sc-126), mouse monoclonal anti-SNAI (1:500; sc271977), mouse monoclonal anti-SLUG (1:500; sc-166476), mouse monoclonal anti-TWIST1 (1:500; sc-81417) from Santa Cruz Biotechnology Inc (Texas, USA); mouse monoclonal anti-MMP9 (1:1000; 4A3 NBP2-13173), mouse monoclonal anti-MMP2 (1:500; 8B4 NB200-114) from Novus Biotechnologicals (Colorado, USA); mouse monoclonal anti-cyclin B1 (1:1000; V152), rabbit monoclonal c-Myc (1:1000; D84C12) and rabbit polyclonal anti-vimentin (1:1000, R28) from Cell Signaling Technology (Massachusetts, USA); rabbit polyclonal anti-p38 (1:5000; M0800), from Sigma-Aldrich (Missouri, USA). Secondary antibodies were used at 1:5000 dilution and included horseradish peroxidase (HRP)-conjugated goat anti-rabbit (Biorad, USA), goat anti-mouse (Biorad, USA). Densitometry was performed using the image analysis software Fiji (Version 2.0.0-rc-68/1.52e) (30) and normalised to the appropriate loading control. All blots are representative of at least two independent repeats.



Quantitative Real-Time PCR

Total RNA was extracted using the High Pure RNA Isolation Kit (Roche, Germany) according to the manufacturer’s instructions, and reverse transcription was performed using 500 ng RNA and the InProm-II™ reverse transcription system (Promega A3800, USA) according to the manufacturer’s instructions. The reactions were carried out using 1 μL cDNA, 2x SYBR green master mix (Applied Biosystems, USA) and primers to amplify the human TBX3 (QT00022484, Qiagen, USA), GUSB (QT00046046, Qiagen, USA), c-Myc (F: CTGAGACAGATCAGCAACAACC; R: TTGTGTGTTCGCCTCTTGAC, Integrated DNA Technologies, USA), p16INK4a (F: GTGGACCTGGCTGAGGAG; R: CTTTCAATCGGGGATGTCTG, Integrated DNA Technologies, USA). qRT-PCR was performed using the Light Cycler® 2.0 system (Roche, Switzerland) and the following parameters: denaturation for 15 min at 95°C and combined annealing and extension for 40 cycles at 60°C for 1 min. Samples were prepared in triplicate and non-template controls were run to detect contamination or nonspecific amplification. The 2−ΔΔCt method was employed to analyze results, and relative mRNA expression levels of c-Myc, TBX3, and p16INK4a were normalized to mRNA levels of glucuronidase-beta (GUSB).



Immunofluorescence

Immunofluorescence was performed as previously described (16). Briefly, cells were incubated with rabbit polyclonal anti-TBX3 antibody (1:100 dilution; ab99302, Abcam, USA) at 4°C overnight. Subsequently, cells were incubated with fluor-conjugated secondary Cy3 donkey anti-rabbit IgG (1:1000 dilution; Jackson ImmunoResearch Laboratories, Inc., USA). To visualize nuclei, cells were incubated with 1 mg/mL Hoechst 33258 (Thermofisher Scientific, South Africa). Fluorescent cells were viewed using an Axiovert confocal microscope (Zeiss, USA).



Proliferation Assay

Short-term growth was measured as described previously (29). hMSCs were seeded in triplicate at a density of 5000 cells/cm2 in 24-well plates. Cells were collected by trypsinization and counted on a haemocytometer at 2–3 days intervals. As an alternative assay for proliferation, cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) Cell Proliferation Kit (Roche, Switzerland). Cells were seeded in quadruplicate in 96-well plates (5000 cells/cm2) and cell viability determined over 5 days according to the manufacturer’s instructions. Absorbance (595 nm) was measured using GloMax® plate reader (Promega, USA) and the absorbance of the medium only control was subtracted from the samples.



In Vitro Cell Migration Assays

Cell migration was measured using a two-dimensional (2D) in vitro scratch motility assay as previously described (31). The wound areas were measured over time and calculated using the image analysis software Fiji (Version 2.0.0-rc-68/1.52e).



Colony Formation Unit Assay

Cells were seeded at 100 cells/35 mm dish in triplicate and the culture medium was changed every 3 days. After 18 days, the colonies were washed twice with 1x PBS, fixed with ice-cold methanol for 15 min, stained with 1% crystal violet dye (C3886, Sigma, USA) for 1 h, and washed once with 1x PBS and twice with tap water to remove excess crystal violet. Photographic images were captured to count the colonies.



Senescence-Associated β-Galactosidase Staining

Cells were seeded at 5000 cells/cm2 in 6-well plates and 48 h later they were stained using a Senescence β-Galactosidase Staining Kit (#9860, Cell Signaling Technology, USA) following the manufacturer’s protocol. Images were taken using an EVOS M5000 Imaging System microscope (Thermo Fisher Scientific, USA).



Three-Dimensional Spheroid Formation

To establish spheroids that finally consist of 5000 cells/spheroid, cells were suspended in DMEM at 50,000 cells/mL and 100 μL of this suspension was plated per well in a 96-well plate coated with 1.2% agarose (SeaKem LE Agarose 50004, Lonza, USA) to prevent cell adhesion. Cells were incubated for 4 days to allow for compact spheroid formation before proceeding with the experiments described below.



Spheroid Growth Assay

Images (EVOS XL AMEX Core Imaging System) were taken (t=Day 1) and cell growth was monitored over five days (t=Day 5). The area of spheroid core and periphery was measured using the image analysis software Fiji (Version 2.0.0-rc-68/1.52e) and the ratio of spheroid core to periphery was calculated.



Calcein AM Staining of Spheroids

The following three fluorescent stains were used to determine cell viability: calcein AM (1 mg/mL, C1430, Invitrogen, Massachusetts, USA), propidium iodide (PI) (1 mg/mL), and 4′,6-diamidino-2-phenylindole (DAPI) (500 µg/mL, Thermo Fisher Scientific, USA). A 2x staining solution in medium was prepared by mixing calcein AM, PI, and DAPI to working concentrations of 2 µM, 8 µg/mL, and 20 µg/mL, respectively. Spheroids were stained by removing 50 µL of medium and replaced with 50 µL of the 2x staining solution, for final well concentrations of 1 µM, 4 µg/mL, and 10 µg/mL, respectively. Plates were then incubated at 37°C and 5% CO2 for 60 min and imaged using an EVOS M5000 Imaging System microscope (Thermo Fisher Scientific, USA). Calcein AM staining intensity was measured using the image analysis software Fiji (Version 2.0.0-rc-68/1.52e) and calculated relative to the spheroid area.



Spheroid Invasion Assay

Spheroids were formed as described earlier and each spheroid was then transferred to individual wells of a 96-well plate where they were embedded in 70 μL of 1.5 mg/mL collagen type I rat tail matrix (Gibco, A1048301, Thermo Fisher Scientific, USA) and covered with 100 μL of complete media. Cell invasion was monitored using an EVOS M5000 Imaging System microscope (Thermo Fisher Scientific, USA) and images were taken after 0, 24, and 48 h. The invasive area was determined by calculating the difference between the final area (t=24, 48 h) and the initial area (t=0 h) using the image analysis software Fiji (Version 2.0.0-rc-68/1.52e), and data were normalized to control cells. Three independent experiments including four replicates for each condition were performed.



Anchorage-Independent Assay

Dishes (35 mm) were layered first with 0.6% agar prepared in cell culture medium followed by 0.3% agar prepared in cell culture medium containing 5000 cells/dish. The dishes were incubated for 12 weeks, and colonies were imaged using an EVOS M5000 Imaging System microscope (Thermo Fisher Scientific, USA). Relative colony area was measured using the image analysis software Fiji (Version 2.0.0-rc-68/1.52e), and data were normalized to control cells. Two independent experiments including three replicates for each condition were performed.



Chromatin-Immunoprecipitation (ChIP) Assay

ChIP assays were performed as previously described (32). Briefly, hMSCs were fixed in 1% formaldehyde, the chromatin extracted and sonicated to obtain DNA fragments of between 300 and 500 bp. Protein-bound DNA was immunoprecipitated using antibodies against c-Myc (8 μg; E5Q6W, Cell Signaling, USA) or normal rabbit IgG (8 μg; sc-2729, Santa Cruz Biotechnology Inc, USA). The DNA to which c-Myc bound was purified using the phenol-chloroform extraction method and precipitated DNA was analysed by qRT-PCR using primers spanning TBX3 E-box -1936; -1789 (forward, 5′- GGGAATTCTCAACGCTGG -3′; reverse, 5′ CAGCACAGGCCTCTCTCG 3′); E-box -1210 (forward, 5′- GAG AAG ATA CCA GGC TGG C-3′; reverse, 5′ CAT ATT CCA CCT GGA TGT GGG3′); E-box -701 (forward, 5′- GAG ACC AGC ACC GAG ACA C-3′; reverse, 5′ GGC CAC TCG GTT CTA CAA AAG-3′) and GAPDH (forward, 5′-GAAGGCTGGGGCTCATTT-3′; reverse, 5′-CAGGAGGCATTGCTGATGAT-3’). Crossing values (Ct) of c-Myc and IgG precipitated DNA were adjusted by normalizing against the Ct value of 1% of input DNA and the ΔΔCt method was used to determine fold enrichment using the following equation: 2-(ΔCt1−ΔCt2) (ΔCt1 = c-Myc, ΔCt2 = IgG).



Dual Luciferase Reporter Assay

For luciferase assays, hMSCs were plated in 12-well plates at a density of 5000 cells/cm2. The next day, 500 ng of the TBX3 luciferase reporter plasmid and increasing amounts (50, 100 and 200 ng) of the FLAG-c-Myc expression vector or empty vector were transfected using Lipofectamine LTX (Invitrogen Life Technology, USA) according to manufacturer’s instructions. The vector pRL-TK, which contains the thymidine kinase promoter driving expression of a renilla reporter, was included as an internal control for transfection efficiency (20 ng per transfection). Cells were lysed 48 h after transfection, and firefly and renilla luciferase activities were determined using the Dual-Luciferase Reporter Assay System (Promega, USA) according to the manufacturer’s instructions and measured using a Luminoskan Ascent luminometer (Thermo Labsystems, USA). Extracts were subjected to western blot analysis to confirm expression of transfected c-Myc protein.



Transcriptomic Analysis

Total RNA was extracted from EV (EV #1, EV #2) and TBX3 (TBX3 #1, TBX3 #2) hMSCs (three biological replicates per clone) using the High Pure RNA Isolation Kit (Roche, Germany) according to the manufacturer’s instructions and was used for microarray gene expression analysis on the human Affymetrix Clariom S array. Briefly, a total of 5 ng RNA from each sample was used to synthesize first strand cDNA, followed by 3’ adaptor and double stranded cDNA (ds-cDNA) using the Clariom S array (IVT) Pico kit according to the manufacturer’s protocol. The ds-cDNA was used to synthesize cRNA by in vitro transcription for 14 h at 40°C and the cRNA was purified using purification beads on a magnetic stand. A total of 20 µg purified cRNA was used for 2nd-cycle ds-cDNA synthesis followed by RNA hydrolysis and ds-cDNA purification as described above. Thereafter, 5.5 µg of each sample was used for fragmentation and labelling, followed by hybridization on the Clariom S array in an Affymetrix GeneChip® Hybridisation Oven-645 rotating at 60 rpm at 45°C for 16 h. Hybridised chips were washed and stained using GeneChip™ Hybridization, Wash and Stain Kit in an Affymetrix GeneChip® Fluidics Station-450Dx before scanning using an Affymetrix GeneChip® Scanner-7G. From each scanned chip, the Affymetrix system generates a CEL file which has intensity values for all probes present on it. The CEL files were imported into the Affymetrix Transcriptome Analysis Console (TAC) v4.0.2 software for differential gene expression analysis. Genes considered to be differentially expressed (DEGs) between EV and TBX3 hMSCs were those with fold-change (FC) values ≥ 2 or ≤ −2 and ANOVA adjusted-p value < 0.05. The DEGs between EV and TBX3 hMSCs were further visualized on a volcano plot and hierarchical clustering using TAC 4.0.2 software. The microarray data files of this study have been deposited in NCBI GEO (Gene Expression Omnibus) with assigned GEO accession number GSE183848.



Gene Ontology, KEGG, and GSEA Analyses

Gene ontology (GO) biological process and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed using g:Profiler (version e104_eg51_p15_3922dba) with the Benjamini-Hochberg FDR method applying a significance threshold of 0.05 (33). To identify gene signatures or pathways enriched in TBX3 hMSCs, gene set enrichment analysis (GSEA) was performed with the GSEA program (v.4.1.0) (34, 35). The Broad Molecular Signatures Database (MSigDB v7.4) set H (hallmark gene sets, 50 gene sets, h.all.v7.4.symbols.gmt) was selected as the reference. The permutation number was set to 1,000 and cut-off values of nominal p  <  0.05 and FDR  <  0.25 were selected.



Statistical Analysis

Statistical significance was determined using a student’s t-test (Excel, Microsoft, Redmond, WA, USA). Significance was accepted at *p < 0.05, **p < 0.01, ***p < 0.001. Unless otherwise stated, all data were obtained from at least three independent experimental repeats with error bars representing standard error of the mean (SEM). Graphs were generated using GraphPad Prism software 6.0 (GraphPad Prism software, USA).




Results


The TBX3 Promoter Is Transcriptionally Activated by c-Myc in hMSCs

To explore whether the c-Myc/TBX3 axis exists in hMSCs we first investigated whether, as is the case in sarcomas, c-Myc transcriptionally activates TBX3. To address this, we determined whether altering c-Myc levels resulted in a corresponding change in TBX3 levels in hMSCs. Indeed, we show that depleting c-Myc by siRNA (sic-Myc #1 or sic-Myc #2) resulted in decreased levels of TBX3 mRNA (Figure 1A) and protein (Figure 1B) and overexpressing c-Myc resulted in increased TBX3 levels (Figure 1C). These results show that c-Myc is indeed upstream of TBX3 in hMSCs. The TBX3 promoter has four highly conserved c-Myc consensus E-box sites at positions -1936, -1789, -1210 and -701 base pairs (bps) (Figure 1D). ChIP assays showed that while c-Myc did not occupy the regions of the TBX3 promoter containing E-box sites at -1936; -1789 and -1210 bps, its binding to the canonical E-box site at -701 (CACGTG) was enhanced by 3.88-fold (Figure 1E). Luciferase reporter assays confirmed that 200 ng c-Myc significantly activated the TBX3 promoter in hMSCs (Figure 1F), and importantly, mutation of the E-box at -701 bp abrogated this activation (Figure 1G). Western blot analysis of lysates from luciferase assays confirmed expression of transfected c-Myc in these experiments (Figures 1F, G). Together these results confirm that, in hMSCs, the TBX3 promoter is transcriptionally activated by c-Myc through the -701 bp E-box motif.




Figure 1 | The TBX3 promoter is transcriptionally activated by c-Myc in hMSCs. hMSCs were transiently transfected with 50 nM sic-Myc (#1, #2) or siControl (siCtrl) for 48 h and levels of c-Myc and TBX3 (A) mRNA and (B) protein were assessed using qRT-PCR and western blotting respectively. (C) Western blot analysis show levels of c-Myc and TBX3 in hMSCs transduced with empty vector (EV) or a c-Myc expression construct using lentiviral gene transfer. For western blotting, β-actin was used as a loading control. Densitometry readings were obtained using Fiji and protein expression levels are represented as a ratio of protein of interest/β-actin normalized to siCtrl or EV. (D) Representation of four highly conserved c-Myc consensus E-box motifs within the TBX3 promoter. (E) Chromatin immunoprecipitation (ChIP) assays were performed using DNA immunoprecipitated from hMSCs with an antibody against c-Myc or IgG (negative control). Upper panel (graphs): Immunoprecipitated DNA was assayed by qRT-PCR with primers spanning the E-box sites as indicated in (D). Primers specific to GAPDH were included as a negative control. Lower panel (agarose gel electrophoresis): qRT-PCR products of Input, IP c-Myc, IgG and non-template control (NTC). (F) Luciferase assays of hMSCs co-transfected with 500 ng of TBX3 and 50–200 ng of FLAG-c-Myc expression construct. Total amount of plasmid DNA transfected was held constant using the corresponding empty vector. (G) Luciferase assays of cells co-transfected with 200 ng of c-Myc expression construct and either 500 ng of TBX3 promoter reporter or with TBX3 promoter reporter with mutated (MT) E-box motifs. (F, G) The pRL-TK renilla luciferase reporter plasmid was used to control for transfection efficiency. Data were normalized against renilla values and fold activation of the TBX3 promoter was calculated relative to the empty vector control. Western blots show expression of transfected c-Myc. Student’s t-test was used to compare between groups, *p < 0.05; **p < 0.01; ***p < 0.001; error bars represent mean ± SEM (n=3, for all panels).





TBX3 Contributes to hMSC Proliferation and Migration

If the upregulation of TBX3 by c-Myc is a key molecular mechanism involved in transforming hMSCs to sarcomas, then one would expect that parental hMSCs will have lower levels of TBX3 than TBX3-driven sarcomas. Therefore, before we engineered hMSCs to overexpress TBX3, we compared the status of TBX3 mRNA and protein in three adipose-derived hMSC cell lines (hMSC line 1-3) as well as chondrosarcoma (SW1353) and liposarcoma (SW872) cells by qRT-PCR and western blotting respectively. Our results show that TBX3 mRNA and protein levels were lower in hMSCs compared to chondro- and liposarcoma cells (Figures 2A, B). We speculated that endogenous TBX3 contributes to hMSC proliferation and migration and that during the malignant transformation of hMSCs, TBX3 is upregulated and promotes these as well as other oncogenic processes. Indeed, transiently depleting TBX3 by siRNA (siTBX3) significantly inhibited hMSC proliferation (Figure 2C), decreased levels of the cell cycle progression markers cyclin A and CDK2, increased the negative cell cycle regulators p14ARF and p53, and decreased levels of the negative p53 regulator, MDM2 (Figure 2D). Furthermore, depleting TBX3 retarded the migratory ability of hMSCs (Figure 2E). We next investigated whether TBX3 promotes hMSC proliferation downstream of c-Myc. To this end, TBX3 was depleted in hMSCs stably overexpressing c-Myc (c-Myc siTBX3) or hMSC empty control (EV siTBX3) cells and the impact on cell proliferation measured. Growth curve assays show that overexpressing c-Myc (c-Myc siCtrl) significantly enhanced hMSC proliferation and depleting TBX3 (EV siTBX3) inhibited their proliferation (Figures 2F, G). Importantly, depleting TBX3 abrogated the pro-proliferative activity of c-Myc (c-Myc siTBX3). Together, these data suggest that the upregulation of TBX3 by c-Myc is a key downstream event in mediating the ability of c-Myc to promote hMSC proliferation.




Figure 2 | TBX3 contributes to hMSC proliferation and migration. (A) qRT-PCR analysis of TBX3 mRNA expression in adipose-derived hMSCs from three different donors (MSC cell lines 1-3) as well as chondrosarcoma (SW1353) and liposarcoma (SW872) cells. (B) Western blot analysis of TBX3 protein expression in the cells described in (A). p38 was used as a loading control. (C–E) hMSCs were transiently transfected with siTBX3 or siControl (siCtrl) and (C) Growth curve assays were performed over a 5-day period; (D) Western blotting of protein harvested from cells in (C) on day 5 with antibodies to TBX3, CDK2, cyclin A, p14ARF, MDM2, and p53; and (E) 2D-Scratch motility assays were performed where a linear wound was made on confluent transiently transfected hMSCs and distance migrated was measured at 3, 6, 9 and 12 h. (F, G) hMSCs were stably transduced with EV or a c-Myc lentiviral expression construct and transiently transfected with siTBX3 or siControl (siCtrl). (F) Growth curve assays were performed over a 5-day period; (G) Western blotting of protein harvested from cells in (F) on day 5 with antibodies to c-Myc and TBX3. For western blotting, β-actin was used as a loading control and densitometry readings were obtained using Fiji and protein expression levels are represented as a ratio of protein of interest/p38 or protein of interest/β-actin normalized to hMSC line 1 or siCtrl respectively. Student’s t-test was used to compare between groups, *p < 0.05; **p < 0.01; ***p < 0.001; error bars represent mean ± SEM (n=3, for all panels).





Establishment of hMSC Lines Stably Overexpressing TBX3

To determine if TBX3 overexpression in hMSCs can promote their transformation, we first established hMSCs that stably overexpress TBX3 using a lentiviral transduction system (Supplementary Figure 2). Briefly, hMSCs were transduced with lentiviruses delivering FLAG-TBX3 or Empty vector (EV) and resistance to the mammalian antibiotic puromycin enabled selection of successfully transduced cells. In total, 13 EV hMSC and 15 FLAG-TBX3 hMSC puromycin-resistant clones were obtained and they all tested positive for FLAG-TBX3 (data not shown). Figures 3A–C show EV hMSC (hereafter referred to as EV #1 and EV #2) and FLAG-TBX3 hMSC (hereafter referred to as TBX3 #1, TBX3 #2 and TBX3 #3) clones that were selected for further analyses. Compared to EV hMSCs, TBX3 hMSCs expressed significantly higher levels of TBX3 protein (Figure 3A), mRNA (Figure 3B) and nuclear localization (Figure 3C). Furthermore, TBX3 protein levels in the TBX3 clones were comparable to those in chondrosarcoma (SW1353), liposarcoma (SW872) and osteosarcoma (SaOS-2) cells (Figure 3A). The immunofluorescence results shown in Figure 3C confirm that TBX3 localizes to the nucleus and that the FLAG-tag therefore did not affect its localization and consequently its function as a transcription factor.




Figure 3 | Establishment of stable TBX3 overexpressing hMSCs. (A) Western blot analysis shows levels of TBX3 in EV and TBX3 hMSCs, chondrosarcoma (SW1353), liposarcoma (SW872) and osteosarcoma (SaOS-2) cells. β-actin was used as a loading control. Densitometry readings were obtained using Fiji and protein expression of total TBX3 levels (endogenous + FLAG-tagged) are represented as a ratio of protein of interest/β-actin normalized to EV #1. (B) qRT-PCR analysis shows levels of TBX3 mRNA in EV and TBX3 hMSCs. Student’s t-test was used to compare between groups, **p < 0.01; ***p < 0.001; error bars represent mean ± SEM. (C) Representative confocal immunofluorescence images (630X; Carl Zeiss LSM 510, scale bars = 20 µm) of EV and TBX3 hMSCs. TBX3 was detected with a fluorophore conjugated Cy3 secondary antibody. Cells were co-stained with Hoechst to determine nuclei location and 20 fields of view were visualized (n=3, for all panels).





TBX3 Promotes Stemness, Self-Renewal and Bypass of Senescence in hMSCs

Stemness is a feature of cancer cells that drives tumor progression by enhancing self-renewal capacity, survival, proliferation, and metastasis (36). While expanding the EV and TBX3 hMSCs we noticed that with increasing ex vivo passages the EV hMSCs exhibited a flattened and senescent-like morphology but TBX3 hMSCs at the same passages maintained an elongated and spindle-shape morphology like early passage parental hMSCs (Passage 3) (Figure 4A). Furthermore, compared to EV hMSCs, TBX3 hMSCs had on average a 3.67-fold enhanced colony forming ability (Figures 4B, C) and expressed higher levels of the stem cell marker NANOG (Figure 4D). Together, these findings suggest that overexpressing TBX3 in hMSCs promotes their stemness characteristics and prevents them from differentiating and undergoing senescence.




Figure 4 | hMSCs stably overexpressing TBX3 maintain stemness. (A) Cell morphology of parental (early passage, P3) and late passage (P15) EV and TBX3 hMSCs. Representative light microscopy images (100X; EVOS XL AMEX Core Imaging System) are shown. (B) Colony formation unit assay of EV and TBX3 hMSCs. Cells were seeded at 100 cells in 35mm dishes, and colonies were stained using 1% Crystal violet and counted after 18 days. (C) Quantification of colony formation assay. Student’s t-test was used to compare between groups, ***p < 0.001; error bars represent mean ± SEM (n=3). (D) Western blot analysis of NANOG expression. β-actin was used as a loading control (n=2). It is important to note that TBX3 (Figure 3A) was detected on the same western blot, and therefore the blots for β-actin are the same. Densitometry readings were obtained using Fiji and protein expression levels are represented as a ratio of protein of interest/β-actin normalized to EV #1.



We next investigated whether, when overexpressed in hMSCs, TBX3 indeed functions as an anti-senescence factor. Our results show that, compared to EV hMSCs, TBX3 hMSCs exhibited substantially less SA-β-gal activity (Figure 5A) and expressed significantly lower levels of the senescence marker p16INK4a (Figures 5B, C). These results are important because for cancer cells to achieve a state of immortality, they need to escape cellular senescence.




Figure 5 | When overexpressed in hMSCs, TBX3 promotes bypass of senescence. (A) Senescence-Associated (SA)-β-Galactosidase staining of EV and TBX3 hMSCs. Representative brightfield microscopy images (200X; EVOS M5000 Imaging System; scale bars = 50 µm) are shown. (B) qRT-PCR and (C) Western blot analysis show p16INK4a mRNA and protein expression respectively in EV and TBX3 hMSCs. (C) β-actin was used as a loading control. Densitometry readings were obtained using Fiji and protein expression levels are represented as a ratio of protein of interest/β-actin normalized to EV #1. Student’s t-test was used to compare between groups, **p < 0.01; ***p < 0.001; error bars represent mean ± SEM (n=3, for all panels).





TBX3 Promotes hMSC Proliferation and Migration

The ability to sustain persistent proliferation is one of the most fundamental traits of cancer cells (37). MTT and growth curve assays showed that TBX3 significantly promoted hMSC viability and proliferation (Figure 6A) respectively, which was associated with an increase in cyclin A, CDK2 and cyclin B1 (Figure 6B). Furthermore, TBX3 hMSC had a decrease in p14ARF, an increase in MDM2 (a negative regulator of p53), and a corresponding decrease in p53 levels (Figure 6C). These results are consistent with previous studies that showed that TBX3 promotes proliferation and immortalization by interfering with the p14ARF-MDM2-p53 pathway (17, 22, 38, 39). To form tumors as well as to migrate and metastasize, cancer cells have to exhibit anchorage-independent cell growth (40). Results from soft agar assays show that TBX3 hMSCs proliferated and formed colonies (indicated by red arrows) in the absence of a substrate whereas EV hMSCs remained as single cells (Figures 6D, E).




Figure 6 | TBX3 promotes hMSC cell viability, anchorage-dependent and -independent cell proliferation and migration. (A) MTT Assay (left panel) and cell counting (right panel) of EV and TBX3 hMSCs was performed over a 5-day period. Student’s t-test was used to compare between groups, *p < 0.05; **p < 0.01; ***p < 0.001; error bars represent mean ± SEM (n=3). (B, C) Western blot analysis with antibodies to the indicated proteins (n=3). (D, E) Soft agar assay of EV and TBX3 hMSCs. Cells were seeded at 100 cells per 35 mm dish, and colony formation was measured over 3 months. (D) Representative microscopic images. Red arrows indicate TBX3 hMSC colonies (100X; EVOS M5000 Imaging System, scale bars = 250 µm). (E) Quantification of relative colony area using Fiji. Student’s t-test was used to compare between groups, ***p < 0.001; error bars represent mean ± SEM (n=2). (F) 2D-Scratch motility assays were performed where a linear wound was made on EV or TBX3 hMSC monolayers and distance migrated was measured at 3, 6, 9 and 12 h. Student’s t-test was used to compare between groups, *p < 0.05; **p < 0.01; ***p < 0.001; error bars represent mean ± SEM (n=3). (G) Western blot analysis with antibodies to the indicated proteins (n=2). (B, C, G) β-actin was used as a loading control. Densitometry readings were obtained using Fiji and protein expression levels are represented as a ratio of protein of interest/β-actin normalized to EV #1.



Cell migration and invasion of cancer cells into surrounding tissue and lymphatic and/or vascular systems is the initial step of tumor metastasis (41). To explore whether TBX3 promotes the migratory ability of hMSCs, we performed two-dimensional scratch motility assays and the results show that TBX3 hMSCs migrated significantly faster than EV hMSCs (Figure 6F). This was associated with an increase in the mesenchymal migration marker vimentin and the transcription factors SLUG, SNAIL and TWIST1 (Figure 6G).



TBX3 Promotes 3D Spheroid Viability, Growth, and Invasion

To test whether overexpression of TBX3 also promotes hMSC viability, proliferation, and invasion under more physiologically relevant conditions, we generated 3D spheroids of EV hMSCs and TBX3 hMSCs. 3D spheroid culture models are superior to 2D cell cultures because they better mimic the structure of the natural in vivo cell environment such as cell-cell and cell-extracellular matrix interactions (42). The periphery of TBX3 hMSC spheroids was significantly larger than that of the EV hMSC spheroids which is indicative of viable and proliferating cells (Figures 7A, B). Calcein AM staining for live cells (green) and propidium iodide staining for dead cells (red) confirmed that the cells on the periphery of the TBX3 hMSC spheroids are indeed more viable and proliferative than those on the periphery of the EV hMSC spheroids (Figures 7C, D). These results were accompanied by a downregulation of p16INK4a and an increase in cyclin A and cyclin B1 (Figure 7E).




Figure 7 | TBX3 promotes 3D spheroid viability and growth. (A) 3D spheroid growth assay of EV and TBX3 hMSCs. hMSCs were plated on 1.2% agarose to prevent cell adhesion and incubated for 96 h to allow for compact spheroid formation. The next day (Day 1) and on Day 5 spheroids were imaged (100X; EVOS XL AMEX Core Imaging System, scale bars = 200 µm). Red arrows indicate protrusions of the TBX3 hMSC spheroid periphery (proliferating cells). (B) Quantitative analysis of spheroid core/spheroid periphery ratio on Day 5 using Fiji. (C) Cell viability/proliferation was assessed by calcein AM (live cells; green) and propidium iodide (dead cells; red) staining. Immunofluorescence images (100X; EVOS XL AMEX Core Imaging System; scale bars = 250 µm) were taken at Day 1 and Day 5. (D) Quantitative analysis of mean intensity of live cells using Fiji. (E) Western blot analysis with antibodies to cyclin A, cyclin B1 and p16INK4a. β-actin was used as a loading control. Densitometry readings were obtained using Fiji and protein expression levels are represented as a ratio of protein of interest/β-actin normalized to EV #1. Student’s t-test was used to compare between groups, ***p < 0.001; error bars represent mean ± SEM (n=3, for all panels).



We next investigated the ability of hMSC spheroids to invade collagen matrices which are organized 3D structures that mimic a tumor micro-region (43). Our results show that, compared to EV hMSC spheroids, TBX3 hMSC spheroids were significantly more invasive at 24 h and 48 h (Figures 8A, B) which correlated with higher levels of the invasion markers MMP2 and MMP9 (Figure 8C).




Figure 8 | TBX3 promotes 3D spheroid invasion. (A) 3D spheroid invasion assay of EV and TBX3 hMSCs. Representative images of the 3D invading spheroids at 0, 24 and 48 h. (40X; EVOS M5000 Imaging System; scale bars = 600 µm). (B) Quantification of the invasive area. Student’s t-test was used to compare between groups, ***p < 0.001; error bars represent mean ± SEM (n=3). (C) Western blot analysis of MMP2 and MMP9 expression in 3D hMSC spheroids (n=2). For western blotting β-actin was used as a loading control. Densitometry readings were obtained using Fiji and protein expression levels are represented as a ratio of protein of interest/β-actin normalized to TBX3 #1.





Effect of TBX3 Overexpression on Changes of hMSC Gene Expression

To elucidate the molecular pathways that TBX3 impacts to induce a transformed phenotype in hMSCs, we performed microarray analysis with RNA from TBX3 hMSCs (TBX3 #1, TBX3 #2) and EV hMSCs (EV #1, EV #2). The results identified a total of 1256 differentially expressed genes (DEGs) (903 upregulated and 353 downregulated in TBX3 hMSCs) (Figures 9A, B). Gene ontology analysis revealed that the significantly upregulated genes were enriched in biological processes related to different aspects of the cell cycle including mitosis and cell division, and the significantly downregulated genes were enriched in biological processes such as development, cell adhesion and differentiation (Figure 9C). Furthermore, gene set enrichment analysis (GSEA) of the DEGs showed significant differences (FDR < 0.25, NOM p-value < 0.05) in the enrichment of MSigDB Collection Hallmarks (h.all.v7.4.symbols.gmt) in TBX3 hMSCs including gene sets related to E2F targets, MYC targets, the G2/M checkpoint, mitotic spindle and DNA repair (Figure 9D). Analysis of the DEGs revealed that they correlated with the biological processes that TBX3 was shown to promote in this study such as cell cycle progression, migration, and invasion (Table 1) and KEGG analysis confirmed that the genes upregulated in TBX3 hMSCs were involved in several oncogenic signaling pathways (Table 2). Importantly, several of the top upregulated genes (FC > 5) were associated with sarcomagenesis (Supplementary Table 1) and 57 of the upregulated genes in TBX3 hMSCs were present in the CINSARC (Complexity INdex in SARComas) database which contains 67 genes associated with sarcoma aggressiveness and poor prognosis (44) (Table 3). Together, these results reveal the genes and pathways that TBX3 impact to promote cellular transformation in hMSCs and provide evidence of a key role for TBX3 in sarcomagenesis.




Figure 9 | Analysis of differentially expressed genes (DEGs) in EV and TBX3 hMSCs. (A) Volcano plot. Red dots represent significantly upregulated genes (FC ≥ 2, p < 0.05); green dots represent significantly downregulated genes (FC ≤ −2, p < 0.05); grey dots represent DEGs below the level of significance. (B) Heat map showing hierarchical cluster analysis of significantly upregulated and downregulated genes (n=3). (C) Top 10 Gene ontology (Biological process) enrichment terms for upregulated (left) and downregulated (right) genes. (D) Gene set enrichment analysis (GSEA) of DEGs showing the top six significant (FDR < 0.25, NOM P-value < 0.05) enrichment terms of the hallmark gene sets from MSigDB (NES, normalized enrichment score; NOM, nominal; FDR, false discovery rate).




Table 1 | TBX3 targets and selection of genes involved in cell cycle progression, migration, and invasion. Fold changes < 2 or > -2 are indicated.




Table 2 | Significantly enriched cancer associated signaling pathways and genes involved identified by KEGG pathway analysis.




Table 3 | Significantly upregulated genes (p < 0.05) are associated with the CINSARC signature.






Discussion

The c-Myc and TBX3 oncoproteins are overexpressed in several sarcoma subtypes including chondrosarcoma, liposarcoma and rhabdomyosarcoma where they exert tumorigenic effects (1, 15, 17). Furthermore, while c-Myc transcriptionally activates TBX3 in these sarcomas (15, 16), whether TBX3 is a c-Myc target gene in MSCs, and whether the overexpression of TBX3 in MSCs can promote sarcomagenesis is still unknown. This study shows that TBX3 is indeed a downstream target of c-Myc in hMSCs and that endogenous TBX3 contributes to hMSC proliferation and migration. Furthermore, the overexpression of TBX3 in hMSCs promoted several hallmarks of cancer including stemness, proliferation, migration, and invasion. Together, our data suggest that the upregulation of c-Myc and consequently TBX3 may be a key event that promotes sarcomagenesis, and that this event either on its own or in combination with other oncogenic hits may transform MSCs into sarcomas.

Amplification of the c-myc gene occurs in several soft tissue and bone sarcomas and this plays an important role in their development (1). Furthermore, the ectopic overexpression of c-Myc in MSCs can promote sarcomagenesis (18, 19). However, the full repertoire of c-Myc target genes that are responsible for mediating its roles in sarcomagenesis is poorly understood. Myc is a basic/helix–loop–helix/leucine zipper (b/HLH/Zip) transcription factor that activates its target genes by binding to the canonical E-box motif CACGTG (45). Here we demonstrate that c-Myc binds to and activates the TBX3 promoter at a canonical CACGTG E-box binding site located at -701 bp. Interestingly, Willmer et al. demonstrated that in chondrosarcoma cells, c-Myc activates the TBX3 promoter through the E-box at -701 bp as well as a noncanonical E-box (GTGCAC) at -1210 bp (16). This suggests that the site(s) at which c-Myc binds the TBX3 promoter may be dependent on the cell type and levels of c-Myc. Indeed, this is consistent with reports that overexpression of c-Myc regulates its target genes through additional, previously unoccupied, canonical and noncanonical E-boxes, leading to more sustained overexpression of its targets to promote the cancer phenotype (45).

Emerging evidence suggests that transforming chromosomal abnormalities and/or mutations in MSCs may be responsible for sarcoma development, implying that MSCs may become a powerful tool to model the pathogenesis of sarcomas. For example, Shimizu et al. showed that c-Myc overexpression either on its own or in combination with loss of Ink4a-Arf in murine bone marrow derived MSCs led to the formation of osteosarcoma (19). Since our study demonstrated that c-Myc activates TBX3 and that the overexpression of TBX3 on its own in hMSCs resulted in the regulation of a set of c-Myc target genes, it is tempting to speculate that when c-Myc is amplified/overexpressed it upregulates TBX3 which then functions as one of its key mediators to transform MSCs into sarcomas.

Cancer stem cells (CSCs) comprise a subpopulation of cancer cells that drive tumor initiation and progression and TBX3 was reported to contribute to the expansion of breast CSCs and cancer stemness of ovarian and pancreatic ductal adenocarcinoma CSCs. Indeed, estrogen signaling increased the number of breast CSCs through paracrine FGF/Tbx3 signaling and silencing Tbx3 attenuated tumor sphere formation (46). Furthermore, the HOTAIR/miR‐206/TBX3 axis was shown to mediate cancer stemness of ovarian CSCs (47) and pancreatic ductal adenocarcinoma CSCs express high levels of TBX3 and sustain stemness via an autocrine TBX3-ACTIVIN/NODAL signaling loop (48). The results from this study show that overexpressing TBX3 in hMSCs enhances their stemness and self-renewal which correlated with a 2-fold increase in NANOG levels. NANOG is important for CSC maintenance, as it regulates the expression of other stem cell markers OCT4, SOX2, KLF4, and promotes sarcoma CSC features such as spheroid formation, anchorage-independent growth, migration and invasion (49). This raises the question as to whether NANOG is a direct target and mediator of TBX3 in enhancing stemness and self-renewal and in sarcomagenesis and future studies should investigate this. Together, these findings extend our current knowledge of the role of TBX3 in CSCs and highlight the role of TBX3 in maintaining the stem cell population that contributes to tumourigenesis and its potential as a key initiator of sarcoma.

Here we show that TBX3 overexpression in hMSCs leads to a downregulation of the p14ARF/MDM2/p53 tumor suppressor pathway, which could be responsible for the observed increase in cell proliferation. Under conditions of oncogenic stress, the tumor suppressor p14ARF upregulates p53 expression by sequestering the p53 antagonist MDM2, thereby preventing uncontrolled cell cycle progression and proliferation (50). TBX3 was reported to repress p14ARF transcription directly by binding a T-element present in the initiator or epigenetically by recruiting histone deacetylases (22, 38, 51, 52). It would therefore be worthwhile to investigate the mechanism by which TBX3 downregulates p14ARF expression in hMSCs. Furthermore, we show that TBX3 promotes senescence bypass in hMSCs presumably via downregulation of p16INK4a. A report by Kumar et al. demonstrated that TBX3 can bypass senescence in primary cells and mouse embryos by forming a co-repressor complex with Coactivator of AP1 and Estrogen Receptor (CAPERα) to repress Urothelial Cancer Associated 1 (UCA1) transcription which can no longer stabilize p16INK4a mRNA by sequestering Heterogeneous ribonucleoprotein A1 (HnRNP A1) (53). It would be interesting to establish whether TBX3 downregulates p16INK4a expression in hMSCs through the same mechanism reported by Kumar et al. (53). Transcriptomic analyses further demonstrated that the mRNA expression level of CDKN2A, encoding for both p14ARF and p16INK4a, was also decreased by TBX3 in hMSCs and many cell cycle progression related genes including cyclins and CDKs were significantly upregulated, further confirming that TBX3 exerts a pro-proliferative effect on hMSCs via the downregulation and upregulation of negative and positive cell cycle regulators respectively.

TBX3 was previously shown to promote migration and invasion of several sarcoma subtypes (15, 17) and here we reveal that, when overexpressed in hMSCs, TBX3 also promotes these oncogenic processes. In sarcomas, signaling pathways including the MAPK/ERK, Wnt/β-catenin, TGF-β and PI3K/Akt, EMT transcription factors ZEB1/2, SLUG, SNAIL, and TWIST1 promote migration, invasion, and metastasis (1). Transcriptomic analyses revealed that these pathways as well as several EMT transcription factors are also upregulated in TBX3 hMSCs, and we validated overexpression of SLUG, SNAIL and TWIST1 using western blotting. These results are interesting in light of recent findings that demonstrate that TBX3 promotes breast cancer migration and invasion via upregulation of SLUG and TWIST1 expression (54). Furthermore, our study showed that TBX3 significantly promoted the invasion of hMSCs into collagen I matrices which corresponded with an increase in MMP2 and MMP9 levels. Our 3D spheroid invasion model resembles in vivo structures more closely than conventional 2D models because spheroids embedded in collagen I can naturally interact with the extracellular matrix (ECM) (55). In sarcomas, ECM production is frequently increased, resulting in a stiffer stroma with higher collagen content and a more aggressive phenotype (56). Furthermore, increased secretion of MMP2 and MMP9 correlated with metastatic potential in bone and soft tissue sarcomas (56, 57). It has been demonstrated that increased collagen I expression results in the activation of MMP2 in osteosarcoma cell lines (58), and MMP2 has been shown to promote osteosarcoma migration and invasion. Furthermore, upstream PI3K/Akt and ERK signaling pathways upregulate MMP2 and MMP9 expression, thus enabling osteosarcoma invasion and metastasis (56). Although we did not observe a FC > 2 for MMP2 (FC: 1,5; p=0,001) and MMP9 (FC: 1,03; p=0,961) mRNA expression in TBX3 hMSCs, we speculate that the observed increase in MMP2 and MMP9 protein levels is due to their activation in the ECM by proteolytic processing. Together, our study demonstrates that TBX3 promotes several cancer hallmarks in 2D- and 3D-hMSC models and future studies are required to investigate whether TBX3 alone can transform hMSCs into sarcomas in vivo.

Together, our study reveals that TBX3 may be a driving factor for the initiation of sarcomagenesis and thus provides additional support for the hypothesis that targeting TBX3 for anti-sarcoma treatment may be a promising approach.
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Ethyl ferulate is a phenylpropanoid compound isolated from the medicinal herb Ferula. Although ethyl ferulate has anti-inflammatory, antioxidant, and neuroprotective activities with potential use in the nutraceutical and pharmaceutical industry, its anticancer effects and underlying molecular mechanisms against esophageal squamous cell carcinoma (ESCC) have not been investigated. This study investigates the anticancer activity and molecular mechanism of ethyl ferulate in ESCC. MTT, focus formation, soft agar, and cell cycle analysis were used to determine the effect of ethyl ferulate on cell proliferation and cell cycle. Potential candidate proteins were screened and verified via Western blotting, in vitro kinase assay, and in vitro pull-down assay. Mammalian target of rapamycin (mTOR) knockdown cell lines were established by lentiviral infection with shmTOR. The effect of ethyl ferulate on tumor growth was assessed using ESCC patient-derived xenograft models. Ethyl ferulate significantly inhibited cell growth and induced G1 phase cell cycle arrest in ESCC cells. Ethyl ferulate reduced the activity of mTOR in vitro. The inhibition of ESCC cell growth by ethyl ferulate is dependent on mTOR expression. In addition, ethyl ferulate strongly reduced ESCC patient-derived xenograft tumor growth in an in vivo mouse model. Ethyl ferulate is an mTOR inhibitor that can suppress ESCC progression and may be a novel candidate compound for esophageal cancer chemoprevention.
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Introduction

Esophageal cancer is one of the most common malignant digestive tract tumors worldwide, with a poor prognosis and high mortality (1). Esophageal squamous cell carcinoma (ESCC) accounts for approximately 90% of esophageal cancer cases (2). Treatment strategies for managing esophageal cancer have greatly improved; however, the 5-year survival rate of esophageal cancer patients is roughly 10%. Additionally, only 15%–40% of patients survive more than 5 years after post esophagectomy (3). Although epidermal growth factor receptor (EGFR) and vascular endothelial growth factor (VEGF) inhibitors have been used to treat ESCC therapeutically, patients initially benefiting from targeted therapies inevitably develop drug resistance (4, 5); therefore, it remains a worthwhile endeavor to investigate novel effective therapeutic targets and inhibitors to overcome these challenges.

The mammalian target of rapamycin (mTOR) is a serine/threonine kinase that drives cell growth and proliferation by linking a variety of extracellular signals and intracellular cues (6). In multicellular organisms, mTOR regulates cell growth and metabolism in response to growth factors, cellular energy conditions, and nutrients (7). The functions of mTOR are exerted via two different multicomponent complexes, mTORC1 and mTORC2, which cooperate with one another and several elements of other signaling pathways (8). The mTORC1 complex regulates protein synthesis and cell growth through the downstream molecules Eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) and 70-kDa S6 kinase (p70S6K) (9). mTORC2 is responsive to growth factor signaling via phosphorylating downstream V-Akt murine thymoma viral oncogene homolog (AKT), Serum and glucocorticoid-regulated kinase (SGK); it also plays a vital role in the maintenance of normal and cancer cells by associating with ribosomes and participating in cellular metabolic regulation (10). AKT is a serine/threonine kinase and is a crucial Phosphoinositide 3-kinase (PI3K)  signaling pathway component (11). The p70S6K is a serine/threonine protein kinase that plays an important role in cell growth, cell cycle, and cell differentiation (12). The p70S6K protein is an mTOR pathway effector, and the activation of the mTOR/p70S6K signaling pathway can stimulate protein synthesis and cell growth (13). mTOR is activated in a variety of malignant tumors and is an important regulator of cell proliferation and protein translation (14). mTOR might be a potential target strategy for ESCC treatment in the future because it is highly expressed in many human ESCC tumor tissues and is associated with various clinical characteristics (15–17). The deregulation of the mTOR signaling pathway in many cancers suggests that mTOR inhibitors may have broad therapeutic use in various tumor types (18). mTOR inhibitors have been used as monotherapy or combination therapy in preclinical and clinical trials to test its efficacy in treating various cancers; however, the effects were marginal, suggesting that the full therapeutic potential of targeting mTOR has not been exploited (19, 20). Thus, investigating more potent mTOR inhibitors for cancer treatment remains an ongoing challenge.

Ethyl ferulate, a monomeric phenylpropanoid compound isolated from the medicinal herb Ferula, has attracted extensive interest because of its anti-inflammatory activity, neuroprotective properties, and antioxidant activity (21, 22). Ethyl ferulate was found to prevent lipopolysaccharide (LPS)-induced acute lung injury (ALI) through regulating inflammatory responses (22). Ethyl ferulate was observed to ameliorate diabetes-induced oxidative stress and inflammation via activating nuclear factor erythroid 2-related factor 2 (Nrf2) pathway (23). Ethyl ferulate induced the level of heme oxygenase-1 (HO-1) expression and protected oxidative and neurodegenerative condition in brain cells (24). Additionally, ethyl ferulate prevented age-related macular degeneration through regulating the morphological and functional retinal degeneration (25). However, the anticancer activity of ethyl ferulate and its underlying molecular mechanisms against ESCC remain unclear. Herein, we investigated the anticancer effects of ethyl ferulate on the malignant growth of ESCC in vivo and in vitro.



Materials and Methods


Reagents and Antibodies

Reagents were purchased from the following companies: ethyl ferulate (purity >99% from BR analysis, Shanghai yuanye Bio-Technology Company, Shanghai, China), dimethyl sulfoxide (DMSO; Tianjin Kemai Chemical Reagent Company, Tianjin, China), Roswell Park Memorial Institute medium 1640 (RPMI1640) and fetal bovine serum (FBS; Biological Industries, Cromwell, CT, USA), Ham’s F12 medium (Lonza, Walkersville, MD, USA), and MEM/EBSS medium (GE Healthcare Life Sciences, Logan, UT, USA). The following antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA) for performing Western blot assays: phosphorylated mTOR (S2481; Cat# 2974), phosphorylated P70S6K (T389; Cat# 9234), phosphorylated AKT (S473; Cat# 4060), phosphorylated GSK3β (S9; Cat# 5558), phosphorylated ERK (T202/Y204; Cat# 4370), total mTOR (Cat# 2972), total P70S6K (Cat# 2708), total AKT (Cat# 4691), total GSK3β (Cat# 12456), total ERK (Cat# 4695), Cyclin D1 (Cat# 2922), p21 (Cat# 2947), and Ki-67 (Cat# 9027). The antibody for β-actin detection was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and the horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from ZSGB-BIO (Beijing, China). Active mTOR recombinant protein used for in vitro kinase assay or in vitro pull-down assay was purchased from Thermo Fisher (Shanghai, China), and inactive p70S6K recombinant protein used for in vitro kinase assay was purchased from SignalChem (Richmond, BC, Canada).



Cell Culture

ESCC cell lines (KYSE30, KYSE70, KYSE450, and KYSE510) and JB6 mouse epithelial cells were purchased from the Chinese Academy of Sciences (Shanghai, China) and American Type Culture Collection (ATCC) (Manassas, VA, USA), respectively. SHEE normal esophageal cells were provided by Dr. Yan Zheng (The Affiliated Cancer Hospital, Zhengzhou, China). All cell lines were cytogenetically validated before the experiments. Each cell line was thawed and maintained in culture medium up to 8 weeks. The KYSE30 cells were cultured in a 1:1 mixture of RPMI 1640 medium and Ham’s F12 medium supplemented with 2% FBS. RPMI1640 medium supplemented with 10% FBS was used to culture the other ESCC cells. JB6 mouse epithelial cells were cultured in MEM/EBSS medium supplemented with 5% FBS. All media were supplemented with 1% penicillin/streptomycin. All cells were maintained at 37°C in a humidified incubator under 5% CO2.



MTT Assay

KYSE30 (2.5 × 103 cells per well), KYSE70, KYSE450, or KYSE510 (2.0 × 103 cells per well) cells suspended in complete growth medium were seeded in 96-well plates (100 μl/well). After overnight incubation, different concentrations of ethyl ferulate or isometric DMSO were diluted in complete growth medium and added to each well (100 μl/well). After 72 h, 20 μl of the MTT solution (Solarbio, Beijing, China) were added to each well and the cells were incubated for 2 h at 37°C. Next, the cell culture medium was removed and 150 μl of DMSO were added to each well. The formazan crystals were dissolved by gentle agitation, and cell proliferation was measured at 570 nm absorbance using the Thermo Multiskan plate-reader (Thermo Fisher Scientific, Waltham, MA, USA).



Anchorage-Independent Cell Growth Assay

KYSE450 or KYSE510 cells (8 × 103 cells per well) were suspended in 0.3% agar medium (RPMI 1640 containing various concentrations of ethyl ferulate) and then plated on a 0.6% agar containing the same concentrations of ethyl ferulate in 6-well plates. Cells were maintained at 37°C in a humidified incubator under 5% CO2 for 2 weeks. Colonies were then photographed with an inverted microscope and counted using the Image-Pro Plus software (v.6) program (Media Cybernetics, Rockville, MD, USA).



Focus Formation Assay

KYSE450 or KYSE510 cells (1 × 103 cells per well) were seeded into 6-well plates and incubated overnight before treatment with various concentrations of ethyl ferulate. Cells were maintained at 37°C in a humidified incubator under 5% CO2 for 10 days. Foci were stained by 0.4% crystal violet staining solution, and the number of foci was counted.



Cell Cycle Analysis

KYSE30, KYSE450, or KYSE510 cells were seeded (9 × 104 cells per 60-mm dish) and incubated for 24 h. The cells were then treated with various concentrations of ethyl ferulate or DMSO for 48 h. The cells were then collected by trypsinization, washed with 1× PBS, and fixed in 70% ethanol at -20°C overnight. After rehydration, cells were incubated in RNase (10 mg/ml, Solarbio) for 1 h and then stained with propidium iodide (PI; 20 μg/ml, Solarbio). The cell cycle was analyzed by flow cytometry.



In Vitro Kinase Assay

The kinase assay was performed according to the manufacturer’s instructions (Promega, Madison, WI, USA). Briefly, the active recombinant mTOR (50 ng) protein was mixed with different concentrations of ethyl ferulate in reaction buffer and incubated at room temperature for 15 min. Next, the inactive p70S6K recombinant protein (100 ng) and ATP (Cell Signaling Technology) were added and incubated for 30 min at 30°C. The reaction was stopped by adding 10 μl protein loading buffer. The protein band was detected by Western blot analysis. mTOR activity was assessed using a p70S6K phosphorylation antibody.



In Vitro Pull-Down Assay

Recombinant mTOR (200 ng) protein or ESCC cell lysate from KYSE510 (1 mg) was incubated with ethyl ferulate–Sepharose 4B or Sepharose 4B beads (100 μl, 50% slurry) in reaction buffer. Incubated samples were constantly rotated at 4°C overnight. The following day, the beads were washed 5 times and the protein bands were detected by Western blot analysis.



Establishing mTOR Knockdown Cells

Small hairpin RNA plasmids against mTOR were constructed as previously described (26). Viral vectors were co-transfected with packaging vectors into Lentix-293T cells using Lipofectamine 2000 (Invitrogen, Grand Island, NY, USA) to generate lentivirus. At 48 h after transfection, the virus-enriched medium was harvested and passed through a 0.45-μm filter. The virus-enriched medium was then supplemented with 10 μg/ml of polybrene and added to KYSE450 and KYSE510 cells grown to ~60% confluence. The cells were incubated overnight. The following day, the cell culture medium was replaced with fresh complete medium. Infected cells were then selected with puromycin (1 μg/ml) for 48 h.



In Vivo Patient-Derived Esophageal Squamous Cell Carcinoma Xenograft Model and Ethics Statement

The study was conducted according to guidelines established for the care and use of laboratory mice by the Zhengzhou University Institutional Animal Care and Use Committee (Zhengzhou, China). Severe combined immunodeficiency (SCID) female mice (6–9 weeks old) were used to examine the effect of ethyl ferulate on ESCC patient-derived tumor growth. Human ESCC tumor tissues were excised from Affiliated Cancer Hospital in Zhengzhou University patients who received neither chemotherapy nor radiotherapy treatments before surgery. Tissue histology was confirmed by a pathologist. Informed consent was given by each patient. After tumors grew to an average volume of approximately 200 mm3, the mice were randomly divided into 2 groups containing 20 animals of the LEG110 tissue and 14 animals of the LEG45 tissue as follows: 1) untreated vehicle group (n = 10 or 7, respectively) and 2) 100 mg ethyl ferulate/kg of body weight (n = 10 or 7, respectively). Ethyl ferulate or vehicle (20% DMSO in 20% Tween 80) was administered by oral gavage once per day Monday through Friday. Tumor volumes were measured by Vernier caliper and calculated according to the following formula: tumor volume (mm3) = (length × width × height × 0.52). Mice were monitored until the tumor volume reached approximately 1.5 cm3. The mice were then euthanized, and their tumors, blood, livers, kidneys, and spleens were extracted.



Hematoxylin–Eosin Staining and Immunohistochemistry

The liver, spleen, kidney, and tumor tissues from mice were prepared for hematoxylin–eosin (H&E) staining or immunohistochemistry (IHC). For H&E staining, the tissue sections were deparaffinized, hydrated, stained with H&E, and then dehydrated. For IHC, tumor tissue sections were baked at 65°C and hydrated. Afterward, the tissue sections were boiled in sodium citrate buffer (10 mM, pH 6.0) for antigen retrieval and then treated with H2O2 for 5 min. After incubation with a primary antibody (Ki-67, 1:100) at 4°C in a humidified chamber overnight, the sections were incubated with an HRP-conjugated goat anti-rabbit or mouse IgG antibody (ZSGB-BIO, Beijing, China) for 30 min. Tissue sections were then stained with 3,3′-diaminobenzidine (DAB; ZSGB-BIO, Beijing, China). The IHC staining was observed by microscope and quantified using the Image-Pro Plus software program.



Statistical Analysis

All statistical results were presented as mean values ± SD. The Student’s t test or one-way analysis of variance (ANOVA) was used to compare significant differences. Statistical analyses were performed using Statistical Package for the Social Sciences (SPSS) for Windows (IBM, Inc., Armonk, NY, USA). Statistical significance was considered at P value <0.05.




Results


Ethyl Ferulate Suppresses Esophageal Squamous Cell Carcinoma Cell Growth

Ethyl ferulate is a 4-hydroxy-3-methoxycinnamate compound (Figure 1A). SHEE normal esophageal cells were used to assess the toxicity of ethyl ferulate. Cell viability was determined by MTT assay after cells were treated with several concentrations of ethyl ferulate for 72 h. Results showed that SHEE normal esophageal cell proliferation was not affected by ethyl ferulate treatment (Figure 1B). Therefore, we used ethyl ferulate at concentrations of 20, 40, and 60 μM for the subsequent experiments. To assess the effect of ethyl ferulate on ESCC cell proliferation, we next treated KYSE30, KYSE70, KYSE450, or KYSE510 ESCC cells with ethyl ferulate at different concentrations for 72 h. The MTT assay results revealed that treatment with ethyl ferulate significantly inhibited the growth of ESCC cells in a dose-dependent manner (Figure 1C). Furthermore, the focus formation and anchorage-independent ESCC cell growth assays showed that ethyl ferulate suppressed focus number and anchorage-independent growth of KYSE450 and KYSE510 ESCC cells in a dose-dependent manner (Figures 1D, E).




Figure 1 | Ethyl ferulate inhibits esophageal squamous cell carcinoma (ESCC) cell growth. (A) Chemical structure of ethyl ferulate. (B) The cytotoxicity of ethyl ferulate was determined using SHEE normal esophageal cells. Cell growth was determined by MTT assay. (C) Effect on the growth of ESCC cells by ethyl ferulate treatment. Cell growth was determined by MTT assay. (D) Effect on focus formation upon treatment with ethyl ferulate. Focus ability was determined by the focus formation assay. (E) Effect on anchorage-independent ESCC cell growth upon treatment with ethyl ferulate. Colonies were imaged using a microscope and quantified with the Image-Pro PLUS (v.6) computer software program. For panels (B–E), data are shown as means ± SD of values from 3 independent experiments each with triplicate samples. The asterisk (*) indicates a significant (P < 0.05) inhibitory effect of ethyl ferulate.





Ethyl Ferulate Increases G1 Phase Cell Cycle Arrest in Esophageal Squamous Cell Carcinoma Cells

Flow cytometry analysis was performed to determine whether treatment with ethyl ferulate affected cell cycle regulation in ESCC cell lines. KYSE30, KYSE450, or KYSE510 ESCC cells were treated with ethyl ferulate at several concentrations for 48 h. The results indicated that ethyl ferulate induced G1 phase cell cycle arrest in a dose-dependent manner (Figures 2A, B). Based on the perturbation of the cell cycle induced by ethyl ferulate, we determined the expression of cell cycle marker proteins in KYSE30, KYSE450, and KYSE510 cells after ethyl ferulate treatment. KYSE30, KYSE450, or KYSE510 ESCC cells were treated with ethyl ferulate for 48 h, and cell cycle marker proteins were analyzed by Western blotting. The results of Western blotting indicated that ethyl ferulate increased the expression of p21 and decreased the expression of cyclin D1 (Figure 2C).




Figure 2 | Ethyl ferulate induces G1 phase cell cycle arrest. (A, B) The effect of ethyl ferulate on the cell cycle in KYSE30, KYSE450, or KYSE510 cells was analyzed by fluorescence-activated cell sorting (FACS). Data are indicated as means ± SD of values from 3 independent experiments, and the asterisk (*) indicates a significant (P < 0.05) difference between ethyl ferulate-treated cells and dimethyl sulfoxide (DMSO)-treated cells. (C) The effect of ethyl ferulate on the expression of cell cycle marker proteins was determined by Western blotting. Band density was measured using the ImageJ (NIH) software program. For panel (C), similar results were observed from 3 independent experiments and band density is shown as a bar graph. One-way ANOVA was used to compare significant differences.





Ethyl Ferulate Is a Novel mTOR Inhibitor

To determine the underlying molecular mechanism induced upon treatment with ethyl ferulate, we first investigated whether it could affect various EGF-induced signaling molecules in JB6 cells. After 24-h serum starvation, cells were treated with ethyl ferulate for 6 h and then subsequently treated with EGF for 0.5 h. The results indicated that the phosphorylation of mTOR, AKT, GSK3β, and p70S6K was strongly decreased by treatment with ethyl ferulate in a dose-dependent manner, whereas the protein level of phosphorylated ERK1/2 was not affected (Figure 3A). Therefore, to further identify the molecular targets of ethyl ferulate, we evaluated the effect of ethyl ferulate on signaling pathways in KYSE30, KYSE450, and KYSE510 cells after treatment with ethyl ferulate for 24 h. Phosphorylated mTOR, AKT, GSK3β, and p70S6K protein levels were strongly reduced after treatment with ethyl ferulate; however, the level of phosphorylated ERK1/2 was unaffected (Figure 3B). To determine potential targets of ethyl ferulate, we performed in vitro pull-down assays using ethyl ferulate-conjugated Sepharose 4B beads, Sepharose 4B with a recombinant mTOR protein, or KYSE510 cell lysates. The results showed that ethyl ferulate directly binds with mTOR but not AKT or p70S6K proteins (Figure 3C). Furthermore, we performed in vitro kinase assays using an active recombinant mTOR protein and an inactive p70S6K protein to confirm the effect of ethyl ferulate on mTOR activity. The result indicated that ethyl ferulate suppressed the phosphorylation of p70S6K by directly targeting mTOR in a dose-dependent manner (Figure 3D). Additionally, to determine whether the activities of other signaling proteins were affected by ethyl ferulate, the activities of a panel of 36 recombinant active kinases and their respective substrates were screened in the presence or absence of ethyl ferulate. The results indicated that mTOR was the sole kinase that was strongly inhibited by ethyl ferulate (Supplementary Figures S1A, B).




Figure 3 | Ethyl ferulate strongly inhibits the mammalian target of rapamycin (mTOR) signaling pathway. (A) The effect of ethyl ferulate on epidermal growth factor (EGF)-induced kinase signaling in JB6 cells. Serum-starved [without fetal bovine serum (FBS); 24 h] cells were treated with different concentrations of ethyl ferulate for 6 h followed by treatment with EGF for 30 min. (B) The effect of ethyl ferulate on various kinase signaling proteins in esophageal squamous cell carcinoma (ESCC) cells. Cells were treated with ethyl ferulate for 24 h, and then various signaling proteins were examined by Western blotting. (C) Ethyl ferulate directly binds to recombinant mTOR protein and mTOR present in KYSE510 cell lysates. The recombinant mTOR protein or cell lysate was incubated with Sepharose 4B beads or ethyl ferulate-conjugated Sepharose 4B beads. Pulled down proteins were examined by Western blotting. (D) The effect of ethyl ferulate on mTOR kinase activity. mTOR kinase activity was assessed by in vitro kinase assay using active mTOR and inactive p70S6K proteins. For all experiments, similar results were shown as mean values ± SD for 3 independent experiments and band density is shown as a bar graph. One-way analysis of variance (ANOVA) was used to analyze the data. The asterisk (*) indicates a significant (P < 0.05) inhibitory effect of ethyl ferulate.





Knockdown of mTOR Suppresses Esophageal Squamous Cell Carcinoma Cell Growth

To determine the influence of mTOR knockdown on ESCC cell growth, we established stable shRNA control or shmTOR cell lines and subsequently used Western blotting to detect the expression level of mTOR protein. The expression of phosphorylated and total mTOR was strongly suppressed in shmTOR #1 and shmTOR #2 cells (Supplementary Figures S2A, B). We next examined the effect of mTOR knockdown on ESCC cell growth using an MTT assay. The results indicated that the anchorage-dependent cell growth of KYSE450 and KYSE510 ESCC cells was decreased upon knockdown of mTOR (Figure 4A). Furthermore, the focus formation and soft agar assay results showed that focus number and anchorage-independent growth of ESCC cells were significantly reduced upon knockdown of mTOR (Figures 4B, C).




Figure 4 | Mammalian target of rapamycin (mTOR) is a therapeutic target in esophageal squamous cell carcinoma (ESCC) cells. (A) Effect of mTOR knockdown (shmTOR) on ESCC cell growth was determined by MTT assay. (B) Effect of mTOR knockdown (shmTOR) on focus formation ability of ESCC cells. Cells were incubated for 10 days, and then focus number was counted. (C) Effect on anchorage-independent growth of ESCC cells by mTOR knockdown (shmTOR). After incubation for 2 weeks, colony number was counted. For all, data are shown as means ± SD of values from 3 independent experiments, and the asterisk (*) indicates a significant (P < 0.05) inhibitory effect of mTOR knockdown (shmTOR). One-way analysis of variance (ANOVA) with Dunnett’s post-hoc test was used to compare significant differences.





The Inhibition of Esophageal Squamous Cell Carcinoma Cell Growth by Ethyl Ferulate Is Dependent on mTOR Signaling

We next assessed whether the effect of ethyl ferulate on ESCC cell proliferation is dependent on the expression of mTOR. shmTOR cells were treated with ethyl ferulate for 72 h, and then anchorage-dependent growth was assessed by MTT assay. Results indicated that shmTOR #1 cells were resistant to the growth inhibitory effect of ethyl ferulate compared with shControl cells (Figure 5A). Additionally, the focus formation assay and soft agar assay results showed that the inhibitory effect of ethyl ferulate in shmTOR cells is reduced relative to shControl growth (Figures 5B, C).




Figure 5 | The inhibition of esophageal squamous cell carcinoma (ESCC) cell growth by ethyl ferulate is dependent on the expression of mammalian target of rapamycin (mTOR). (A, B) The effect of ethyl ferulate on ESCC cancer cell growth and focus formation ability was assessed in cells stably expressing shmTOR or cells stably expressing shControl. Cells were treated with or without ethyl ferulate for 72 h or 10 days, respectively. Cell growth was analyzed by MTT and focus formation assays. (C) The effect of ethyl ferulate on anchorage-independent ESCC cell growth was assessed in cells stably expressing shmTOR or cells stably expressing shControl. Cells were treated with or without ethyl ferulate for 2 weeks, and then colonies were counted using a microscope and the Image-Pro PLUS (v.6) computer software program. All data are shown as means ± SD of values from 3 independent experiments. The asterisk (*) indicates a significant effect (P < 0.05) of ethyl ferulate treatment between mTOR knockdown cells and shControl cells. The Student’s t test with one-way ANOVA was used to compare significant differences.





Ethyl Ferulate Inhibits Esophageal Squamous Cell Carcinoma Tumor Growth In Vivo

We first assessed the toxicity profile of ethyl ferulate to determine the appropriate concentration for use in our in vivo studies. Mice were orally administered vehicle, ethyl ferulate at 50 mg/kg, or ethyl ferulate at 100 mg/kg once a day Monday through Friday for 2 weeks by the gavage method. Blood samples from mice were collected and used to analyze alanine aminotransferase (ALT), aspartate aminotransferase (AST) activity. The results showed that ALT and AST activities were not significantly altered in mice treated with ethyl ferulate at 50 or 100 mg/kg compared with the vehicle-treated group (Supplementary Figures S3A, B; n = 4). Therefore, we used 100 mg/kg ethyl ferulate for the ESCC patient-derived xenograft (PDX) study. To evaluate the antitumor activity of ethyl ferulate in vivo, we used two PDX models: LEG110 and LEG45. LEG110 or LEG45 human ESCC tumor tissues were implanted into the back of the necks of SCID mice, and ethyl ferulate at 100 mg/kg or vehicle was administered by gavage once a day for 32 (LEG110 tissue; n = 10) or 53 (LEG45 tissue; n = 7) days. The results indicated that the treatment of mice with ethyl ferulate significantly suppressed the tumor volume relative to the vehicle-treated group (Figures 6A, B). Additionally, mice that were treated with ethyl ferulate exhibited no significant loss of body weight compared to the vehicle-treated group (Supplementary Figures S4A, B). Next, we measured the AST and ALT activity from serum to determine the potential toxicity of ethyl ferulate on PDX mice. Results showed that the ALT and AST activities were not significantly altered in mice treated with ethyl ferulate compared with the vehicle-treated group (Supplementary Figure S4C). We next prepared the tumor tissues that were isolated from both PDX cases for IHC staining of Ki-67, a cell proliferation marker protein. Results indicated that the expression of Ki-67 was significantly decreased in LEG110 or LEG45 tissues by ethyl ferulate treatment compared to the vehicle-treated group (Figures 6C, D; n = 5). Furthermore, the liver, kidney, and spleen tissues were stained with H&E to evaluate the potential toxicity of ethyl ferulate. The results of the H&E staining showed that there were no obvious morphological changes between treated and untreated groups (Supplementary Figures S5A, B; n = 5). Next, Western blotting was performed to investigate whether ethyl ferulate could inhibit protein expression of mTOR and its downstream signaling targets in PDX tumor tissues. The results showed that the phosphorylation of mTOR, AKT, and p70S6K was strongly inhibited in the ethyl ferulate-treated group (Figures 6E, F). We could suggest that inhibition of mTOR activity by ethyl ferulate exerts multiple effects on tumor progression, cancer growth, and cell cycle by modulating the mTOR signaling pathway (Supplementary Figure S6).




Figure 6 | Ethyl ferulate reduces esophageal squamous cell carcinoma (ESCC) patient-derived xenograft tumor growth in vivo. Mice were divided into two groups to assess the effect of ethyl ferulate on ESCC patient-derived xenograft (PDX) tumor growth. Groups are as follows: 1) vehicle group or 2) group treated with 100 mg/kg of ethyl ferulate. Tumor-bearing mice were orally treated (by gavage) with ethyl ferulate or vehicle for 32 (LEG110; n = 10) or 53 (LEG45; n = 7) days. Tumor volumes were measured on the days indicated. The effect of ethyl ferulate on ESCC tumor growth in (A) LEG110 or (B) LEG45 ESCC PDX tissues. For panels (A, B), data are shown as mean ± SE from each group. The effect of ethyl ferulate on Ki-67 expression in (C) LEG110 or (D) LEG45 ESCC PDX tissues (n = 5). Three slices per PDX tissue were analyzed. Treated or untreated groups of tumor tissues were stained with antibodies to detect Ki-67 (×100; scale bar: 100 μm; ×20; scale bar: 50 μm). (E, F) Ethyl ferulate inhibits phosphorylated mammalian target of rapamycin (mTOR), p70S6K, and AKT protein expression in esophageal tumor tissues. Tumor tissues from each group were immunoblotted with antibodies to detect mTOR, p70S6K, and AKT and phosphorylated mTOR, p70S6K, AKT, and β-actin. β-Actin was used to verify equal protein loading. Band density was measured using the ImageJ (NIH) software program, and the results are shown as a bar graph. One-way ANOVA was used to compare significant differences. The asterisk (*) indicates a significant (*P < 0.05; **P < 0.01) inhibitory effect of ethyl ferulate treatment.






Discussion

Despite comprehensive molecular characterization of mTOR, available targeted therapies for ESCC are still lagging behind (27). Ethyl ferulate is a phenylpropanoid compound that has been reported to have potential uses in the nutraceutical and pharmaceutical industry (28). However, the potential therapeutic effects of ethyl ferulate and its molecular targets have not been investigated in cancer. In the present study, we report that ethyl ferulate suppresses ESCC growth by targeting mTOR in vitro and in vivo.

Ribosomal protein S6 kinase (P70S6K) is the downstream effector of mTORC1, and AKT is a key substrate of mTORC2 (29, 30). mTORC1 is sensitive to nutrients, and mTORC2 is regulated through PI3K and growth factor signaling. Both complexes influence each other, as AKT regulates PRAS40 phosphorylation to facilitate mTORC1 activity, while p70S6K regulates Sin1 to modulate mTORC2 activity (31). Through the results of target screening, in vitro pull-down assays, and in vitro kinase assays, we identified that ethyl ferulate is a potent mTORC1/mTORC2 protein kinase inhibitor that can reduce mTOR/AKT/p70S6K signaling in ESCC cells (Figures 3A, B).

Ethyl ferulate directly bound mTOR protein (Figure 3C) and suppressed the activity of mTOR protein kinase (Figure 3D). Additionally, shmTOR cells were resistant to anticancer effects of ethyl ferulate (Figures 5A–C). However, high concentrations of ethyl ferulate still reduced cell growth in mTOR knockdown cells (Figures 5A–C). Therefore, ethyl ferulate may have additional molecular targets. To determine other molecular targets of ethyl ferulate, we conducted a cancer-related kinase screening. However, we did not identify other targets within the kinase panel (Supplementary Figures S1A, B). Therefore, we will investigate additional potential target proteins of ethyl ferulate in the future.

As reported, the disappointing performance of investigational anticancer candidates implies that there are some shortcomings in the translation of preclinical in vitro and in vivo models to humans and that heterogeneity in the patient population presents a significant challenge (32). However, PDX models have become the most credible in vivo human cancer model, as the primary patient tumor characteristics, including gene expression profiles and drug responses, are retained (33). Therefore, the PDX model is useful for drug screening, biomarker development, and the preclinical evaluation of personalized medicine (34). In this study, we first reported the anticancer activity of ethyl ferulate using ESCC PDX models. The results indicated that ethyl ferulate treatment reduced patient-derived esophageal xenograft tumor growth by inhibiting the mTOR/AKT/p70S6K signaling pathway (Figures 6A, B, E, F). Therefore, targeting mTOR protein with ethyl ferulate may provide antineoplastic effects against esophageal cancer.
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Supplementary Figure 1 | Effect of Ethyl ferulate on the activity of various kinases. (A, B) ABL, AKT1, AMPKα1, AURUA, B-RAF, CDK2/Cyclin E, CDK4/Cyclin D3, CHEK1, DNA-PK, EGFR, ERBB2, ERK1, FAK, FGFR1, FYN, GSK3β, HIPK1, IKKα, JAK1, KIT, MEK1, MET, MKK6, MSK1, mTOR/FKBP12, NEK1, p70S6K, PAK4, PDK1, PI3K(p110α/p65α), PIM1, PKCα, RSK2, SRC, TBK1, or TLK1 kinase and their respective substrates were incubated with or without Ethyl ferulate in an in vitro kinase assay. Data are shown as mean ± S.D of values.

Supplementary Figure 2 | Expression of mTOR protein in mTOR knockdown cells. (A, B) Effect of mTOR knockdown on total or phosphorylated mTOR protein expression in KYSE450 (A) and KYSE510 (B) cells. KYSE450 and KYSE510 cells stably expressing shRNA control or shmTOR were analyzed by Western blotting. Band density was measured using the Image J (NIH) software program. For all experiments, similar results were observed from 3 independent experiments and band density is shown as a bar graph. One-way ANOVA was used to compare significant differences.

Supplementary Figure 3 | Effect of Ethyl ferulate on ALT and AST activity. (A, B) The effect of Ethyl ferulate on ALT (A) and AST activity (B) was determined. Mice were orally administrated Ethyl ferulate at 50 mg/kg, 100 mg/kg, or vehicle once a day Monday through Friday for 2 weeks by the gavage method. Blood samples from mice were collected and analyzed. The ALT and AST activity were measured in mice treated with Ethyl ferulate and the vehicle-treated group. Data are shown as mean ± S.E. of values obtained from each group (n = 4).

Supplementary Figure 4 | Effect of Ethyl ferulate on mice bodyweight, ALT and AST activity. (A, B) Effect of Ethyl ferulate on mice body weight. Vehicle or Ethyl ferulate at 100mg/kg was administered to mice by oral gavage, once a day for 32 (LEG110 tissue) or 53 (LEG45 tissue) days. The body weights of mice were treated with Ethyl ferulate or vehicle were measured once a week over the timespan of 32 (LEG110 tissue) or 53 (LEG45 tissue) days. (C) Ethyl ferulate exhibits no obvious toxicity in vivo. The effect of Ethyl ferulate on the ALT and AST activity were determined. Blood samples from each group (n = 7) were collected and analyzed. The ALT and AST activity were measured in mice treated with Ethyl ferulate or vehicle. All data are shown as mean ± S.E. of values obtained from experiments.

Supplementary Figure 5 | Ethyl ferulate has no obvious toxicity in vivo. (A, B) H&E staining of liver, kidney, or spleen isolated from Ethyl ferulate-treated and untreated mouse groups inoculated with LEG110 (A; n = 5, 3 slides per tissue) and LEG45 (B; n = 5, 3 slides per tissue) tissues (100×; Scale bar: 100 μm).

Supplementary Figure 6 | Representative diagram of the mechanism of the anti-cancer activity of Ethyl ferulate.
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Accurate prognostic stratification of patients can provide guidance for personalized therapy. Many prognostic models for acute myeloid leukemia (AML) have been reported, but most have considerable inaccuracies due to contained variables with insufficient capacity of predicting survival and lack of adequate verification. Here, 235 genes strongly related to survival in AML were systematically identified through univariate Cox regression analysis of eight independent AML datasets. Pathway enrichment analysis of these 235 genes revealed that the IL-2/STAT5 signaling pathway was the most highly enriched. Through Cox proportional-hazards regression model and stepwise algorithm, we constructed a six-gene STAT5-associated signature based on the most robustly survival-related genes related to the IL-2/STAT5 signaling pathway. Good prognostic performance was observed in the training cohort (GSE37642-GPL96), and the signature was validated in seven other validation cohorts. As an independent prognostic factor, the STAT5-associated signature was positively correlated with patient age and ELN2017 risk levels. An integrated score based on these three prognostic factors had higher prognostic accuracy than the ELN2017 risk category. Characterization of immune cell infiltration indicated that impaired B-cell adaptive immunity, immunosuppressive effects, serious infection, and weakened anti-inflammatory function tended to accompany high-risk patients. Analysis of in-house clinical samples revealed that the STAT5-assocaited signature risk scores of AML patients were significantly higher than those of healthy people. Five chemotherapeutic drugs that were effective in these high-risk patients were screened in silico. Among the five drugs, MS.275, a known HDAC inhibitor, selectively suppressed the proliferation of cancer cells with high STAT5 phosphorylation levels in vitro. Taken together, the data indicate that the STAT5-associated signature is a reliable prognostic model that can be used to optimize prognostic stratification and guide personalized AML treatments.
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Introduction

Acute myeloid leukemia (AML) is the most common form of acute leukemia in adults, characterized by abnormal growth and differentiation of hematopoietic stem cells (HSCs) (1). The clinical outcomes of AML patients remain unsatisfactory, with 5-year overall survival rates of less than 50%, dropping to less than 20% for patients older than 60 years (2). The poor prognosis of AML may be attributed to the heterogeneity of therapeutic responses among patients (3) and conventional clinical therapies that have changed little over the past three decades (4). As a consequence, there is an urgent need to better stratify patients facilitating the development of personalized treatments for different patients with AML.

Signal transducer and activator of transcription 5 (STAT5), with its two isoforms STAT5A and STAT5B (5), is a key component of the janus tyrosine kinase (JAK)-signal transducer and activator of transcription (STAT) pathway (6). As a transcription factor, STAT5 can be phosphorylated upon interleukin-2 (IL-2) binding to its cognate receptor, followed by the activation of its downstream targets (7). Abnormal activation of STAT5 via phosphorylation frequently occurs in blast cells of patients with AML (8), where it is important for the proliferation of leukemic cells (9). High STAT5 levels are relevant to drug resistance and can desensitize BCR-ABL1+ leukemia cells to tyrosine kinase inhibitors (10). Additionally, phosphorylated STAT5 can suppress antitumor immunity (11) and is also engaged in the pathogenesis of chronic osteomyelitis via immune dysregulation (12).

Transcriptomic variables have higher predictive accuracy than clinical or genetic variables in myelodysplastic syndrome (13), and similar trends were recently observed in AML (14). However, the current widely used risk-stratification system (European Leukemia Net (ELN)2017 risk category) recommended by the National Comprehensive Cancer Network (NCCN) AML guideline (15) was constructed based on genetic variables, without considering transcriptomic changes (14). Recently, increasing numbers of prognostic models for AML based on transcriptomic data were reported, encompassing distinct biological processes such as immunity (16–18), autophagy (19), etc. However, there was no comprehensive analysis of strongly survival-related genes in AML prior to this study, which hampered the development of more accurate prognostic models based on transcriptomic data.



Materials and Methods


Retrieval of AML Datasets

We systematically retrieved AML datasets in the Gene Expression Omnibus (GEO) database (Supplementary Table 1). All datasets with more than 100 samples and available survival information were collected. The dataset with the most complete data and the largest sample size was selected when datasets overlapped. Eventually, five GEO datasets including GSE106291, GSE12417-GPL96, GSE37642-GPL96, GSE37642-GPL570, and GSE71014 were screened out for the present study (20–23). In addition, an AML cohort from The Cancer Genome Atlas (TCGA) (24), an AML cohort from Therapeutically Applicable Research to Generate Effective Treatments (TARGET), and an AML cohort from a clinical study at Oregon Health & Science University (OHSU) (3) also met the inclusion criteria and were included in this study.

Total RNA samples isolated from bone marrow mononuclear cells were used for probing gene expression levels in cohorts GSE37642-GPL96, GSE37642-GPL570, GSE71014, and TCGA. Total RNA-isolated samples from bone marrow (BM) mononuclear cells and peripheral blood (PB) mononuclear cells were used for detecting gene expression levels in cohorts GSE106291 (details unavailable), GSE12417-GPL96 (161 BM and 2 PB), OHSU (251 BM and 160 PB), and TARGET (details unavailable).

Detection of gene expression levels in different cohorts was performed on different platforms: ~20,000 encoding genes detected using Illumina HiSeq 1500 in GSE106291; ~12,000 encoding genes detected using Affymetrix Human Genome U133A Array in GSE12417-GPL96; ~12,000 encoding genes detected using Affymetrix Human Genome U133A Array in GSE37642-GPL96; ~18,000 encoding genes detected using Affymetrix Human Genome U133 Plus 2.0 Array in GSE37642-GPL570; ~20,000 encoding genes detected using HumanHT-12 V4.0 expression beadchip in GSE71014; ~20,000 encoding genes detected using Illumina HiSeq 2500 in OHSU; ~20,000 encoding genes detected using Illumina HiSeq 2000 in TARGET; and ~20,000 encoding genes detected using Illumina HiSeq 2000 in TCGA.

Processed gene expression data with respective normalization method were downloaded for bioinformatical analysis in this study. All gene expression variables were scaled to a mean value of 0 and variance equal to 1 (Z-score) in GSE10621. Normalization was performed using the variance stabilizing normalization (VSN) algorithm, and probe set expression values were calculated by the median polish method in GSE12417-GPL96. Normalization was performed using the Robust Multichip Average (RMA) method in GSE37642-GPL96 and GSE37642-GPL570. Expression values were processed with log2 transformation and quantile normalization in GSE71014. Normalization was performed using the conditional quantile normalization procedure in OHSU. Fragments per kilobase of exon model per million mapped fragments (FPKM) values of genes were log2(FPKM+1) transformed in TARGET. RNA-Seq by Expectation-Maximization (RSEM) normalized counts (norm_count) of genes were log2(norm_count +1) transformed in TCGA.

Normalized transcriptome data and clinical information were acquired from three different databases: GEO datasets from GEO database (http://www.ncbi.nlm.nih.gov/geo/), TCGA and TARGET datasets from the UCSC Xena database (http://xena.ucsc.edu/), as well as the OHSU dataset from cBioPortal (https://www.cbioportal.org/) (25, 26). Clinical variables of the eight cohorts were summarized in each dataset (Supplementary Table 2). Clinical data of GSE71014 only contained survival information. Samples without survival information or transcriptome data were excluded in each dataset. After exclusion, sample size in each cohort was as follows: GSE106291 (n = 250), GSE12417-GPL96 (n = 163), GSE37642-GPL96 (n = 417), GSE37642-GPL570 (n = 136), GSE71014 (n = 104), OHSU (n = 411), TARGET (n = 156), and TCGA (n = 151).



Screening of Robustly Survival-Related Genes

The univariate Cox regression analysis was performed individually in eight independent AML datasets (GSE106291, GSE12417-GPL96, GSE37642-GPL96, GSE37642-GPL570, GSE71014, OHSU, TARGET, TCGA). Survival-related genes (HR > 1, p < 0.05) in each dataset were screened out (Figure 1A, purple bars). A gene which was identified as a survival-related gene in at least four datasets was defined as a robustly survival-related gene in this study. Eventually, a total of 235 robustly survival-related genes were identified (red bars in upper panel, Figure 1A; Supplementary Table 3).




Figure 1 | Identification of genes related to survival in AML patients and construction of a STAT5-associated signature. (A) Landscape of survival-related genes (purple bars) determined by univariate Cox regression analysis in eight independent datasets (lower panel). The frequency of a gene determined as a survival-related gene (purple bar) among the eight datasets was quantified (upper panel). Red bars with counts ≥4 represent the robustly survival-related genes in the upper panel. (B) Pathway enrichment of 235 robustly survival-related genes identified in (A) using the MSigDB database. The top 10 enriched pathways are shown. Annotated genes in each pathway are indicated. (C) Forest plot of BATF, IFITM3, IGF2R, PIM1, SLC29A2, and SOCS2. The STAT5-associated signature risk score formula was at the bottom. Error bars represent hazard ratio (HR) with 95% confidence intervals (CI).





Pathway Enrichment Analysis

A total of 235 identified robustly survival-related genes (Supplementary Table 3) were subjected to pathway enrichment analysis using the Molecular Signatures Database (MSigDB) on Enrichr (https://maayanlab.cloud/Enrichr/). Briefly, we entered the 235 gene symbols on each row in the text-box on the Enrichr (https://maayanlab.cloud/Enrichr/) and submitted these gene symbols. We then clicked “Pathways” module in the navigation (at the top). Detailed results including enriched pathways and p-values could be found after clicking the icon “MSigDB Hallmark 2020”.



Expression Distribution of STAT5A and STAT5B Among 16 Different Organs

Online website The Human Protein Atlas (https://www.proteinatlas.org/) contains information on genome-wide RNA expression profiles of human protein-coding genes in 69 human cell lines. These 69 cell lines are derived from 16 different organs including: brain, liver and gallbladder, gastrointestinal tract, pancreas, male reproductive system, kidney and urinary bladder, skin, eye, proximal digestive tract, lung, female reproductive system, endothelial, muscle, mesenchymal, lymphoid, and myeloid. Downloaded gene expression levels of STAT5A (https://www.proteinatlas.org/ENSG00000126561-STAT5A/cell+line) and STAT5B (https://www.proteinatlas.org/ENSG00000173757-STAT5B/cell+line) in the 69 cell lines were used for investigating the expression distribution of STAT5A and STAT5B among the 16 different organs.



Protein-Protein Interaction Network

The search tool for the retrieval of interacting genes (STRING) database (http://string.embl.de/) (27) was used to visualize the associations among robustly survival-related genes related to the IL-2/STAT5 pathway. Briefly, we selected function module “Multiple proteins” in the left navigation and enter protein names including STAT5A, STAT5B, and 11 robustly survival-related genes (IFITM3, SOCS2, CCND3, BMP2, IL2RA, SCN9A, COL6A1, PIM1, IGF2R, SLC29A2, and BATF) in the search box. We selected “Homo sapiens” in the pull-down list of “Organism” and clicked the icon “SEARCH” under the search box. We clicked the icon “CONTINUE” in the pop-up interface and waited for a moment. The results could be found in the next pop-up interface. We downloaded the scalable vector graphic from the “Exports” module.



Construction and Validation of a STAT5-Associated Signature

Eleven robustly survival-related genes related to the IL-2/STAT5 pathway (IFITM3, SOCS2, CCND3, BMP2, IL2RA, SCN9A, COL6A1, PIM1, IGF2R, SLC29A2, and BATF; Figure 1B) were used for constructing a STAT5-associated signature. In the training cohort (GSE37642-GPL96), the Cox proportional-hazards model (28) was employed to estimate the optimal weighting coefficients of these 11 robustly survival-related genes with the function coxph in the package “survival” (29) on the basis of maximizing the partial likelihood techniques (30, 31). For building the best performing regression model, 6 genes (BATF, IFITM3, IGF2R, PIM1, SLC29A2, SOCS2; Figure 1C) out of the 11 robustly survival-related genes were selected for constructing the final Cox regression model with the function step in R language based on the stepwise algorithm (32). The STAT5-associated signature risk score was calculated according to the sum of the coefficients multiplied by the gene expression level of each selected gene. Patients were separated into low- and high-risk groups according to the median STAT5-associated signature risk score in each cohort. The prognostic performance of this model was assessed using Kaplan-Meier analysis. The specificity of this model was evaluated using curves with area under the receiver operating characteristic (ROC) curve (AUC) values. The prognostic independence of this model was confirmed by univariate and multivariate Cox analysis.



Improvement of the European Leukemia Net 2017 Risk Stratification System

An integrated risk model was constructed based on STAT5-associated signature, age of patients, and ELN2017 risk category using the Cox proportional-hazards model (28). This risk model was visualized by the nomogram produced by the R package “rms” (33). The predictive accuracy of this integrated risk model was assessed using calibration curves produced by the R package “rms” (33).



Estimation of Immune Infiltration

Transcriptome data were used to estimate the composition of tumor-infiltrating immune cells based on the deconvolution algorithm of the Cell type Identification by Estimating Relative Subsets of RNA Transcripts (CIBERSORT) (34). The relative fractions of the 22 immune cell types in each sample were then determined using the function CIBERSORT in R language (34). An empirical p-value for the deconvolution was produced for each sample through Monte Carlo sampling (34). Only outputs with p < 0.05 were used for further analysis.

The correlations between STAT5-associated signature risk scores and fractions of tumor-infiltrating immune cells were further investigated using Spearman correlation analysis. Proportions of immune cells and stromal cells were estimated based on the immune score and stromal score, respectively. These two tumor microenvironment scores were calculated using the R package “estimate” (35).



In-House Human Samples

Total RNA of peripheral blood mononuclear cells (from 6 healthy donors and 28 AML patients) and peripheral blood mononuclear cells (from 6 healthy donors and 6 AML patients) were collected at the Department of Hematology, the First Affiliated Hospital of Jinan University. These RNA samples were collected from June, 2020 to November, 2020 and were stored at −80°C. Peripheral blood mononuclear cells were collected from June, 2020 to November, 2020 and were stored at liquid nitrogen. Written informed consent was obtained from all patients. The Ethics Committee of the First Affiliated Hospital of Jinan University approved the study (No. KY-2020-022 in 2020).



Real-Time Quantitative PCR Assay

The real-time quantitative PCR (RT-qPCR) assay was performed exactly as reported previously (36). Briefly, total RNA was isolated using a Total RNA Purification Kit (B518651, Sangon Biotech, Shanghai, China) following the manufacturer’s protocol. Total RNA at 1 μg was then reverse transcribed using the HiScript® II QRT SuperMix for qPCR (+ gDNA wiper) (R223-01, Vazyme Biotech, Nanjing, China) following the manufacturer’s protocol. PCR was performed in triplicate using ChamQ™ SYBR® qPCR Master Mix (Low ROX Premixed) (Q331-02/03, Vazyme Biotech) and a ViiA™ 7 Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) under the following conditions: 10 min at 95°C, followed by 40 cycles of 95°C for 15 s and 60°C for 45 s. β-Actin was used as the housekeeping control. Primers used in this assay are as follows: BATF-forward: TATTGCCGCCCAGAAGAGC, BATF-reverse: GCTTGATCTCCTTGCGTAGAG; IFITM3-forward: AGGGACAGGAAGATGGTTGG, IFITM3-reverse: TGGGATGACGATGAGCAGAA; IGF2R-forward: CTGCCGCTATGAAATTGAGTGG, IGF2R-reverse: CGCCGCTCAGAGAACAAGTT; PIM1-forward: GAGAAGGACCGGATTTCCGAC, PIM1-reverse: CAGTCCAGGAGCCTAATGACG; SLC29A2-forward: TCAGTGCAGTCCTACAGGG, SLC29A2-reverse: GGCGTGATAAAGTACCCCAGG; SOCS2-forward: CAGATGTGCAAGGATAAGCGG, SOCS2-reverse: GCGGTTTGGTCAGATAAAGGTG; β-actin-forward: ACTTAGTTGCGTTACACCCTTTCT; β-actin-reverse: GACTGCTGTCACCTTCACCGT. Relative gene expression was normalized to β-actin and calculated by the formula: relative target gene expression = 2−ΔCT (ΔCT = CTtarget gene − CTβ-actin). RT-qPCR cycles were uploaded as a supplementary material (Supplementary Table 4).



In Silico Screening of Chemotherapy Drugs for the Treatment of High-Risk Patients

Clinical drug responses could be predicted using baseline gene expression levels (37). In brief, a ridge regression model was fitted for baseline gene expression levels in the 700 cell lines against the in vitro 138 drug half-maximal inhibitory concentration (IC50) estimates, and this model was then applied to the baseline tumor expression data from the clinical trial, to yield drug sensitivity estimates (37). In the present study, the ridge regression model was used to estimate the IC50 of 138 chemotherapeutic agents for each AML patient based on transcriptomic data, followed by 10-fold cross-validation implemented using the R package “pRRophetic” (38). A chemotherapy drug with significantly lower IC50 in the high-risk group was determined as a targeted drug for high-risk patients in each cohort. The frequency with which a drug was identified as a targeted drug for high-risk patients in eight cohorts was quantified. Five drugs with the highest frequencies, including bexarotene, bortezomib, erlotinib, rapamycin, and MS.275 were screened as in silico hits.



Immunoblotting Assay

A specific antibody against pSTAT5 (1:1,000 dilution; #9395, Cell Signaling Technology, Danvers, MA, USA) was used to determine the levels of phosphorylated STAT5 in cancer cell lines and peripheral blood mononuclear cells. The immunoblotting assay was performed exactly as reported previously (36). The protein bands were quantified densitometrically using ImageJ software. The full uncropped immunoblotting images were uploaded as a supplementary material (Supplementary Figure 7).



Cell Viability Assay

Cell viability was assessed using the Cell Counting Kit-8 (CCK8; C0005, Targetmol) following the manufacturer’s instructions. Briefly, cells were seeded in triplicate into 96-well plates at a density of 1,500–3,000 cells/well in 100 μl of medium. After treatment with the indicated chemotherapy drugs for 3 days, dye solution was added and the plates were incubated at 37°C for 3–4 h before the absorbance at 450 nm (A450) was measured. Cell viability was calculated by the formula: cell viability (%) = [(As-Ab)/(Ac-Ab)] × 100 where As is the absorbance of the experimental well (absorbance of cells, medium, CCK8, and wells of the test compound), Ab is the blank well absorbance (absorbance of wells containing medium and CCK8), and Ac is the control well absorbance (absorbance of wells containing cells, medium and CCK8).



Statistical Analysis

Statistical analyses were performed using R software (version 4.0.5; R foundation for statistical computing, Vienna, Austria) and SPSS version 23.0 (IBM Corp., Armonk, NY, USA). Uni- and multivariate Cox regression analyses were conducted using the “survival” R package (29). Selected 6 genes constituting the STAT5-associated signature were separated into low- and high-expression groups based on the optimal cutoff determined using the “survminer” package (39) with the minprop variable (the minimal proportion of the observations/group) set to 20% (40). Kaplan-Meier analysis was carried out using the packages “survminer” (39) and “survival” (29), and the significance of survival differences was determined using the log-rank test. Time-dependent and time-independent receiver operating characteristic (ROC) curves were generated using the packages “timeROC” (41) and “survivalROC” (42), respectively. Nomograms and calibration curves were generated using the “rms” package (33). The statistical significance of differences between mean values of two groups was assessed using unpaired two-tailed Student’s t-test. Chi-squared analysis was used to evaluate the relationship between risk categories and clinicopathological parameters. The r- and p-values were determined by Spearman correlation analyses. The “pRRophetic” R package (38) was used to predict the responses to chemotherapy. The IC50 values of different chemotherapeutics in six cancer cell lines were estimated using the online tool IC50 calculator (https://www.aatbio.com/tools/ic50-calculator/). Differences with p < 0.05 were considered statistically significant.




Results


Dataset Selection and Clinical Variables of Selective Eight Datasets

Eight publicly available datasets with more than 100 samples and available survival information were selected (Supplementary Table 1). GSE37642-GPL96 (n = 417) with the largest sample size was used as a training cohort, and seven datasets including GSE106291 (n = 250), GSE12417-GPL96 (n = 163), GSE37642-GPL570 (n = 136), GSE71014 (n = 104), OHSU (n = 411), TARGET (n = 156), and TCGA (n = 151) were set aside as validation cohorts. Clinical variables of the eight cohorts were summarized in each dataset (Supplementary Table 2). Some clinically relevant features of the eight cohorts were observed. All of the patients in OHSU, for example, were under age 60 while about half of the patients in the seven other cohorts were under age 60. The ratio of men to women was close to 1:1 in the eight cohorts. Each cohort consisted mainly of M1, M2, M4, and M5 patients.



Identification of Robustly Survival-Related Genes in AML

Univariate Cox regression analysis was performed individually in eight independent AML cohorts (GSE106291, GSE12417-GPL96, GSE37642-GPL96, GSE37642-GPL570, GSE71014, OHSU, TARGET, and TCGA; Figure 1A) and survival-related genes (HR > 1, p < 0.05) in each cohort were identified (Figure 1A; lower panel, purple bars). A gene which was determined to be survival related in at least four cohorts was defined as a robustly survival-related gene in the present study (Figure 1A; upper panel, red bars). A total of 235 identified robustly survival-related genes (Figure 1A; upper panel, red bars; Supplementary Table 3) were then subjected to pathway enrichment analysis using the Molecular Signatures Database (MSigDB), and the IL-2/STAT5 pathway was the most highly enriched item with 11 annotated genes including IFITM3, SOCS2, CCND3, BMP2, IL2RA, SCN9A, COL6A1, PIM1, IGF2R, SLC29A2, and BATF (Figure 1B). In addition, the gene expression levels of STAT5A and STAT5B were found to be organ specific and were significantly higher in cancer cells derived from lymphoid and myeloid organs (Supplementary Figure 1A). However, there was no difference in the expression levels of the two STAT5 genes between cancer cells derived from lymphoid and myeloid (Supplementary Figure 1A). The abnormal STAT5 expression pattern suggested that genes involved in STAT5-associated pathways might be alternative prognostic biomarkers for hematological malignancies.



Construction of a STAT5-Associated Signature

Eleven identified robustly survival-related genes annotated in the IL-2/STAT5 pathway (Supplementary Figure S1B, text in white) were subjected to construct a STAT5-associated signature using Cox proportional-hazards regression model and stepwise algorithm in the training cohort (GSE37642-GPL96) (Details seen in the method section; Figure 1C). The STAT5-associated signature was described using the formula risk score = ExpBATF ∗ 0.245 + ExpIFITM3 ∗ 0.133 + ExpIGF2R ∗ 0.174 + ExpPIM1 ∗ 0.217 + ExpSLC29A2 ∗ 0.689 + ExpSOCS2 ∗ 0.181 (Figure 1C). The STAT5-associated signature risk score of each AML patient was then calculated and used to stratify patients into low- and high-risk groups according to the median risk score in each cohort.

The prognostic performance of the selected 6 genes that constitute this model was assessed using Kaplan-Meier analysis after classification into low- and high-expression groups in the training cohort (GSE37642-GPL96) (Supplementary Figures 1C–H). AML patients with high expression of any one of the six genes had significantly shorter overall survival (Supplementary Figures 1C–H). Among the six genes, SLC29A2 with the biggest weighting coefficient in the STAT5-associated signature might be the most significant prognostic marker to stratify AML patients (Figure 1C).



Performance of the STAT5-Associated Signature

The prognostic performance of the signature was next assessed in the training cohort (GSE37642-GPL96), as well as the seven validation cohorts GSE106291, GSE12417-GPL96, GSE37642-GPL570, GSE71014, OHSU, TARGET, and TCGA. The relationship between STAT5-associated signature risk scores and survival status of patients in the cohorts is shown in Supplementary Figures 2A–H. Kaplan-Meier analysis indicated that patients in the high-risk group had significantly shorter overall survival in the training cohort (GSE37642-GPL96, p = 7.783e−10, Table 1; Supplementary Figure 3A). In line with the performance in the training cohort (GSE37642-GPL96), we found that the STAT5-associated signature also worked well in external validation cohorts, where patients in the high-risk group had shorter overall survival (GSE106291, p = 3.654e−04, Table 1 and Supplementary Figure 3B; GSE12417-GPL96, p = 1.282e−02, Table 1 and Supplementary Figure 3C; GSE37642-GPL570, p = 7.086e−04, Table 1 and Supplementary Figure 3D; GSE71014, p = 2.618e−03, Table 1 and Supplementary Figure 3E; OHSU, p = 1.478e−05, Table 1 and Supplementary Figure 3F; TARGET, p = 8.45e−04, Table 1 and Supplementary Figure 3G and TCGA, p = 8.631e−05, Table 1 and Supplementary Figure 3H). The time-independent AUC value of this model reached 0.705 in the training cohort (GSE37642-GPL96), with time-dependent AUC values for 1-, 3- and 5-year survival of 0.705, 0.731, and 0.703, respectively (Table 1; Supplementary Figure 4A). Moreover, the STAT5-associated signature also showed high predictive accuracy in most of the validation cohorts (GSE106291, Table 1 and Supplementary Figure 4B; GSE12417-GPL96, Table 1 and Supplementary Figure 4C; GSE37642-GPL570, Table 1 and Supplementary Figure 4D; GSE71014, Table 1 and Supplementary Figure 4E; OHSU, Table 1 and Supplementary Figure 4F; TARGET, Table 1 and Supplementary Figure 4G; and TCGA, Table 1 and Supplementary Figure 4H).


Table 1 | Estimation of STAT5-associated signature risk scores: Kaplan-Meier analysis and AUG of time-independent and time-dependent ROC curves in the 8 cohorts.





Evaluating Prognostic Independence of the STAT5-Associated Signature

The prognostic independence of the STAT5-associated signature was assessed through uni- and multivariate Cox regression analyses in the training cohort (GSE37642-GPL96) and all of the validation cohorts except for GSE71014, which lacked clinicopathological variables (Supplementary Table S5). In univariate Cox analysis, age, cytogenetic risk category, ELN2017 risk category, and STAT5-associated signature risk score were significantly correlated with overall survival of AML patients (Figure 2A). In multivariate Cox analysis, the STAT5-associated signature was proved to be an independent predictor of survival in the TCGA cohort, with HR of 1.49 (1.09–2.05, p = 0.0136, Figure 2A). The predictive independence was also confirmed in other validation cohorts and corresponding values were 1.67 (1.39–2.00; p < 0.001) in GSE37642-GPL96, 1.05 (1.02–1.09; p = 0.003) in GSE106291, 1.21 (1.13–1.31; p < 0.001) in GSE12417-GPL96, 2.66 (1.66–4.25; p < 0.001) in GSE37642-GPL570, and 1.01 (1.00–1.03; p = 0.035) in OHSU (Supplementary Table S5). In low- and high-risk groups, subgroup survival analyses by ages, percentage bone marrow blasts, FLT3 status, gender, NPM1 status, and platelet counts were performed in the TCGA cohort (Figures 2B–G). The STAT5-associated signature was also a promising prognostic predictor of overall survival in subgroups of patients in the TCGA cohort (Figures 2B–G). These results indicated that the STAT5-associated signature was an independent prognostic biomarker for AML.




Figure 2 | Prognostic independence of the STAT5-associated signature. (A) Univariate and multivariate Cox regression analyses of the STAT5-associated signature and clinicopathological variables. Error bars represent hazard ratio (HR) with 95% confidence intervals (CI). (B–G) Kaplan-Meier survival analysis of subgroups stratified by age <60 and ≥60 (B), bone marrow blasts ≤70% and >70% (C), FLT3 wild-type and mutant subgroups (D), female and male subgroups (E), NPM1 wild-type and mutant subgroups (F), platelets ≤40 and >40 × 109/L (G), respectively.





Construction of an Integrated Risk Score

In multivariate analyses, the STAT5-associated signature risk score and age of patients were independent predictors of survival, respectively (Figure 2A and Supplementary Table S5). To improve the predictive accuracy of the ELN2017 risk categories, the STAT5-associated signature risk score, age of patients, and ELN2017 risk category were integrated into an integrated score to predict the 1-, 3-, and 5-year survival probabilities in the training cohort (GSE37642-GPL96), which was visualized by a nomogram (Supplementary Figure 5A). The calibration curves were used to assess the predictive accuracy of the integrated score and revealed that the predicted survival 1-, 3-, and 5-year probabilities by integrated score were in good accordance with the corresponding actual survival probabilities (The higher the overlap between the red lines and black dashed lines, the more accurate the integrated score; Supplementary Figure 5B). The integrated scores with higher AUC values had higher predictive accuracy than the ELN2017 risk category alone (Supplementary Figures 5C, D). Furthermore, the advantage of the integrated score was confirmed in two additional validation cohorts (Supplementary Figures 5E, F).



Distribution of STAT5-Associated Signature Risk Scores in Different Subgroups

The distribution of STAT5-associated signature risk scores in diverse clinical and genetic risk subgroups was also investigated. Patients with an age of >60 years had significantly higher STAT5-associated signature risk scores compared with those with an age of ≤60 years in the training cohort (GSE37642-GPL96, p = 0.039; Figure 3A). Similar associations were also observed in GSE106291 (p = 0.012), OHSU (p = 0.010), and TCGA (p = 0.013) (Figure 3A). The STAT5-associated signature risk scores correlated well with the ELN2017 risk categories and increased along with the unfavorable ELN2017 risk levels in the training cohort (GSE37642-GPL96, r = 0.481, p < 0.0001, Spearman correlation, Figure 3B). This correlation was confirmed in two other validation cohorts (OHSU, r = 0.446, p < 0.0001, Spearman correlation; TCGA, r = 0.334, p < 0.0001, Spearman correlation; Figure 3B). However, no correlation between STAT5-associated signature risk scores and percentage of bone marrow blasts was observed in the TARGET and TCGA cohorts, except for the OHSU cohort (Figure 3C).




Figure 3 | Distribution of STAT5-associated signature risk scores for different subgroups in the indicated cohorts. (A) Age, (B) ELN2017 risk category, and (C) bone marrow blasts. Among the total 8 cohorts, some cohorts were excluded due to inaccessibility of corresponding variables.





Characterization of Immune Cell Infiltration in Distinct STAT5-Associated Risk Groups

The characterization of immune-cell infiltration in distinct STAT5-associated risk groups was explored. The fractions of tumor-infiltrating immune cells were determined using CIBERSORT (34). The correlations between the fractions of tumor-infiltrating immune cells and STAT5-associated signature risk scores were assessed by Spearman correlation analysis in the training cohort (GSE37642-GPL96) and seven other cohorts (Figure 4A). The STAT5-associated signature risk scores were positively correlated with fractions of naïve B cells, naïve CD4+ T cells, activated CD4+ memory T cells, regulatory T cells (Tregs), activated NK cells, M0 macrophages, and neutrophils (Figure 4A). On the contrary, the STAT5-associated signature risk scores were negatively correlated with fractions of memory B cells, plasma cells, M2 marcophages, resting dendritic cells, resting mast cells (Figure 4A). In terms of the tumor microenvironment, patients in high-risk groups had significantly higher fractions of stromal cells and immune cells in some cohorts (Figures 4B, C).




Figure 4 | The characterization of immune cell infiltration based on the STAT5-associated signature. (A) Heatmap showing the relationship between fractions of tumor-infiltrating immune cells and STAT5-associated signature risk scores in each cohort. Twelve immune cell types that have strong correlations with STAT5-associated signature risk scores were highlighted in bold font. (B, C) Floating bars showing the differential composition of stromal cells (B) and immune cells (C) in the low- and high-risk groups. *P < 0.05, **P < 0.01, ***P < 0.001, N.S., not significant.





Validation of the STAT5-Associated Signature by Analysis of In-House Clinical Samples

To validate the STAT5-associated signature, we detected the gene expression of the selected 6 genes for constructing the signature in peripheral blood mononuclear cells derived from 6 healthy donors and 28 AML patients using RT-qPCR (Figure 5A). Gene expression levels of BATF, IFITM3, IGF2R, and SLCA29A2 were significantly higher in primary cells from AML patients than from healthy donors (Figure 5A). No difference in gene expression levels of PIM1 and SOCS2 was observed between primary cells from healthy donors and AML patients (Figure 5A). The STAT5-associated signature risk scores of all people were calculated based on the gene expression levels of the 6 genes in Figure 5A. AML patients had significantly higher STAT5-associated signature risk scores than healthy donors (Figure 5B). Phosphorylation of STAT5 is a prerequisite for activation of STAT5-associated pathways (43). As expected, phosphorylated STAT5 (pSTAT5) levels were higher in peripheral blood mononuclear cells from AML patients than healthy donors (Figure 5C).




Figure 5 | Validation of the STAT5-associated signature by analysis of in-house clinical samples. (A) Scatter dot plots showing gene expression levels of the indicated 6 genes used for constructing the STAT5-associated signature in peripheral blood mononuclear cells from 6 healthy donors and 28 AML patients. (B) Scatter dot plots showing the STAT5-associated signature risk scores of 6 healthy donors and 28 AML patients. (C) Protein levels of phosphorylated STAT5 (pSTAT5) in peripheral blood mononuclear cells from 6 healthy donors and 6 AML patients (left panel). Scatter dot plots showing the statistical analysis of quantified pSTAT5 levels in the left panel (right panel). Error bars in (A–C) represent means with standard deviation (SD). p-values in (A–C) were determined using two-tailed Student’s t-test.





In Silico Screening of Chemotherapy Drugs for Treatment of High-Risk AML Patients

Half-maximal inhibitory concentrations (IC50) of 138 chemotherapeutic agents were estimated for each patient based on the transcriptomic data using the “pRRophetic” R package (38) (details seen in the Method section). A drug with significantly lower IC50 in the high-risk group was determined as a targeted drug for high-risk patients in each cohort. The frequency with which a drug was determined as a targeted drug for high-risk patients among eight cohorts were quantified (Figure 6A), and five drugs with the highest frequencies were selected as screening hits, including bexarotene, bortezomib, erlotinib, rapamycin, and MS.275 (Figure 6A and Supplementary Figure 6A).




Figure 6 | In silico screening of chemotherapy drugs for treatment of high-risk AML patients. (A) Half-maximal inhibitory concentration (IC50) of 138 chemotherapeutic agents for each patient was estimated based on the transcriptomic data. A drug with significantly lower IC50 in the high-risk group was determined as a targeted drug for high-risk patients in each cohort. The frequency with which a drug was determined as a targeted drug for high-risk patients among eight cohorts was quantified. Five drugs with the highest frequencies were screened out (red dots). (B) Baselines of phosphorylated STAT5 (pSTAT5) protein levels in six cancer cell lines. (C–G) Six cancer cell lines with different protein levels of phosphorylated STAT5 were treated with the indicated drugs for three days, followed by determination of cell viability. The correlations between IC50 values and protein levels of phosphorylated STAT5 were determined by Spearman correlation analysis.



Further exploration of the underlying mechanism through which these five drugs targeted high-risk patients was also conducted. Phosphorylation of STAT5 is a prerequisite for activation of STAT5-associated pathways (43). Accordingly, the sensitivity of cell lines with different protein levels of phosphorylated STAT5 (Figure 6B) to these five drugs was determined in a cell proliferation assay (Figures 6C–G). The cell proliferation assay showed that the IC50 values of MS.275 were negatively correlated with the protein levels of phosphorylated STAT5 in six cancer cell lines (r = −0.812, p = 0.0499; Figure 6E). However, no correlation was observed for four other drugs (Figures 6C, D, F, G). Overall, MS.275 might be a promising chemotherapy drug for the treatment of high-risk patients by targeting STAT5-associated pathways.




Discussion

In the present study, 235 robustly survival-related genes for AML were systematically identified through univariate Cox regression analysis of eight independent AML datasets. Pathway enrichment analysis with these 235 genes determined IL-2/STAT5 signaling pathway was the most highly enriched. In addition, it was reported that other enriched pathways including mechanistic target of rapamycin complex 1 (mTORC1) signaling pathway, androgen response, cholesterol homeostasis, estrogen response, and interferon gamma response were related to AML (44–48). Prognostic models based on these gene pathways might be alternative candidates for predicting prognosis of AML patients.

The STAT5-associated prognostic signature for AML was constructed based on the genes BATF, IFITM3, IGF2R, PIM1, SLC29A2, and SOCS2. BATF, basic leucine zipper transcription factor ATF-like, is an important positive transcriptional regulator of the immune system that is particularly important in classical dendritic cell development, T follicular helper cell function and antibody production (49). IFITM3, interferon-induced transmembrane protein, plays a key role in cancer cell growth and maintenance, and is a marker of poor prognosis with high expression in many cancers, including AML (50). IGF2R, insulin-like growth factor 2 receptor, is currently considered a tumor suppressor gene, but it is upregulated and correlated with poor prognosis in cervical cancer (51) and glioblastomas (52). PIM1, proviral insertion site in murine leukemia virus (PIM) kinase 1, belongs to the PIM kinase family and has been implicated in the control of cancer cell proliferation, migration, and apoptosis, particularly in prostate cancer and leukemia (53). SLC29A2, solute carrier family 29 member 2, is aberrantly upregulated and is a survival predictor in both hepatocellular carcinoma (54) and mantle cell lymphoma (55). SOCS2, suppressor of cytokine signaling-2, is highly upregulated and has tumor-promoting functions in the advanced stage of chronic myeloid leukemia (56) and in high-grade anal intraepithelial lesions (57). Furthermore, upregulation of SOCS2 is recognized as a potential prognostic marker for prostate cancer (58).

The good performance of the STAT5-associated signature was reproduced in most of the validation cohorts. Moreover, this signature was proven to be an independent prognostic factor upon multivariate Cox regression analysis and stratified survival analyses of several clinical characteristics. These results suggest that the STAT5-associated prognostic model may help predict the survival of AML patients.

It was reported that transcriptomic variables have higher predictive accuracy than genetic variables (13). However, the widely used clinical risk stratification system for AML, ELN2017, was constructed based on genetic and not transcriptomic variables (15). To complement this risk-assessment tool, an integrated score encompassing ELN2017 risk stratification, STAT5-associated signature risk scores and age of patients was constructed in the training cohort (GSE37642-GPL96). The STAT5-associated signature could improve the prognostic accuracy of ELN2017 risk categories in the training cohort (GSE37642-GPL96) as well as in two other independent cohorts.

Persistently phosphorylated STAT5 was found to suppress antitumor immunity (11). This suggests that immunological features also need to be investigated in myeloid neoplasms, since they will likely improve our knowledge of the underlying pathogenesis and inform novel therapies (18). Here, we characterized immune cell infiltration based on STAT5-associated risk stratification. The STAT5-associated signature risk scores were positively correlated with fractions of naïve B cells, and negatively correlated with fractions of memory B cells and plasma cells, which suggested impaired B-cell adaptive immunity in patients with high STAT5-associated signature risk scores (59, 60). Fractions of regulatory T cells (Tregs) and naïve CD4+ T cells were found to be positively correlated with STAT5-associated signature risk scores, which implied immunosuppressive effects in the patients with high STAT5-associated signature risk scores (61, 62). Along with increasing STAT5-associated signature risk scores, we observed increasing neutrophils, increasing activated CD4+ memory T cells, decreasing resting mast cells, and decreasing resting dendritic cells, which indicated severe infection in the patients with high STAT5-associated signature risk scores (63–66). At the same time, the anti-inflammatory function of high-risk patients might be weakened due to negative association of STAT5-associated signature risk scores with fractions of M2 macrophages and positive association of STAT5-associated signature risk scores with M0 macrophages (67). Unexpectedly, fractions of activated NK cells were positively correlated with STAT5-associated signature risk scores. However, similar results were observed in another independent study (40), which might indicate tumor escape via defective expression of NK cell-triggering receptors by leukemic cells (68).

Chemotherapy remains the main treatment strategy for AML (69), and screening more effective chemotherapy drugs for high-risk patients might be a quick and economical strategy for improving survival. To potentially improve the prognosis of high-risk patients, five chemotherapy drugs that were likely to be effective in high-risk patients were selected through in silico screening. The underlying mechanisms through which these five drugs target the high-risk patients were then investigated using cell viability assays. Among the five drugs, MS.275 selectively suppressed the cell lines with highly phosphorylated STAT5. This result suggested that MS.275 might be a promising drug for the treatment of high-risk AML patients by targeting STAT5-associated pathways. MS.275 (Entinostat) is an oral class I histone deacetylase (HDAC) inhibitor that blocks cell proliferation and promotes apoptosis in breast cancer (70). The antitumor activity of MS.275 in AML was also reported, including the induction of robust differentiation of AML cell lines (71), inducing apoptosis in AML cell lines (72), and inhibited disease maintenance in a mouse model of AML (73). Clinical trials of MS.275 for the treatment of hematological cancers including AML were also performed by different groups (NCT00015925, NCT01159301, NCT01132573, NCT00313586, NCT01305499, NCT00462605, NCT00101179, NCT01383447). These concerted efforts will enrich the therapy regimen for AML in the clinic, and hopefully improve the prognosis of high-risk patients.

However, there are also some limitations to the current study. In the subgroup analysis used to validate the prognostic independence of this model, the difference was not statistically significant due to an insufficient number of patients in some subgroups, such as the mutant NPM1 subgroup. The underlying mechanisms through which the five chemotherapy drugs other than MS.275 target AML in high-risk patients are still unknown. Potential biases of this model exist due to heterogeneity of patients, therapy regimens, and disease stage. Additionally, this is a retrospective study with a few experiments, so the findings remain to be further validated in both the laboratory and the clinic.

In conclusion, we comprehensively analyzed the genes that are most strongly related to survival in AML. Pathway enrichment analysis of these robustly survival-related genes indicated that IL-2/STAT5 is the most highly enriched signaling pathway. A STAT5-associated signature was constructed on the basis of robustly survival-related genes related to the IL-2/STAT5 signaling pathway. The signature could independently predict survival of AML patients, and our prognostic model might complement and improve the current risk system based on genetic variables, such as the ELN2017 risk categories. The immune infiltration was also investigated based on the risk phenotype, which will contribute to immunotherapy of high-risk patients in the future. Analysis of in-house clinical samples revealed that the STAT5-assocaited signature risk scores of AML patients were significantly higher than those of healthy people. MS.275, a known HDAC inhibitor, was demonstrated as a targeted drug for high-risk patients by interfering with STAT5-associated pathways. This reliable model could be used for prognostic assessment and guidance for precision therapy for AML.
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Supplementary Figure 1 | Identification of genes related to survival in AML patients and construction of a STAT5-associated signature. (A) The gene expression levels of STAT5A and STAT5B in 69 cancer cell lines derived from 16 distinct organs. Each dot represents a cancer cell line. P values were determined using two-tailed Student’s t-test. (B) The protein-protein interaction (PPI) network of robustly survival-related genes (text in white) mapping to the IL-2/STAT5 pathway. (C–H) Kaplan–Meier survival analysis of low- and high-expression groups of BATF, IFITM3, IGF2R, PIM1, SLC29A2, and SOCS2.

Supplementary Figure 2 | The relationship between STAT5-associated signature risk scores and survival status. (A–H) STAT5-associated signature risk scores arrangement and survival status analyses in GSE37642-GPL96 (A), GSE106291 (B), GSE12417-GPL96 (C), GSE37642-GPL570 (D), GSE71014 (E), OHSU (F), TARGET (G), and TCGA (H).

Supplementary Figure 3 | Kaplan–Meier survival analyses. (A–H) Kaplan–Meier curves for overall survival stratified by different risk levels in GSE37642-GPL96 (A), GSE106291 (B), GSE12417-GPL96 (C), GSE37642-GPL570 (D), GSE71014 (E), OHSU (F), TARGET (G), and TCGA (H).

Supplementary Figure 4 | Time-independent and time-dependent ROC analyses. (A–H) AUC of time-independent (left) and time-dependent (right) ROC curves of STAT5-associated signature in GSE37642-GPL96 (A), GSE106291 (B), GSE12417-GPL96 (C), GSE37642-GPL570 (D), GSE71014 (E), OHSU (F), TARGET (G), and TCGA (H).

Supplementary Figure 5 | Construction of an integrated risk score. (A) Nomogram visualizing the integrated risk model constructed based on the STAT5-associated signature risk score, patient age, and ELN2017 risk category in the training cohort (GSE37642-GPL96). (B) Calibration curves of the nomogram in terms of agreement between predicted and observed 1-year, 3-year, 5-year survival in the training cohort (GSE37642-GPL96). Error bars represent actual overall survival probability with 95% confidence intervals (CI). (C) Comparison of the time-dependent ROC curves of the integrated risk score and its component single risk categories in the training cohort (GSE37642-GPL96). (D–F) Comparison of the time-independent ROC curves of the integrated risk score and its component single risk categories in GSE37642-GPL96 (D), OHSU (E), and TCGA (F).

Supplementary Figure 6 | In silico screening of chemotherapy drugs for treatment of high-risk AML patients. (A) Estimated IC50 for the five hits from in the indicated cohorts.
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Histone methylation status is an important process associated with cell growth, survival, differentiation and gene expression in human diseases. As a member of the KDM4 family, KDM4B specifically targets H1.4K26, H3K9, H3K36, and H4K20, which affects both histone methylation and gene expression. Therefore, KDM4B is often regarded as a key intermediate protein in cellular pathways that plays an important role in growth and development as well as organ differentiation. However, KDM4B is broadly defined as an oncoprotein that plays key roles in processes related to tumorigenesis, including cell proliferation, cell survival, metastasis and so on. In this review, we discuss the diverse roles of KDM4B in contributing to cancer progression and normal developmental processes. Furthermore, we focus on recent studies highlighting the oncogenic functions of KDM4B in various kinds of cancers, which may be a novel therapeutic target for cancer treatment. We also provide a relatively complete report of the progress of research related to KDM4B inhibitors and discuss their potential as therapeutic agents for overcoming cancer.
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1 INTRODUCTION
Histone methylation states were uniformly regarded as static and unchangeable until the discovery of histone lysine demethylases, thereby changing this ideology, and partial histone methylation states are now considered as dynamic reversible processes (Shi and Whetstine, 2007). KDM4 (JMJD2) family proteins, which are generally located in the nucleus, are a class of histone lysine demethylases that remove methyl groups from lysine residues in histone tails, thereby regulating the transcriptional activity of target genes (Chen et al., 2006). KDM4 family includes six demethylases named KDM4A-F. KDM4A-D are highly expressed in cardiovascular diseases, mental retardation, and multiple cancers, including prostatic cancer, breast cancer, neuroblastoma, and so on, and thus have emerged as potential broad-spectrum therapeutic targets (Young and Hendzel, 2013; Zhao et al., 2016; Lee et al., 2020). KDM4E is an epigenetic regulator for embryonic development and differentiation (Liu et al., 2018). However, the roles of KDM4E and 4F in cancers have rarely been reported. In this review, we mainly focus on the KDM4B protein of the KDM4 family. KDM4B mainly turns on the expression of genes through histone demethylation, which can regulate stem cells self-renewal and differentiation (Mak et al., 2021) and the development of a variety of organs (Guo et al., 2011; Jun et al., 2011; Uribe et al., 2015). At present, KDM4B has been proved to induce the differentiation of mesenchymal stem cells, which has significant physiological significance for sexual organ formation and development (Kawazu et al., 2011), bone formation (Lee et al., 2016), liver development (Guo et al., 2011), and invagination of inner ear (Uribe et al., 2015) (Figure 1). However, its abnormal expression is closely related to the occurrence and development of human diseases, such as cancers (Berry and Janknecht, 2013) (Figure 1).
[image: Figure 1]FIGURE 1 | The roles of KDM4B in organ differentiation and tumor formation. KDM4B switches on gene expression through histone demethylation and produces pleiotropy, which can promote not only the normal differentiation of most organs but also tumor formation.
In recent years, inhibitors of KDM4B have been developed, providing more new ideas for targeted cancer therapy. However, we have to face the challenge that KDM4B is a very essential gene in human, deletion of which could result in unwanted side effects. For example, KDM4B deletion gene in mice has been reported to cause osteoporosis (Deng et al., 2021) and severe obesity (Kang et al., 2018). Meanwhile, KDM4B is crucial for DNA damage repair (Castellini et al., 2017). Although the loss of KDM4B will enhance the effect of radiotherapy, the rate of DNA error in normal tissues will also increase, which will cause unpredictable consequence (Hsieh et al., 2018; Xiang K. et al., 2020). Therefore, KDM4B as a cancer target must be supported by more animal and clinical data, and new cancer treatments need to be developed and used.
1.1 STRUCTURE AND FUNCTION OF KDM4B
The human KDM4B gene is located in band 13 of the long arm of chromosome 19 (19p13.3), and the gene sequence length is approximately 184.5 kb. After splicing, three mRNAs with three different lengths of 5.6, 3.1 and 1.1 kb are generated and can be translated into three proteins with sizes of 1,096, 448, and 429 aa. Only the first protein, which is called KDM4B, contains complete JmjN, JmjC, PHD, and Tudor domains, with a protein size of approximately 121.9 kDa, while the latter two do not have the full functionality of KDM4B because they contain only JmjN and JmjC domains. The JmjC domain, the principal region driving histone demethylation functions, contains an Fe (2+) active center site (Chen et al., 2006), which uses α-ketoglutarate and O2 as substrate cofactors to remove trimethyl or dimethyl moieties on histone terminal lysine by hydroxylation reactions (Cloos et al., 2006). However, cobalt ions can inhibit histone demethylase activity and induce histone modification changes by competing with ferric ions for binding to the active center of the JmjC domain (Li et al., 2009). The JmjN domain is usually next to the JmjC domain and can physically interact with the JmjC domain via two β-sheets to help maintain the demethylase activity of the JmjC domain (Shin and Janknecht, 2007b; Quan et al., 2011). In the KDM4A/C proteins, the JmjN domain can mediate homodimerization or heterodimerization, which is critical for their demethylase activity (Levin et al., 2018). Many studies have found that PHD domain and Tudor domain can specifically bind to corresponding histone trimethylation sites to help the accurate localization of enzyme action (Shin and Janknecht, 2007b; Iwase et al., 2007; Xiang Y. et al., 2020). Compared to other histone demethylases in the family, KDM4B has a weak demethylation ability, mainly catalyzing the demethylation of H3K9me3, H3K9me2, H3K36me3, H3K36me2, H1.4K26me3, and H4K20me3 (Fodor et al., 2006; Trojer et al., 2009; Chu et al., 2014; Su et al., 2016; Xiang Y. et al., 2020).
2 THE ROLES OF KDM4B IN NORMAL DEVELOPMENT
2.1 KDM4B and Stem Cell Development
In human embryonic stem cells (hESCs), KDM4B expression is necessary for ESC self-renewal and the generation of induced pluripotent stem cells (Das et al., 2014), suggesting that sustained removal of H3K9 methylation near promoters by KDM4 demethylases is essential for ESC self-renewal and early development (Pedersen et al., 2016). In ESCs, there is an interesting phenomenon in which KDM4B and Nanog control each other through a regulatory loop. Through a demethylation reaction, KDM4B not only switches on the transcription of Nanog, a key gene of ESCs, but also participates in the transcriptional regulation of downstream genes of Nanog, while the expression of KDM4B is also regulated by Nanog (Das et al., 2014).
Artificially induced overexpression of KDM4B in ESCs significantly reduces the overall chromatin H3K9me3 content and increases the survival of cloned embryos in vitro by 30% (Antony et al., 2013). In addition, KDM4 family proteins have been found to bind JAK2 and thereby maintain the undifferentiated state of mouse ESCs (mESCs) (Wulansari et al., 2021). This finding suggests that the presence of KDM4-related proteins in ESCs may inhibit cell differentiation and promote cell proliferation. Recent studies have demonstrated that KDM4B regulates and maintains gene transcription in the form of the KDM4B-TFAP2C-LSD1 complex in human trophoblast stem cells, thus protecting the normal development of trophoblast cells (Mak et al., 2021).
KDM4B has also been reported to be involved in and to enhance the inflammatory response of neural stem cells; knockdown of KDM4B in neural stem cells results in increased H3K9me3 at the promoters of the Notch1, IL-1 and IL-2 genes, thereby inhibiting the expression of the genes (Das et al., 2013). In addition, normal KDM4B expression in hematopoietic stem cells is required for the long-term maintenance of hematopoiesis (Agger et al., 2019).
2.2 KDM4B and Reproductive System Development
Downregulation of H3K9me3 is necessary for spermiogenesis, which is mainly regulated by KDM4B and KDM4D (Iwamori et al., 2011). During spermatogenesis, the key gene KDM4B is upregulated early and rapidly to reduce the level of H3K9me3 of multiple differentiated genes and to activate their expression, thereby promoting sperm maturation (Yoshioka et al., 2009). However, KDM4D is the main histone demethylase during spermatogenesis, and KDM4B plays a secondary role (Iwamori et al., 2011).
In the mammary gland, KDM4B acts as a cofactor of estrogen receptor (ER) to promote mammary gland development and maturation (Kawazu et al., 2011). The transcription factor ERα promotes the expression of KDM4B, and recruits it to activate the transcription of MYB, MYC, and CCND1 though histone demethylation (Kawazu et al., 2011).
2.3 KDM4B and Adipose Tissue Differentiation
KDM4B plays an important role in adipocyte differentiation of 3T3-L1 adipocyte precursors. As a histone demethylase, KDM4B reduces H3K9me3/me2 content in the peroxisome proliferator-activated receptor (PPAR) and CAAT/enhancer binding protein (C/EBP) promoters, in turn stimulating the expression of PPAR and C/EBPα as well as activating adipogenesis (Jang et al., 2017). In addition, C/EBPβ have been found to bind to the KDM4B promoter to activate the expression of KDM4B (Guo et al., 2012). Moreover, KDM4B interacts with C/EBP β, is recruited to C/EBP β -regulated cell cycle gene promoters, including the Cdc45I, Mcm3, Gins1 and Cdc25c promoters, and it demethylates H3K9me3 residues and activates transcription, ultimately promoting adipocyte differentiation (Guo et al., 2012). However, in mature adipocytes, KDM4B in turn acts to enhance metabolism, thereby counteracting obesity (Cheng et al., 2018; Kang et al., 2018). KDM4B directly controls the expression of several metabolic genes, including Ppargc1a and PPARα (Cheng et al., 2018). Loss of KDM4B in mice results in increased fat mass and increased expression levels of lipogenesis-related genes, thereby leading to obesity associated with reduced energy expenditure and impaired adaptive thermogenesis, which is often accompanied by hyperlipidemia, insulin resistance, and liver and pancreas pathology (Cheng et al., 2018; Kang et al., 2018).
2.4 KDM4B and Bone Formation
KDM4B mainly induces osteoblastic differentiation of human mesenchymal stem cells (Ye et al., 2012; Qu et al., 2014; Lee et al., 2016; Yang et al., 2019; Liu et al., 2020). TGF-β significantly induces the expression of KDM4B in human mesenchymal cells (Lee et al., 2016). Overexpressed KDM4B is recruited to the SOX9 promoter to eliminate the H3K9me3 marker, thus cooperating with SMAD3 to activate SOX9 expression, which ultimately promotes chondrogenic differentiation of mesenchymal stem cells (Lee et al., 2016). Ascorbate contributes to chondrogenesis by promoting the expression of KDM4B, which upregulates chondrogenic differentiation genes, including CD44, CD73, CD105, and Runx2 (Liu et al., 2020).
In the osteogenic induction of dental tissue-derived mesenchymal stem cells, KDM4B, Distal less homeobox 2 (DLX2) and Distal less homeobox 5 (DLX5) are first upregulated by BMP4 (Qu et al., 2014; Yang et al., 2019). Then, DLX5 can enhance the transcription of KDM4B by directly binding to the KDM4B promoter (Yang et al., 2019). KDM4B also upregulates the expression of DLX2 and DLX5 by removing H3K9me3 markers (Ye et al., 2012; Qu et al., 2014; Yang et al., 2019), thus producing high expression of DLX5 and DLX2 through a positive feedback regulatory mechanism. These proteins not only enhance the activation of alkaline phosphatase in cells and the ability of cells to mineralize but also increase the expression of dentin sialophosphoprotein (DSPP), dentin matrix acidic phosphoprotein 1 (DMP1), osteopontin (OPN), and osterix (OSX), thereby promoting tooth formation (Qu et al., 2014; Yang et al., 2019).
Human vascular smooth muscle cells can also be transformed into osteoblast-like cells (Kurozumi et al., 2019). In this process, KDM4B is recruited by IL-6/sIL-6R to induce demethylation of H3K9me3 markers in the STAT3-binding site in the Runx2 promoter region, thus allowing STAT3 to bind to this site to turn on Runx2 transcription and ultimately induce the onset of transformation (Kurozumi et al., 2019).
During osteoclastogenesis, KDM4B physically associates with ccar1-med1 to form a complex that localizes to the promoters of multiple osteoclast-related genes and it promotes the expression of related genes by altering the chromatin structure near the promoters through the function of histone demethylases (Yi et al., 2021). KDM4B is a key regulator of osteoclast formation, and inhibition of KDM4B protein in mouse experiments prevents bone loss but creates osteoporotic conditions (Yi et al., 2021). Upon knockdown of KDM4B, the osteogenic differentiation capacity of mesenchymal stem cells is diminished, but adipogenic differentiation is enhanced (Ye et al., 2012). Loss of KDM4B increases global H3K9me3, thereby reducing bone formation and increasing marrow fat to exacerbate skeletal aging and osteoporosis (Deng et al., 2021).
2.5 KDM4B and Formation of Organs
Several experiments have shown that KDM4B plays a key role in the development of the central nervous system (Das et al., 2013; Fujiwara et al., 2016), liver (Guo et al., 2011; Jun et al., 2011), ear (Uribe et al., 2015), and muscle (Choi et al., 2015). During neurogenesis of neural stem cells, KDM4B demethylates H3K9me3 markers in promoters of the Notch1, IL-1, and IL-2 genes. After KDM4B knockout, the expression of Notch1, IL-1, IL-2, P65, iNOS, Bcl2, and TGF-β is significantly inhibited (Das et al., 2013). KDM4B knockout mice show hippocampal abnormalities and exhibit hyperactivity, working memory deficits, and spontaneous seizure-like behavior (Fujiwara et al., 2016). In the developing liver of mice, the protein level of KDM4B in 2-week-old mice and 4-week-old mice is significantly higher than that in 6-week-old mice, indicating that the expression level of KDM4B plays a key role in the development of mouse liver; however, the expression level in mature liver cells was decreased (Guo et al., 2011). During ear development, KDM4B can demethylate H3K9me3 markers and directly regulate DLX3 expression, thus inducing inner ear invagination (Uribe et al., 2015). During myogenic differentiation of myoblasts, the expression of KDM4B is gradually increased and can be promoted by demethylation of H3K9me3 markers in promoters of myogenic regulators (MyoD and Myogenin), which ultimately promotes the generation of muscle cells (Choi et al., 2015).
3 THE ROLES OF KDM4B IN VARIOUS KINDS OF CANCERS
3.1 Prostate cancer
The control of KDM4B expression in prostate cancer tissue is abnormal. Compared to normal prostate tissue, the KDM4B protein level in prostate cancer tissue is significantly downregulated (Vieira et al., 2014). However, the viability of prostate cancer cells significantly decreases after KDM4B was blocked by drugs or gene knockout (Chu et al., 2014). Histone demethylases are mostly associated with stable genes such as genes involved in DNA repair, DNA recombination and chromosome organization, while the broad inhibitory nature of inhibitors and the low enzymes levels render prostate cancer sensitive to the loss of KDM4B.
KDM4B is involved in resisting androgen deprivation and promoting the development of prostate cancer into castration-resistant prostate cancer (Duan et al., 2019b; Shat et al., 2019). KDM4B overexpression leads to an increase in AR-V7, which is an alternative splice variant of the androgen receptor (AR). Under androgen deprivation (ADT), protein kinase A (PKA) accumulates and phosphorylates serine 666 of KDM4B, thus activating its function (Duan et al., 2019b). First, the demethylase activity of KDM4B modulates heterochromatin and promotes AR transcription (Coffey et al., 2013). Subsequently, activated KDM4B binds to DNA and enriches splicing factors, such as SF3B3. Finally, KDM4B recruits splicing factors to splice in specific regions of chromatin, transforming the precursor RNA of AR into the precursor RNA of AR-V7. The AR-V7 protein is a type of androgen receptor variants that can function as an AR without the influence of ADT (Nakasato et al., 2020). After knockout of KDM4B, the rapid decrease in AR-V7 content inhibits the growth of prostate cancer cells and enhances the efficacy of enzalutamide (Duan et al., 2019b). Recent research has found that KDM4B is also a coactivator of AR and controls the expression of the MYC gene through epigenetic regulation of H3K9 markers (Tang et al., 2020). Knockout of KDM4B in advanced prostate cancer cells inhibits the expression of the c-MYC gene, leading to improved treatment with enzalutamide (Tang et al., 2020). In castration-resistant prostate cancer cells, KDM4B activated autophagy by regulating the Wnt/β-catenin signaling, and autophagy inhibition attenuated KDM4B-induced cell proliferation (Shat et al., 2019). These results provide new insights into the role of KDM4B in driving the development of castration-resistant prostate cancer, revealing KDM4B may serve as a target for the treatment of this disease. Surprisingly, trichostatin A (TSA), a classic histone deacetylase that acts on prostate cancer cells, has been found to downregulate the KDM4B protein, causing downregulation of cyclin B1 and upregulation of the caspase-3 and caspase-9 apoptotic proteins, thereby inhibiting the growth of prostate cancer cells and promoting their apoptosis (Zhu et al., 2012). These studies provide the foundation for further exploration of KDM4B inhibitors as therapeutic drugs for prostate cancer.
3.2 Breast cancer
KDM4B is highly expressed in estrogen receptor (ER) positive breast cancer and is a key regulatory gene (Yang et al., 2010; Kawazu et al., 2011). Studies have shown that in ER-positive breast cancer, ERα acts synergistically with glucocorticoid receptors (GRs) to directly promote the expression of the KDM4B gene (Yang et al., 2010; West et al., 2016). KDM4B and KDM3A can synergistically promote the expression of ERα, forming a positive feedback loop (Jones et al., 2019). KDM4B demethylates specific H3K9me3 markers upstream of the ER gene, and its binding to GATA-3 drives ER gene expression (Gaughan et al., 2013). In breast cancer cells, the deletion of KDM4B not only reduces the transcription of WEE1, CCND1, and CCNA1 (Yang et al., 2010), but also disrupts the estrogen-induced cell cycle G1-S phase transition (Shi et al., 2011), causing breast cancer cells to stall at the G2-M phase (Yang et al., 2010) or G1-S phase (Shi et al., 2011). We previously found that KDM4B is recruited to the ERα target site where it demethylates H3K9me3 markers and promotes the transcription of ER response genes including MYB, MYC, and CCND1 (Kawazu et al., 2011). In ER-positive breast cancer, the miR-491-5p, a tumor suppressor gene, directly targets the mRNA of KDM4B, and its overexpression inhibits breast cancer cell proliferation (Zeng et al., 2015). A novel KDM4 inhibitor, NCDM-32B, has shown some utility in the treatment of a subset of aggressive breast cancers, in which it functions by disrupting several key pathways driving cell proliferation and transformation in breast cancer through inhibition of KDM4B expression (Ye et al., 2015).
PI3K-AKT inhibitors are specifically used for the treatment of triple negative breast cancer, but resistance can develop in the absence of PTEN (Wang et al., 2018; Gris-Oliver et al., 2020). KDM4B plays a key role in drug resistance, and knockdown of KDM4B or use of KDM4B inhibitors stimulates activation of the unfolded protein response pathway to produce eIF2α. The eIF2α interacts with cytoplasmic components, which abrogates the resistance of PTEN-null triple-negative breast cancer cells to PI3K-AKT inhibitors (Wang et al., 2018). However, KDM4B promotes the binding of DNA to topoisomerase 2.thereby improving the sensitivity of breast cancer cells to anthracyclines (Seoane et al., 2019). Therefore, KDM4B inhibitors cannot be used in conjunction with anthracyclines to treat breast cancer.
3.3 Gastric cancer
The expression of the KDM4B is increased in human primary gastric cancer tissues (Li et al., 2011). In addition, KDM4B has been identified as a gene required for the proliferation and growth of gastric cancer cells (Li et al., 2011; Kim et al., 2012; Zhao et al., 2013), and as a key gene required for Helicobacter pylori-induced gastric carcinogenesis (Han et al., 2016). Loss of KDM4B in gastric cancer cells, not only inhibits cell proliferation and induces apoptosis (Li et al., 2011), but also inhibits metastasis in vivo (Zhao et al., 2013). In gastric cancer, metastasis is common and frequent, and KDM4B can promote the epithelial-mesenchymal transformation of cancer cells by physically binding to β-catenin (Zhao et al., 2013). KDM4B and β-catenin both bind to the promoter of the target gene vimentin, and induce local demethylation of H3K9 markers to increase transcription, thereby promoting gastric cancer metastasis (Zhao et al., 2013). Another mechanism is that KDM4B upregulates miR-125b expression and activates the Wnt signaling pathway, which promotes gastric cancer metastasis (Jing et al., 2019). The miR-491-5p acts as an inhibitor of KDM4B in clinical gastric cancer, and it can bind to the 3′UTR of KDM4B mRNA, inhibit the expression of KDM4B and play an anticancer role (Zhang et al., 2018).
3.4 Neuroblastoma
In neuroblastoma, N-MYC physically interacts with the PHD/Tudor domain of KDM4B and recruits KDM4B to the promoter of N-MYC target genes, thus regulating the N-MYC signaling pathway (Yang et al., 2015). Knockdown of KDM4B significantly inhibits the growth of neuroblastoma cells and neurite outgrowth, indicating that KDM4B is an important gene for maintaining the morphology of neuroblastoma cells (Yang et al., 2015). Ciclopirox has also been found to be an effective KDM4B inhibitor that inhibits neuroblastoma cell proliferation, but has little effect on normal nerve cells (Yang et al., 2017). This shows that ciclopirox may be a potential treatment for neuroblastoma.
3.5 Colorectal cancer
In multiple reports, KDM4B has been found to be overexpressed in colorectal cancer cells and tissues (Fu et al., 2012; Berry et al., 2014; Li et al., 2016; Li et al., 2020), which is associated with worse prognosis of colorectal cancer patients (Li et al., 2020). In colorectal cancer tumor masses, cells become hypoxic because of clumping, and production of the hypoxia inducible factor alpha (HIF-1α) is induced, which directly activates KDM4B transcription and translation (Fu et al., 2012). After DNA is damaged, the transcription factor cAMP response element binding protein (CREB), which is frequently associated with worse prognoses and relapse following radiotherapies, has been found to directly activate KDM4B expression by binding to the conserved region of promoter (Deng et al., 2018). Under doxorubicin treatment, p53 can directly regulate the transcription of KDM4B to deal with DNA damage by binding to a specific P53 binding site on the KDM4B promoter, and KDM4B induction decreases the transcription of p53 downstream tumor suppressor genes p21 and PIG3 (Castellini et al., 2017). Furthermore, ectopic expression of KDM4B enhances tumor growth in vivo (Castellini et al., 2017). These data may provide new insights into KDM4B as a potential epigenetic target for therapeutic intervention of cancers harboring WT p53. In colorectal cancer cells, the KDM4B protein was found to interact with TCF4, β-catenin and ERG1 (sequence-specific transcription factor ETs-related gene 1), thereby promoting downstream expression of Jun, MYC, Cyclin D1, and TCL (the small GTPase TC10-like) (Berry et al., 2014; Chen et al., 2021). KDM4B can also directly activate the expression of the HAX1 gene and promote mitochondrial apoptosis in colorectal cancer cells (Li et al., 2016). Recently, KDM4B was found to accelerate energy metabolism by interacting with TRAF6 to ubiquitinate AKT, thus activating the AKT response pathway and leading to the upregulation of GLUT1 expression. This faster conversion of glucose to energy is required to meet the needs of rapidly growing cancer cells (Li et al., 2020).
Knockdown of KDM4B in colorectal cancer cells results in cell cycle arrest at the G2-M phase transition with induction of apoptosis and senescence (Chen et al., 2014). It may be that KDM4B is related to DNA damage repair. Once the DNA damage cannot be recovered, the cell will stall in the cycle preparation stage (Chen et al., 2014; Deng et al., 2018). The silencing of KDM4B can also lead to cell apoptosis, which is related to the down-regulation of apoptosis inhibitor protein Bcl-2 (Sun et al., 2014). In in vivo experiments, the intratumoural injection of KDM4B siRNA has been shown to result in tumors shrinking by the inhibition of the DNA damage response (Chen et al., 2014; Deng et al., 2018). This suggests that radiation therapy combined with KDM4B knockdown could be an effective treatment strategy.
3.6 Liver cancer
KDM4B is significantly upregulated in liver neoplasms than normal tissues, whose expression is positively correlated with tumor grade and Ki67, and KDM4B may be a potential diagnostic marker for liver cancer (Lu et al., 2015). A related radiotherapy sensitizer, emodin, has been found to reduce the expression of KDM4B to enhance the effect of radiotherapy (Hwang et al., 2015). In general, the combined treatment of radiotherapy and KDM4B inhibitors may be an effective strategy for the treatment of liver cancer.
3.7 Other cancers
In addition to the above cancers, KDM4B also plays an important role in the development of some other human cancers. In pancreatic cancer, KDM4B has been shown to regulate ZEB1 expression during TGF-β -induced EMT, and silencing KDM4B can significantly inhibit the migration and invasion of pancreatic cancer cells and EMT (Li et al., 2015). In ovarian cancer, KDM4B is induced under hypoxia, and deletion of KDM4B increases H3K9me3 level at target gene promoters such as the LOXL2, LCN2, and PDGFB promoters, thereby inhibiting the invasion, migration and globulization of ovarian cancer cells. KDM4B is a major factor affecting the prognosis of ovarian cancer (Wilson et al., 2017). However, in endometrial cancer, KDM4B modulates AR activity to promote endometrial cancer progression (Qiu et al., 2015) and was identified as a hub gene for cancer development by bioinformatics analysis (Zhang and Wang, 2019). The mechanism underlying the effects of KDM4B on myeloma remains largely unknown. However, studies have shown that triptolide decreases the levels of H3K4me2, H3K9me2, and H3K36me2 and induces apoptosis in myeloma cells by altering the expression of KDM4B (Wen et al., 2012). KDM4B is upregulated in osteosarcoma compared with normal tissues and can promote fibroblast growth factor 2 (FGF2) upregulation, which promotes the proliferation, migration, and invasion of osteosarcoma cells (Li and Dong, 2015). Although the significance of KDM4B in lung cancer remains to be elucidated, a large proportion of KDM4B-positive patients have significantly poorer prognosis than do KDM4B-negative patients, and KDM4B may serve as a new prognostic factor after lung cancer resection (Toyokawa et al., 2016). Functional inhibition of KDM4B reduces cisplatin resistance of non-small cell lung cancer (NSCLC) during the treatment of NSCLC (Duan et al., 2019a). The mechanism of KDM4B in leukemia is not well defined, and KDM4B expression is downregulated in chronic lymphoid leukemia (CLL) (Filiu-Braga et al., 2019), but KDM4B is known as an oncogene in acute lymphoid leukemia and its expression can be reduced using the spermidine analog Analogue-N 4-erucoyl Spermidine (Filiu-Braga et al., 2019). In classical Hodgkin lymphoma, high expression of KDM4B is significantly associated with worse prognosis and resistance to radiotherapy in patients (Bur et al., 2016).
Taken together, these findings clearly show that KDM4B acts as an oncogene in these other cancers. However, the carcinogenic mechanism of KDM4B in many tumors has not been deeply discussed and needs to be further studied, such as myeloma, lung cancer, leukemia, and classical Hodgkin lymphoma. In future, further studies on KDM4B in different tumors and tissues will provide more reliable evidence for whether KDM4B can be used as a tumor marker or even as a gene target for tumor therapy.
4 THE REGULATION OF KDM4B ACTIVITY
4.1 Intracellular Regulators of KDM4B
Identified as endogenous regulatory factors of KDM4B, several microRNAs, such as miRNA-491-5P, have been found to inhibit KDM4B expression by binding to the 3′ UTR of KDM4B mRNA, thereby inhibiting the proliferation of breast cancer and gastric cancer cells (Zeng et al., 2015; Zhang et al., 2018). There are also several factors that promote the transcription of KDM4B under hypoxic conditions. HIF-1α recognizes and binds to the CCAAT sequence in the promoter sequence of the KDM4B gene, thereby inducing transcription of KDM4B (Beyer et al., 2008). During adipocyte differentiation, CCAAT/C/EBP β binds to the promoter of KDM4B and activates KDM4B transcription (Guo et al., 2012). In colorectal cancer cells, the transcription factor CREB directly binds to the appropriate region of the KDM4B promoter to activate KDM4B expression and induces radiation therapy resistance (Deng et al., 2018). DLX5 enhances the expression of KDM4B by binding to the promoter of KDM4B during osteoblast differentiation of dental tissue-derived mesenchymal stem cells (Yang et al., 2019). In human mesenchymal stem cells, the transcription factor TGF-β significantly increases KDM4B expression, thereby enhancing chondroblast differentiation ability (Lee et al., 2016).
In addition, the molecular chaperone heat shock protein 90 (Hsp90) can inhibit the ubiquitination of KDM4B by interacting with it (Ipenberg et al., 2013). Therefore, geldanamycin, a pharmacological inhibitor of Hsp90, can increase the ubiquitination level of KDM4B and thus indirectly decrease the KDM4B protein level (Ipenberg et al., 2013). Recent studies have found that mild stress-induced activation of TP53 can transcriptionally induce fbxo22, increase the ubiquitination level of KDM4B and directly degrade the KDM4B protein, while the phosphorylation of KDM4B by p-AKT1 can inhibit this process (Suzuki et al., 2021) (Figure 2).
[image: Figure 2]FIGURE 2 | KDM4B plays an intermediate role in cell signal transduction.
4.2 Extracellular Regulators of KDM4B
4.2.1 Regulation of KDM4B in a Hypoxic Environment
In tumors, hypoxia is an important extracellular regulator that leads to increased HIF-1α levels (Semenza, 2009). Several earlier reports have found that HIF-1α is associated with KDM4B upregulation under hypoxia (Beyer et al., 2008; Pollard et al., 2008). HIF-1α is stably expressed under hypoxia (Salminen et al., 2016)and could recognize and bind to the CCAAT sequence in the promoter sequence of the KDM4B gene, thus inducing increased transcription of KDM4B (Beyer et al., 2008). In breast cancer cells, HIF-1α upregulates the expression of KDM4B and further promotes the progression of breast cancer in association with ERα (Yang et al., 2010). In colorectal cancer cells, KDM4B expression is induced by HIF-1α, and KDM4B upregulates the expression of hypoxia-inducing genes such as carbonic anhydrase 9 (CA9) by decreasing H3K9me3 markers in the promoter (Fu et al., 2012). In gastric cancer cells, KDM4B binds to the promoter CCNA1 to result in CCNA1 upregulation under hypoxic conditions, thereby promoting cancer cell proliferation (Kim et al., 2012). In epithelial ovarian cancer cells, hypoxia leads to upregulation of the KDM4B gene, which reduces H3K9me markers in the promoters of transfer-related genes such as LOXL2, LCN2, and PDGFB, thereby increasing the expression of these genes and ultimately facilitating ovarian cancer cell migration and invasion (Wilson et al., 2017).
4.2.2 Sex Hormones and Regulation of KDM4B
Sex hormones, mainly produced by sex organs, can act on sex hormone receptors extracellularly, thereby triggering a cascade of reactions that promote KDM4B expression (Duan et al., 2019b; Jones et al., 2019). Studies have shown that KDM4B is highly expressed in breast cancer cells with positive ERα expression (Yang et al., 2010). ERα is activated by binding to the estradiol 17-beta-estradiol (E2), which induces the expression of KDM4B (Kawazu et al., 2011; Shi et al., 2011). KDM4B is recruited to the ERα target to demethylate H3K9me3 markers and promote the transcription of ER responsive genes such as MYB, MYC, and CCND1 (Kawazu et al., 2011). Furthermore, KDM4B is also essential for ER transcription and is a key cascade signaling protein (Gaughan et al., 2013). In breast cancer cell lines, KDM4B demethylation of repressive H3K9me3 marks within upstream regulatory ER promoter regions permits binding of GATA-3 to drive ER expression (Gaughan et al., 2013). KDM4B has been found to be regulated by dihydrotestosterone (DHT) and AR, and they both bind to the KDM4B promoter region to promote the transcription of the KDM4B gene (Coffey et al., 2013). In addition, KDM4B not only participates in the transcription of AR downstream genes, but also inhibits the ubiquitination and degradation of AR (Coffey et al., 2013).
4.2.3 Other Extracellular Regulators
Radiation therapy is a common cancer treatment and is generally used in 45–60% of cancer patients (Xiang K. et al., 2020). Radiation was a negative regulator of KDM4B expression and regulates global histone methylation of cancer cells (Kim et al., 2012). The radiation-mediated reduction in KDM4B inhibited CCNA1 expression under hypoxia condition, which severely impeded gastric cancer cell proliferation (Kim et al., 2012). Moreover, recent studies have also found that some metabolites produced by mutant isocitrate dehydrogenase-1 (IDH1) or-2 (IDH2), such as 2-hydroxyglutarate, succinate, and fumarate, can also significantly reduce the protein expression of KDM4B and inhibit DNA repair process (Sulkowski et al., 2020). In conclusion, regulation of histone demethylase KDM4B, which is a potential therapeutic target, might improve the efficacy of cancer treatment.
KDM4B is transcriptionally promoted by multiple transcription factors and repressed by miR-491-5p at the RNA level and ubiquitination of FBXO22 at the protein level. Ultimately, the main function of KDM4B is to switch H3K9me3 to H3K9me1 to turn on the expression of downstream genes via histone demethylation. In addition, when phosphorylated, KDM4B binds to the splicing factor SF3B3 to splice the newly synthesized mRNA of AR in the chromatin region.
5 KDM4 INHIBITORS AS EMERGING EPIGENETIC CANCER AGENTS
5.1 1,5-Bis[(E)-2-(3,4-dichlorophenyl) ethenyl]-2,4-Dinitrobenzene (NSC636819)
1,5-Bis [(E)-2-(3,4-dichlorophenyl) ethenyl]-2,4-dinitrobenzene, NSC636819, was the first KDM4A/KDM4B inhibitor to be discovered and reported, with inhibition rates of 28% (KDM4A) and 35% (KDM4B) (Chu et al., 2014). This compound competitively binds to the active demethylase site in the JmjC domain of KDM4A and KDM4B, thus blocking their demethylation ability. In LNCaP cell lines, NSC636819 inhibits the histone demethylation of KDM4A and KDM4B as well as upregulates the H3K9me3 level, ultimately inhibiting the proliferation of prostate cancer cells (Chu et al., 2014). Interestingly, this compound has less effect on normal prostate cells than on prostate cancer cells when used at the same concentration, suggesting that it may have potential as a targeted agent for prostate cancer therapy (Chu et al., 2014). Currently, NSC636819 has no other use, and it has not been tested in animal or clinical trials.
5.2 B3 (NCGC00244536)
B3, NCGC00244536, was previously identified as a KDM4 inhibitor (Table 1). However, a recent study has shown that B3 exhibits a stronger inhibitory effect on KDM4B than on other KDM4 proteins. Therefore, NCGC00244536 is now considered as a KDM4B inhibitor (Duan et al., 2015). B3 directly binds to the demethylase catalytic site of the KDM4 protein, thereby inhibiting the activity of KDM4B (Duan et al., 2015). B3 inhibits the proliferation of various cancer cells, such as prostate, breast and cervical cancer cells, and it has little toxicity and few side effects in normal tissue cells (Duan et al., 2015). In a xenotransplantation model using PC3 cell-derived tumors in mice, B3 significantly inhibits tumor growth, and the mice show no significant toxicity or side effects (Duan et al., 2015). This result suggests that B3 has great potential as a gene-targeted drug to inhibit prostate cancer.
TABLE 1 | Application of KDM4B related inhibitors in various diseases.
[image: Table 1]5.3 2-Oxoglutarate (2-OG) Analogs
Fe (II) and 2-oxoglutarate (2-OG) oxygenases are necessary factors for histone demethylation in the JmjC domain of KDM4 family proteins (Hamada et al., 2010). 2-OG helps to add oxygen atoms to the methyl group to facilitate subsequent demethylation (Rose et al., 2008). Therefore, the catalytic activity of KDM4 family proteins is easily inhibited by 2-OG analogs (Laukka et al., 2018). 2-OG analogs can compete with 2-OG oxygenases to bind to the JmjC domain, but they do not have oxygenase activity (Hamada et al., 2010).
QC6352, a 2-OG analog developed and reported by Chen et al., in 2017, is an effective KDM4 family inhibitor obtained through continuous optimization of drug structure (Chen et al., 2017). Multiple experimental results have validated that the IC50 value of QC6352 for the inhibition of KDM4B activity is approximately 56 ± 6 nm (Chen et al., 2017; Metzger et al., 2017). The pyridine carboxylate core of QC6352 binds to the Jumonji C domain, forming a structure similar to that created when 2-OG binds and forms hydrogen bonds with Y132 and K206 of the KDM4 protein functional region, which prevents it from performing histone demethylation (Chen et al., 2017). Currently, QC6352 is mainly used to treat breast cancer. QC6352 has been found to block the proliferation of breast cancer stem cells and xenograft neoplasia, and it has been shown to have promising in vivo efficacy in a breast cancer patient-derived xenograft (PDX) (Chen et al., 2017). QC6352 blocks the proliferation of breast cancer stem cells and xenograft tumor formation (Metzger et al., 2017). In addition QC6352 can also inhibit the expression of epidermal growth factor receptor (EGFR) (Metzger et al., 2017), which may explain the decrease in tumor-initiating cell populations associated with chemotherapy resistance (Chen et al., 2017).
5.4 Ciclopirox
Ciclopirox (CPX), a member of the hydroxypyridinone class, has a high affinity for trivalent metal cations and has long been used as a common topical antifungal agent in clinical practice (Subissi et al., 2010). Further research on CPX has shown that it inhibits neuroblastoma, improves diabetes and its complications as well as prevents HIV infection. Interestingly, the functionality of CPX is related to its ability to chelate metal ions (Shen and Huang, 2016). Yang et al. found that CPX weakens the histone demethylase activity of KDM4B by inducing molecular interactions between nickel ions and the KDM4B protein, thus indirectly inhibiting the downstream MYC signaling pathway and mitochondrial oxidative phosphorylation in neuroblastoma, which inhibits the proliferation of neuroblastoma (Yang et al., 2017). Due to its low toxicity, CPX may have potential as a cancer-targeted drug that indirectly targets MYC (Table 1).
6 CONCLUSION
The KDM4B protein contains 1,096 amino acids and is mainly composed of four functional domains as follows: JmjN, JmjC, PHD, and Tudor. The JmjC domain is responsible for histone demethylation and plays a major role, but its function requires assistance from the JmjN domain (Shin and Janknecht, 2007b). The PHD and Tudor domains also help the protein target specific histone lysines, preventing KDM4B from functioning without regulation (Iwase et al., 2007). KDM4B is essentially a histone demethylase, and like most histone demethylases, it eliminates trimethylation of histone lysines, opens up chromatin, and enables the expression and translation of downstream genes (Fodor et al., 2006). The main carcinogenic effect of KDM4B is due to its ability to activate more oncogene signaling pathways after abnormal expression.
KDM4B and KDM4 family proteins play an important role in cell differentiation and organ development. KDM4B is critical for the maintenance of embryonic stem cells. KDM4B not only exerts histone demethylation ability to promote stem cell proliferation by interacting with Nanog at specific locations (Das et al., 2014), but also ensures the continuous feeding ability of trophoblast cells (Mak et al., 2021). Overexpression of KDM4B improves the survival rate of embryos in vitro (Antony et al., 2013). However, because KDM4B helps maintain an undifferentiated state (Wulansari et al., 2021), the overexpression of KDM4B may also be detrimental to the normal differentiation and development of stem cells. KDM4B can also promote the expression of the inflammation-related genes Notch1, IL-1, and IL-2, and excessive expression may cause adverse inflammatory responses (Das et al., 2013). Therefore, KDM4B is necessary for stem cell self-renewal and differentiation, but its level needs to be appropriate in mesenchymal stem cells. Because KDM4B can promote adipose differentiation or osteogenic differentiation as needed. Loss of KDM4B may lead to adverse conditions such as hyperlipidemia and osteoporosis (Ye et al., 2012; Cheng et al., 2018). KDM4B can also directly induce and activate the expression of sex hormone-related proteins, and there is a significant positive correlation between KDM4B and the expression of these proteins in the breast and prostate, indicating that KDM4B is an indispensable protein for sexual maturation (Shin and Janknecht, 2007a; Gaughan et al., 2013).
Because of its ability to promote gene expression, KDM4B is utilized as an intermediate binding protein by many oncoproteins in various types of cancers. Therefore, KDM4B is often considered as an oncogene in cancers (Berry and Janknecht, 2013). In cancer research, the KDM4B protein itself has not been reported to induce carcinogenesis through the generation of mutations. However, in cancer, the carcinogenic mechanism of KDM4B is due to an abnormal increase in its expression, resulting in activation of multiple oncogene signaling pathways by histone demethylation, such as binding with MYC, AR or ER to promote the expression of downstream genes (Coffey et al., 2013; Yang et al., 2015; West et al., 2016; Tang et al., 2020). In these reported cancers, the expression of KDM4B in cancer tissues is indeed higher than that in normal tissues, which indicates abnormal expression.
Currently, many inhibitors of KDM4B and the entire family of proteins are being tested and developed. Scientists suggest that KDM4B is an effective target and that blocking it could disrupt the interactions between cancer cell proteins (Stavropoulos and Hoelz, 2007). However, whether the inhibitors of KDM4B are effective and harmless to humans has not been reported. According to previous studies, KDM4B plays an irreplaceable role in the normal human body. Therefore, large-scale use of KDM4B inhibitors may inhibit the activity of KDM4B in normal cells, which may lead to adverse consequences, such as gonadal hypoplasia, osteoporosis and even obesity. Therefore, the use of KDM4B inhibitors requires reasonable assessment of the dosage and scope of action. As mentioned above, further exploring the mechanism of KDM4B in normal and tumor tissues can we provide more reliable evidence for whether KDM4B will be used as a tumor marker or even as a gene target for tumor therapy.
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Glucose metabolic reprogramming and immune imbalance play important roles in the progression of cancers. The purpose of this study is to develop a glycolysis-related prognostic signature for endometrial cancer (EC) and analyze its relationship with immune function. The mRNA expression profiling of the glycolysis-related genes and clinical data of EC patients were downloaded from The Cancer Genome Atlas (TCGA). We identified a glycolysis-related gene prognostic signature for predicting the prognosis of EC by using The Least Absolute Shrinkage and Selection Operator (LASSO) regression and found the patients in the high-risk group had worse survival prognosis. Multivariate Cox regression analysis showed that the gene signature was an independent prognostic factor for EC. The ROC curve confirmed the accuracy of the prognostic signature (AUC = 0.730). Then, we constructed a nomogram to predict the 1–5 years survival rate of EC patients. The association between the gene signature and immune function was analyzed based on the “ESTIMATE” and “CIBERSORT” algorithm, which showed the immune and ESTIMATE scores of patients in the high-risk group were lower, while the low immune and ESTIMATE scores were associated with a worse prognosis of patients. The imbalance of immune cells was also found in the high-risk group. Further, the protein of CDK1, a gene in the signature, was found to be closely related to prognosis of EC and inhibition of CDK1 could inhibit migration and promote apoptosis of EC cells. This study reveals a link between glycolysis-related gene signature and immunity, and provides personalized therapeutic targets for EC.
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INTRODUCTION
Endometrial cancer (EC) is one of the most common gynecological malignancies. The latest cancer statistics of the American Cancer Society showed that the number of new cases in the United States increased by 63,230, with 11,350 deaths being reported, and the incidence rate ranked fourth in female malignant tumors and sixth in deaths in 2018 (Sheikh et al., 2014; Siegel et al., 2018). In addition, the 5-years disease-free survival rate and 5-years overall survival rate of patients with EC were 82.3 and 81%, respectively, and the tumor recurrence rate and tumor-related mortality rate were 14.5 and 15.9%, respectively (Tejerizo-García et al., 2013). Although early diagnosis, surgery, radiotherapy, and chemotherapy can significantly improve the survival times of patients, the treatment for early patients with the need for fertility preservation, advanced tumor, and relapse is still limited. Therefore, it is urgent to explore new prognostic biomarkers and therapeutic targets.
Metabolic reprogramming is one of the most important characteristics of tumor cells. Approximately 80% of glucose was used to produce ATP in tumor cells through aerobic glycolysis accompanied by lactic acid production even under aerobic environment, known as the “Warburg effect” (Hanahan and Weinberg, 2011). Studies have shown that the glucose metabolism reprogramming of tumor cells is closely related to the occurrence, progression, and chemotherapy resistance of tumors (Icard et al., 2018). It was reported that multiple genes could promote the progression of EC by promoting glycolysis (Han et al., 2019). Since glucose metabolism reprogramming is an important feature that distinguishes tumor cells from normal cells, it may be of great significance to explore prognostic genes and potential therapeutic targets of EC from the perspective of abnormal glucose metabolism.
Immune cells and stromal cells are two primary types of nontumor components in the tumor microenvironment and have been proposed to be of considerable importance for tumor diagnosis and prognosis evaluation (Ren et al., 2018). Estimation of stromal and immune cells in malignant tumors using expression data (ESTIMATE) could predict tumor purity by analyzing gene expression (Yoshihara et al., 2013). Recently, a study has reported the relationship between the immune microenvironment and prognosis of patients with colorectal cancer metastasis, and found that the metastasis with the smallest number of immune cells entering represented the worst immune microenvironment; therefore, tumor immune escape was most likely to occur (Van den Eynde et al., 2018). Therefore, the infiltration of immune cells in tumors is closely related to the clinical outcome of patients.
Many studies have reported the relationship between glycolysis and tumor immunity (Justus et al., 2015; Cascone et al., 2018; Deng et al., 2018). It has been reported that enhanced glycolysis of tumor cells could become the main obstacle of targeted treatment of tumor immune cells by affecting the infiltration of immune cells in the tumor microenvironment, while interference with glycolysis of tumor cells could enhance the effective infiltration of antitumor immune cells (Ganapathy-Kanniappan, 2017). It is suggested that further study of the relationship between glycolysis and tumor immunity is of strong significance for the effective targeted treatment of tumors. However, studies investigating glycolysis genes and their prognostic value and relationship with immune function in patients with EC are limited. In this study, we analyzed the mRNA expression profiling of EC from The Cancer Genome Atlas (TCGA) and established a 10 glycolysis related gene signature by using LASSO regression analysis. Further, we constructed a nomogram based on the gene signature and clinicopathological factors to predict the prognosis of EC patients. In addition, we analyzed the immune scores and immune cell infiltration related to the glycolysis-related gene signature. Finally, CDK1, a glycolysis related gene in the signature was proposed to be related to the prognosis of EC and its function was validated in vitro.
MATERIALS AND METHODS
Data Collection and Preparation
We downloaded mRNA expression profiling (FPKM format) of EC from the TCGA database, including 552 EC and 35 normal samples (https://portal.gdc.cancer.gov/). The corresponding clinicopathological information, including age, tumor stage, grade, metastasis, lymph node metastases, survival time, and survival status, were downloaded from the TCGA data portal.
Screening Glycolysis Related Genes and Functional Enrichment Analysis
We downloaded the gene sets related to glycolysis from the Molecular Signatures database (MSigDB) of the Gene Set Enrichment Analysis (GSEA) website, including HALLMARK_GLYCOLYSIS, KEGG_GLYCOLYSIS_GLUCONEOGENESIS and REACTOME_GLYCOLYSIS (http://software.broadinstitute.org/gsea/index.jsp). Perl script was used to extract the expression matrix of glycolysis-related genes. The R “limma” package was used to screen the differentially expressed genes (DEGs), and the screening conditions were |logFC|>0.5 and false discovery rate (FDR) < 0.05. Volcano plots and heatmap clustering were conducted using R software. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were performed using the R “ClusterProfiler” package (Yu et al., 2012).
Construction of the Prognostic Glycolysis-Related Gene Signature
A univariate Cox regression was used to screen the prognostic glycolysis-related DEGs, and p < 0.01 was considered to be statistically significant. LASSO regression was applied to establish the prognostic gene signature (Zhou et al., 2018). The risk score of the gene signature = (coef 1×expression of gene 1)+(coef 2×expression of gene 2)+.+(coef n×expression of gene n). Based on the risk score, the patients were divided into high- and low-risk subgroups for subsequent study. The overall survival of patients in the high- and low-risk subgroups were analyzed by using the R “survival” and “survminer” packages, and Kaplan-Meier (K-M) survival curves were drawn. The risk curve and survival state diagram were drawn by the R software package. Univariate and multivariate Cox regression analyses were used to analyze the prognostic factors of EC, and receiver operating characteristic (ROC) curves were drawn by the R “survivalROC” package. The nomogram was constructed using R software to integrate multiple prediction indicators based on multivariate Cox regression analyses (Tang et al., 2016).
Estimation of Immune and Stromal Scores Related to Gene Signature
We used the “ESTIMATE” algorithm to calculate the immune scores (which capture the presence of stroma in tumor tissue), stroma scores (which capture the infiltration of immune cells in tumor tissue), and estimate scores (which infer tumor purity). According to the immune scores, stroma scores, and ESTIMATE scores, the patients were divided into high- and low-score subgroups by using the median value as the threshold. The overall survival of patients in the low- and high-score subgroups was analyzed by the R “survival” package. The immune scores and stromal scores of patients in the high-risk and low-risk subgroups were also calculated by ESTIMATE, and the immune scores and stromal scores of the high-risk subgroup and low-risk subgroup were compared by the Wilcoxon test; p-values < 0.05 were considered to be significant.
Association Between the Gene Signature and Tumor-Infiltrating Immune Cells
The mRNA expression profiling of EC was transformed into a matrix of immune cells based on CIBERSORT software. The difference in tumor-infiltrating immune cells between the high-risk subgroup and low-risk subgroup was screened by the R “limma” package, and the screening condition was p < 0.05. The cor. test in R was used to analyze the correlation coefficient between the 10 glycolysis-related genes and immune cell infiltration, and the correlation graph was drawn by the R “ggcorrplot” package.
A Gene Co-expression Network Was Built by the WGCNA
We conducted the weighted correlation network analysis (WGCNA) to identify the potential mechanisms associated with the gene prognosis model. We first filtered out the best soft threshold by “WGCNA” R package to maintain sufficient connectivity and keep the gene network close to the scale-free topology. Second, we performed the analysis module associated with the risk model and other clinical factors. Furthermore, the key genes were identified from the WGCNA analysis. Then, the metascape online website (https://metascape.org/gp/index.html) was used to perform the GO and KEGG analysis about the key genes related with the gene prognosis model (p value cutoff: 0.01). Also, GSEA software was used to analyze the significantly enriched signal pathways between high-risk and low-risk groups (using FDR<0.05 as the cut-off criterion).
Genetic Alteration, Co-expression, and Neighbor Gene Network Analyses
The cBioPortal website (https://www.cbioportal.org/) developed by Memorial Sloan Kettering Cancer Center (MSKCC) is a comprehensive open network platform based on the TCGA database that integrates data mining, data integration, and visualization (Gao et al., 2013). The genetic alterations of 10 glycolysis-related genes were obtained from cBioPortal based on TCGA. There were 548 EC samples (TCGA, Firehose Legacy) analyzed. Mutations and mRNA expression z-scores (RNA Seq V2 RSEM) with a z-score threshold ±2 were selected. The protein-protein interactions (PPI) network was constructed by using the STRING database (http://string-db.org/) to screen the proteins that have the closest relationship with the 10 genes with high confidence 0.700. IntAct database was also used to construct a network including the physical association and direct interaction between the 10 genes and related proteins (https://www.ebi.ac.uk/intact/). A protein regulatory network of CDK1 was constructed based on the BioGRID database (https://thebiogrid.org/). The expression of glycolysis-related genes in the gene signature was further validated at the protein level (The Human Protein Atlas database: http://www.proteinatlas.org). The clinical prognosis analysis of proteins corresponding to the genes in the signature was performed on the cancer proteome atlas (https://www.tcpaportal.org/tcpa/survival_analysis.html).
External Validation Based on the Clinical Samples
The glycolysis-related gene signature was further validated by our own clinical data including 24 EC samples from surgical patients in the Department of Obstetrics and Gynecology, Peking University People’s Hospital. Total RNA isolation and RNA sequencing were performed as previously reported (Yin et al., 2019). The patients were followed-up by February 2018. This study was approved by the Institutional Ethics Committee (Human Research) of Peking University People’s Hospital and informed consent was obtained from the patients.
In vitro Validation
EC cell line Ishikawa was obtained from a gynecologic laboratory in Peking University People’s Hospital. The Ishikawa cells were cultured with DMEM/F-12 medium (Macgene, Beijing) containing 10% FBS in 5% CO2 incubator at 37°C.
Ro 3306 (MCE, HY-12529), a selective inhibitor of CDK1 was used to verify the function of CDK1 in EC cells. Ishikawa cells were inoculated into 96 well plates (3000 cells/well), and cell counting Kit-8 (CCK-8) was used to detect the effect of Ro 3306 on the proliferation of Ishikawa according to the instructions. The half maximal inhibitory concentration (IC50) was calculated.
To study the effect of Ro 3306 on the migration ability of endometrial cancer cells, scratch test and transwell were performed. Ishikawa cells were inoculated into six well plates. When the fusion degree of cells reaches 90%, a scratch was made by 100 μL tips. Ishikawa cells were treated with Ro 3306 5 μM, 10 μM, respectively and established the control group. The scratches were imaged at 0 and 48 h. For the transwell experiment, 8*104 cells were inoculated into the upper chamber with serum free medium, and 500 μL medium containing 10% FBS was added in the lower chamber. After 36 h, the cells near the lower chamber were fixed by paraformaldehyde and stained with crystal violet. The invasion cells were photographed. Further, we performed flow cytometry to detect the effect of Ro 3306 on the apoptosis of Ishikawa. The cells were treated as above. After 24 h, the cells (5*105) were harvested and incubated with 5 μL PI and 5ul Annexin-FITC (BD, 556547) for 20 min, then analyzed on flow cytometry.
RESULTS
Glycolysis-Related Gene Sets Differ Significantly Between EC and Normal Samples
The mRNA expression profiling of EC was downloaded from TCGA, including 35 normal and 552 EC samples, and these data were analyzed as in the flowchart (Figure 1). GSEA software was used to analyze the enrichment of three glycolysis gene sets in the EC and normal groups. We found that there was a significant difference (FDR<0.01) in the three glycolysis-related gene sets between the EC group and the normal control group (Figure 2A–C).
[image: Figure 1]FIGURE 1 | The flow chart of the study design and analysis.
[image: Figure 2]FIGURE 2 | Enrichment plots of three glycolysis-related gene sets which were significantly differentiated between normal and EC tissues using GSEA. (FDR is the corrected p value of the multiple hypothesis test, NES stands for normalized enrichment score) (A). Glycolysis-related HALLMARK gene sets (B). Glycolysis-related KEGG gene sets (C). Glycolysis-related REACTOME gene sets.
Identification of Glycolysis-Related DEGs
Perl was used to extract the expression matrix of the selected glycolysis genes from mRNA expression profiling of EC. We further screened the differentially expressed glycolysis genes between the EC and normal group using the R “limma” package (FDR<0.05, |logFC|>0.5). The results showed that there were 156 DEGs, 128 of which were upregulated, and 28 of which were downregulated (Figure 3A). The R “heatmap” package was used to draw the heatmaps (Figure 3B).
[image: Figure 3]FIGURE 3 | Identification of differentially expressed genes (DEGs) related to glycolysis of TCGA datasets between normal and EC tissues and GO and KEGG pathway enrichment analysis of DEGs (A). Differential expression genes between two groups. The red dot is the up-regulated gene, the green dot is the down-regulated gene, and the black dot is the other genes without significant difference screened by the criteria of |Fold Change|>0.5 and FDR<0.05 (B). Hierarchical clustering of differentially expressed genes in two groups (C). The GO functional enrichment analysis of differential genes includes three domains: molecular function, biological process, and cell composition (D). KEGG pathway analysis of differentially expressed genes.
To further verify whether these DEGs are related to glycolysis, we used the R “ClusterProfiler” package to analyze GO and KEGG enrichment. The results showed that in the biological process (BP), the DEGs were mainly involved in pyruvate metabolic process, the glycolytic process, and the oxidoreduction coenzyme metabolic process. In molecular function (MF), the DEGs are primarily involved in glucose binding, carbohydrate kinase activity, and sugar phosphatase activity. In the cell components (CC), the DEGs are mainly involved in the nuclear envelope and secreted granule lumen (Figure 3C). The results of KEGG enrichment analysis showed that the DEGs were mainly involved in glycolysis/gluconeogenesis, carbon metabolism, and the HIF-1 signaling pathway (Figure 3D). These results suggested that these DEGs were related to glycolysis in EC.
Construction of the Glycolysis-Related Gene Signature to Predict Patient Outcomes
We performed univariate Cox regression analysis and a total of 11 glycolysis related genes were screened to be closely related to the survival of EC patients. HR > 1 represents a risk gene (p < 0.05) (Figure 4A). Furthermore, the prognostic gene signature was constructed by LASSO regression analysis, and finally 10 genes were screened to establish the prognostic gene signature, namely, PFKM, PSMC4, NUP85, PDHA1, CDK1, CLDN9, CENPA, GPI, NUP155, and GPC1 (Figures 4B,C and Supplementary Table S1). The risk score of the gene signature= (0.0420×expression of PFKM) + (0.0032×expression of PSMC4)+(0.0097×expression of NUP85) + (0.0138×expression of PDHA1) + (0.0028×expression of CDK1) + (0.0024×expression of CLDN9) + (0.0252×expression of CENPA) + (0.0004×expression of GPI) + (0.0253×expression of NUP155) + (0.0067×expression of GPC1).
[image: Figure 4]FIGURE 4 | Construction and validation of prognostic model prognosis-associated genes of EC (A). Results of univariate Cox analysis for the prognostic genes in EC. (B,C). LASSO regression model (D). Kaplan-Meier analysis for the 10 glycolysis-related gene signatures related to risk score predicts overall survival in patients with EC (E). Gene signature-related risk score distribution in each patient (F). Survival days of patients in order of the value of risk scores (G). A heatmap of 10 glycolysis-related gene signatures.
Based on this gene signature, all patients were divided into high- and low-risk subgroups using the risk score median as the threshold. K-M analysis showed that the overall survival rate of patients in the high-risk subgroup was significantly lower than that of the low-risk subgroup (p < 0.05) (Figure 4D). Then, patients were ranked according to the risk score, and the 10 gene signature were ranked according to the order of increasing risk score. The results indicated that the number of deaths increased with increasing risk score, and the expression levels of PFKM, PSMC4, NUP85, PDHA1, CDK1, CLDN9, CENPA, GPI, NUP155, and GPC1 were positively correlated with the risk score, which further confirmed that PFKM, PSMC4, NUP85, PDHA1, CDK1, CLDN9, CENPA, GPI, NUP155, and GPC1 were risk genes (Figure 4E–G).
To further evaluate whether the constructed 10 gene signature is an independent prognostic factor for EC, we conducted univariate and multivariate Cox regression analysis (Figure5A,B). The results showed that risk score was an independent prognostic factor of EC, and age, grade, and stage were also independent prognostic factors (p < 0.05). To evaluate the clinical diagnostic ability of the 10 gene signature, we conducted ROC analysis. The results showed the risk score (area under the curve, AUC = 0.730), stage (AUC = 0.708), grade (AUC = 0.667), age (AUC = 0.630), LNM (AUC = 0.597), and metastasis (AUC = 0.567) (Figure 5C). In addition, the AUC of the survival assessment was 0.807 of three factors (age, grade, and stage) and 0.822 of three factors + riskScore (Figure 5D,E). The nomogram was also built based on the glycolytic gene signature and clinicopathological prognostic factors in EC (Figure 5F). These results suggested that the 10 gene signature has great potential significance in predicting EC prognosis.
[image: Figure 5]FIGURE 5 | Forrest plot of the univariate and multivariate Cox regression analysis in EC (A). The regression analysis of overall survival in EC (B). The multivariate Cox regression analysis in EC (C). ROC curve analysis was performed to evaluate the diagnostic efficacy of the gene signature and other clinical characteristics (D,E). ROC curve analysis was performed to evaluate the diagnostic efficacy of the three factors (age, grade, and stage) and three factors + riskScore (F). Nomogram is used to show the relationship between the variables in the prediction model and predict the 1–5 years overall survival rate of patients.
Estimation of Immune and Stromal Scores Related to Gene Signature
Since immune cells and stromal cells are two main types of nontumor components in the tumor microenvironment, they have been proposed to be valuable for tumor diagnosis and prognosis evaluation. Therefore, to further reveal the relationship between the tumor microenvironment and the 10 gene signature, we first estimated immune scores, stromal scores, and ESTIMATE scores of 552 EC samples in TCGA by the “ESTIMATE” algorithm. Immune scores and stromal scores are used to reflect the presence of immune cells and stromal cells, and ESTIMATE scores to represent the purity of the tumor. Further, we found that the immune scores, stromal scores, and ESTIMATE scores of the high-risk subgroup were lower than those of the low-risk subgroup (Figures 6A–C). More importantly, the overall survival rate of patients with low immune scores was significantly lower than that of patients with high immune scores, and there was no significant difference in the overall survival rate of patients with low and high stroma scores, while the overall survival rate of patients with low ESTIMATE scores was also lower than that of patients with high ESTIMATE scores (Figures 6D–F). These results indicated that the poor prognosis of patients in the high-risk group may be closely related to the lower immune cells and lower purity of the tumor.
[image: Figure 6]FIGURE 6 | Immune scores, stromal scores, and ESTIMATE scores of 10 glycolysis-related gene signatures were related to risk score (A). Immune scores for patients in the low- vs. high-risk group (B). The stromal scores for patients in the low- vs. high-risk group (C). The ESTIMATE scores for patients in the low- vs. high-risk group (D). Kaplan-Meier analysis of overall survival for patients with low vs. high immune scores (E). Kaplan-Meier analysis of overall survival for patients with low vs. high stromal scores (F). Kaplan-Meier analysis of overall survival for patients with low vs. high ESTIMATE scores.
Correlation Between Immune Cell Infiltration and the 10 Gene Signature
To further verify the relationship between immune cell infiltration and the gene signature, we analyzed the proportion of 22 kinds of immune cells by using the “deconvolution method” of CIBERSORT software, and the samples were screened by p < 0.05. The results showed that compared with the low-risk subgroup, immune cells, such as activated dendritic cells, M1 macrophages, M2 macrophages, activated T memory cells, and T follicular helper cells, increased significantly in the high-risk group, while dendritic cell resetting, T cell memory resetting, and T regulatory (Treg) cells decreased significantly in the high-risk group (Supplementary Figure S1A). Furthermore, K-M analysis was used to screen the immune cells closely related to the prognosis of patients. The results indicated that the overall survival rate of patients in the high-proportion group of resting dendritic cells, activated NK cells, and regulatory T cells (Tregs) was significantly higher than that of the low-proportion group (Supplementary Figure S1B). Taken together, the poor prognosis of high-risk patients may be related to the imbalance of immune cells.
WGCNA Analysis and Related Signaling Pathways of the Gene Signature
To better understand the network interaction between the risk model and other genes, we extracted mRNA expression profiling and clinical information for WGCNA analysis. The DEGs between cancer and normal samples were chosen. For constructing a weighted gene network, the threshold of the adjacency matrix should meet the criterion that the network is close to scale-free, and three was selected as the threshold for network construction (Figure 7A). These co-expression modules were then constructed, and the similar modules were clustered, and finally eight gene modules were obtained (Figure 7B). The results of correlation analysis of the gene modules with gene-signature and clinical traits showed that the turquoise module had the highest correlation with the gene-signature (Cor = 0.65, p = 9e-64 for risk; Cor = 0.7, p = 4e-77 for risk score) and the grade (Cor = 0.49, p = 4e-33) (Figure 7C). The turquoise module contained 604 genes, and we then analyzed these genes with Metascape. The GO and KEGG analyses were performed, and the top 20 clusters were chosen to construct a gene function clustering network (Figure 7D). These results indicated that the 10 gene signature was significantly associated with a gene module, which was also related with the clinical grade of patients. The gene module mainly enriched in cell division, regulation of cell cycle process and DNA replication, that were important biological processes in the tumor progression.
[image: Figure 7]FIGURE 7 | WGCNA was performed to identify the potential mechanisms associated with the prognostic signature (A). Screening of the soft threshold (B). Clustering dendrogram of genes in EC tissues (C). Correlation analysis of gene modules with risk model and clinical traits (D). Enrichment clustering network analysis in the Metascape database.
GSEA was used to analyze the enrichment signal pathways in the high-risk subgroup and low-risk subgroup. A total of 70 significantly enriched KEGG signaling pathways were screened (FDR<0.05). Many of these pathways are closely related to metabolism, including pyruvate metabolism, glycolysis gluconeogenesis, and inositol phosphate metabolism. Additionally, some signaling pathways are closely related to the occurrence and development of tumors, such as the cell cycle, EC, the ERBB signaling pathway, the MAPK signaling pathway, the mTOR signaling pathway, and the Wnt signaling pathway (Supplementary Figure S2). These results reveal the potential mechanism of the glycolytic prognosis model involved in EC.
Comprehensive Analysis of Glycolysis Related Genes in the Gene Signature
We analyzed the gene alteration of the 10 gene signature through the cBioPortal online website. The results showed that the expression alterations of PFKM, NUP85, PDHA1, CDK1, CLDN9, CENPA, GPI, NUP155, and GPC1 in endometrial carcinoma samples were 5, 7, 4, 3, 5, 5, 7, 6, and 3%, respectively. Amplification and increased mRNA were the most common changes (Figure 8A). Co-expression analysis showed that NUP85, NUP155, CDK1, and CENPA had a strong correlation (Figure 8B). Furthermore, we used the STRING database to analyze the proteins co-expressed and interacting with the 10 genes and constructed a PPI interaction network. Forty-eight proteins were screened in the PPI network (Figure 8C). The IntAct database was further used to construct an interaction network between the 10 genes and interactive genes (Supplementary Figure S3). In addition, we used immunohistochemistry results from the human protein atlas database to further verify the protein expression of the 10 genes in the prognostic signature. The results showed that the expression of PDHK1, NUP85, CDK1, CENPA, GPI, GPC1, PSMC4, and PFKM in EC was higher than that in normal endometrium, and NUP155 was not detected in EC and normal endometrium, although no data were found for CLDN9 (Supplementary Figure S4). In addition, we analyzed the relationship between the 10 genes and the clinical stage and found that the expression of PFKM, NUP85, PDHA1, CDK1, CLDN9, CENPA, GPI, NUP155, and GPC1 increased with increasing clinical stage (p < 0.05) (Supplementary Figure S5). Further, we analyzed the association between the 10 genes and immune cell infiltration. The results indicated that 10 genes were negatively correlated with T cell regulation (Tregs), including CDK1 (r = -0.41), CENPA (r = -0.34), and NUP155 (r = - 0.22) (Figure 8C). Taken together, the results might provide us with insights into function of the 10 glycolysis related genes in the progression of EC.
[image: Figure 8]FIGURE 8 | Comprehensive analysis of glycolysis related genes in the gene signature (A). Gene alteration of selected genes in patients with EC from the cBioPortal website (B). Co-expression analyses of 10 glycolysis-related gene signatures in EC by the R “corrplot” package (C). Protein-protein interaction network of 10 gene signatures and other closely related proteins (D). Correlation between the 10 glycolysis-related gene signatures and various immune cells. Red represents a positive correlation, and blue represents a negative correlation.
Validation of the Glycolysis-Related Gene Signature Based on the Clinical Samples
The glycolysis-related gene signature was further validated by our own clinical data. A total of 24 EC samples from surgical patients in the Department of Obstetrics and Gynecology, Peking University People’s Hospital were used for the validation cohort. The EC patients in the validation cohort were divided into the low- and the high-risk subgroups according to the median risk score based on the above formula. K-M survival analysis showed that the overall survival rate of patients in the high-risk subgroup had obviously decreasing tendency compared with the low-risk subgroup, although the p-value is greater than 0.05 (p = 0.1044) (Supplementary Figure S6A). Further, the heatmap was used to show the expression difference of the 10 genes in the high- and low-risk subgroups. The results indicated that the expression of PFKM, CENPA, CDK1, GPI, NUP155, NUP85, and PDHA1 were significantly increased in the high-risk group compared with low-risk group, which were consistent with the results in the TCGA cohort (Supplementary Figure S6B). In addition, the expression of CDK1, CENPA, NUP155, and PSMC4 were found to be positively correlated with myometrial invasive (MI) (p < 0.05). The expression of CDK1, CENPA, NUP155, and PSMC4 in patients with deep-MI (Positive) were higher than that with superficial-MI (Negative) (Supplementary Figure S6C–F). It has been reported that the risk of lymph node metastasis was significantly increased in patients with EC and deep-MI (Singh et al., 2019). Thus, the high expression of these genes is closely related to the poor prognosis of EC patients.
Inhibition of CDK1 Inhibits the Migration and Promotes the Apoptosis of EC cells
To further study the association between the 10 glycolysis related genes and survival of EC patients, the clinical prognosis analysis of proteins corresponding to the genes in the signature was performed on the cancer proteome atlas. We found that among the 10 proteins, high expression of CDK1 protein was closely related to the poor prognosis of EC patients (p < 0.05) (Figure 9A). Ro 3306 is an effective and selective CDK1 inhibitor. To verify the function of CDK1 in EC cells, we detected the effect of Ro 3306 on the proliferation, migration, and apoptosis of Ishikawa cells. The CCK-8 showed that the IC50 of Ro 3306 on Ishikawa cells was 6.97 μmol/L (Figure 9B). Then, we used 5 and 10 μM Ro 3306 for subsequent study. The scratch test and transwell experiment revealed that compared with the control group, cells treated with 5 μM or 10 μM Ro 3306 showed significantly decreased migration ability (Figures 9C–F). Also, Ishikawa cells treated with 5 μM or 10 μM Ro 3306 caused more apoptosis than the control group in a concentration-dependent manner (Figures 9G,H). To further explore the mechanism of CDK1, a protein regulatory network of CDK1 was constructed based on the BioGRID database, some proteins in the PPI network were consistent with the STRING database (Supplementary Figure S7). These results suggest that the CDK1 protein may be a key factor affecting the prognosis of EC and a potential therapeutic target for EC.
[image: Figure 9]FIGURE 9 | Inhibition of CDK1 inhibits the migration and promotes the apoptosis of EC cells (A). High expression of CDK1 protein was closely related to the poor prognosis of EC patients (p < 0.05). The cancer proteome atlas (https://www.tcpaportal.org/tcpa/survival_analysis.html) (B). The CCK-8 showed that the IC50 of Ro 3306 on Ishikawa cells was 6.97 μmol/L (C,D). The scratch test revealed that compared with control group, cells treated with 5 μM or 10 μM Ro 3306 showed significantly increased gap size of oh (E,F). The transwell experiment revealed that compared with control group, cells treated with 5 μM or 10 μM Ro 3306 showed significantly decreased invasion cell numbers (G,H). Detection of apoptosis of Ishikawa cells treated with 5 μM or 10 μM Ro 3306 by flow cytometry. **p < 0.01, compared with control.
DISCUSSION
In recent years, the role of metabolic reprogramming in tumors has been widely studied. Glycometabolism reprogramming is one of the characteristics that tumor cells are different from normal cells. Even under the condition of sufficient oxygen, tumor cells are more likely to use glycolysis for rapid energy supply. Therefore, studying the relationship between metabolic reprogramming and tumor development is becoming a new method for tumor diagnosis, prevention, and treatment. At present, many studies have reported the relationship between glycolysis and EC (Shim et al., 2014; Han et al., 2019). However, research on biomarkers related to glycolysis in EC remains limited. It has been reported that clinical characteristics, such as age, stage, grade, and lymph node metastasis, cannot accurately predict the prognosis of patients (Zhao et al., 2019). As a result, an increasing number of studies are exploring gene biomarkers, and many studies have found that developing multiple gene-related risk models can improve the prediction efficiency (Zeng et al., 2019; Tao et al., 2020). Therefore, the purpose of this study was to explore the glycolysis-related prognostic biomarkers of EC and further to analyze their relationship with immune cell infiltration.
We first downloaded glycolysis-related gene sets from GSEA and screened DEGs between EC and normal samples, including 128 upregulated genes and 28 downregulated genes. Furthermore, we used GO and KEGG enrichment analysis to verify the biological function and signaling pathways of DEGs. Next, we used univariate Cox regression to initially screen genes related to the prognosis of EC and further used LASSO regression analysis to screen and construct the prognostic gene signature. A total of 10 mRNAs (PFKM, PSMC4, NUP85, PDHA1, CDK1, CLDN9, CENPA, GPI, NUP155, and GPC1) significantly related to the overall survival of EC were identified to construct the prognostic gene signature, which was identified as an independent prognostic factor for EC. Furthermore, ROC curve analysis was conducted to verify the prognostic value of the gene signature, showed that the area under the ROC curve of the risk score was greater than that of stage, grade, age, and LNM. It indicates that the predictive value of this gene signature is better than traditional prognostic indicators. The glycolysis-related gene signature was further validated by our own clinical data including 24 EC samples. K-M survival analysis showed that the overall survival rate of patients in the high-risk subgroup had obviously decreasing tendency compared with the low-risk subgroup in the validation cohort, although the p-value is greater than 0.05 (p = 0.1044), maybe it is because of smaller sample size, different populations, and sequencing batches compared to the TCGA database. Nonetheless, the expression of PFKM, CENPA, CDK1, GPI, NUP155, NUP85, and PDHA1 was significantly increased in the high-risk group compared with the low-risk group, which was consistent with the results in the TCGA cohort. In addition, we integrated multiple prognostic factors (including risk score, stage, grade, and age) to construct a nomogram to effectively predict the 1–5 years survival rate of patients, which may help to plan short-term follow-up of individualized treatment.
In the past, many studies have focused on the role of glycolysis in tumors. It has been reported that aerobic glycolysis in tumors constantly produces lactic acid, which provides energy for the tumor, and the increased lactic acid in the microenvironment could also affect the immunotherapy effect (Bohn et al., 2018). It has also been found that antitumor metabolism therapy combined with immunotherapy can effectively inhibit tumor growth (Gao et al., 2019). To further explore the relationship between the glycolysis-related gene signature and immune cell infiltration and immune function, we first analyzed the immune scores, stromal scores, and ESTIMATE scores of patients in the high-risk subgroup and low-risk subgroup based on the 10 gene signature. We found that the immune scores, stromal scores, and ESTIMATE scores of patients in the high-risk subgroup were significantly lower than those of the low-risk subgroup. At the same time, the overall survival rate of patients with low immune scores and estimated scores was significantly worse than that of patients with high scores. Some studies have shown that the more immune cells enter the tumor metastasis, the higher the immune score is, the higher the survival rate is, and the lower the recurrence rate is. Metastasis with the smallest number of immune cells entering represented the worst immune microenvironment, and immune escape was most likely to occur under this condition (Van den Eynde et al., 2018). These results suggested that the poor prognosis of patients in the high-risk subgroup might be closely related to the low immune scores. However, whether the activation of glycolysis-related pathways affects the infiltration of immune cells warrants further investigation.
We further found that many immune cells, such as activated dendritic cells, M1 macrophages, M2 macrophages, memory activated T cells, and follicular helper T cells, were significantly higher in the high-risk subgroup than in the low-risk subgroup, while dendritic cell resting, memory resting T cells, and regulatory T cells (Tregs) were significantly lower in the high-risk subgroup. There was a positive correlation between the three immune cells and the overall survival rate of patients, including dendritic cell resetting, NK cells activated, and T cell regulation (Treg). According to previous research, resting dendritic cells exist in most tissues and are activated to mature antigen-presenting cells under external stimulation. Antigen presentation by resting dendritic cells could induce protective immunity (Probst et al., 2005). Tregs play a key role in maintaining immune system homeostasis. Some studies have shown that the high density of Treg cells in tumors is related to the clinical prognosis of tumors, such as liver cancer and gastric cancer (Najafi et al., 2019). High proportions of Tregs among tumor-infiltrating CD4+ T cells were favorable (Choi et al., 2016). It is suggested that the poor prognosis of patients in the high-risk group may be related to the imbalance of immune cells in the tumor, especially the decrease of dendritic cell resting, NK cells activated, and Treg cells.
To further study the potential molecular mechanism of prognostic gene signature in EC, WGCNA and GSEA were performed. The WGCNA results indicated that the 10 gene signature was significantly associated with a functional gene module that was mainly enriched in cell division, regulation of cell cycle process, and DNA replication. It is noteworthy that there was significant correlation between the gene module and clinical grade of patients. GSEA enrichment analysis revealed that many signaling pathways were significantly enriched in the high-risk subgroup, including pathways related to metabolism and metabolic diseases, such as pyruvate metabolism, glycolysis gluconeogenesis, and insulin signaling pathways. It has been reported that both malignant transformation and tumor development, including invasion and metastasis, required metabolic reprogramming (DeBerardinis et al., 2008). Metabolic heterogeneity is an important reason for the failure of treatment to produce the same effect on cancer cells (Yoshida, 2015). High insulin level is an independent risk factor of EC. Increased insulin and IGF-1 could activate downstream signaling pathways by binding with IR and IGF-1 receptor to promote the proliferation of EC cells (Mu et al., 2012). These results suggested that the poor prognosis of patients in the high-risk subgroup might be closely related to tumor metabolic reprogramming and the activation of metabolic disease-related pathways. In addition, other pathways closely related to tumorigenesis and development were also significantly enriched in the high-risk subgroup, such as the cell cycle, EC, the ERBB signaling pathway, the MAPK signaling pathway, the mTOR signaling pathway, and the Wnt signaling pathway. Taken together, these results show that the 10 gene signature is closely related to metabolic imbalance and provide a potential molecular mechanism for elucidating the relationship between the gene signature and EC progression.
In the 10 gene signature, most genes have been reported to be closely related to the occurrence and development of cancer. PFKM, the second rate-limiting enzyme in the glycolysis pathway, has been shown to be closely related to the increased risk of breast cancer (Ahsan et al., 2014). PSMC4 is a member of the proteasome complex, which is responsible for recognizing ubiquitin-labeled substrates and ingesting them into the proteasome (19S regulatory complex). The overexpression of PSMC4 promoted the degradation of some key cell regulatory proteins, such as tumor suppressors, and further promoted the progression of tumors (Hellwinkel et al., 2011). Therefore, inhibition of the proteasome is a promising cancer treatment strategy. The nucleoporins NUP155 and NUP85 were reported to be upregulated in hepatocellular carcinoma, accompanied by TP53 silencing and overexpression of cell cycle-related genes (Beck et al., 2017). PDHA1 is the main regulatory site of PDH activity. PDHA1 regulates the deactivation or activation of PDH through phosphorylation and dephosphorylation and then affects the mitochondrial tricarboxylic acid cycle and glycolysis metabolic flow. It has been reported that the expression of PDHA1 is abnormal in a variety of tumors, and it is closely related to tumor invasion, drug resistance, and prognosis by affecting tumor cell glucose metabolism. The upregulation of PDHA1 could promote the metastasis of cholangiocarcinoma (Dan Li et al., 2018). In contrast, another study reported that low expression of PDHA1 predicted poor prognosis in gastric cancer (Song et al., 2019). Overexpression of CLDN9 could promote tumor cell invasion through Tyk2/STAT3 signaling (Liu et al., 2019a). Upregulation of GPI-anchored proteins could promote tumor cell migration and progression by enhancing the ERBB signaling pathway (Zhang et al., 2019). GPC1 has received growing interest in recent years due to its high capability of visualizing soft tissue, and GPC1 has been reported to have potential value in the diagnosis of breast cancer (Li et al., 2019). CENPA and CDK1 were also identified as prognostic markers of lung cancer (Liu et al., 2018). In our study we found that the expression of PFKM, NUP85, PDHA1, CDK1, CLDN9, CENPA, GPI, NUP155, and GPC1 increased with increasing clinical stage, exhibiting their role in tumor progression. A PPI network containing 48 proteins was constructed to show the correlation between the 10 genes and potential interacting proteins. IntAct database was also used to show the physical association and direct interaction between the 10 genes and related proteins. There was a direct interaction between PDHA1 and PDHB; PSMC4 and PSMC5; CDK1 and CCNB1 both in the PPI network from the STRING database and the IntAct database. We also found CDK1 protein was closely related to the poor prognosis of EC patients, and the expression of CDK1 was negatively correlated with Treg cells infiltration. Thus, CDK1 may be involved in regulating the infiltration of Treg cells. Also, inhibition of CDK1 has been proved to inhibit the migration and promote the apoptosis of EC cells. Since the BioGRID database has certain advantages in predicting interacting proteins for single gene or protein (Oughtred et al., 2019), a protein regulatory network of CDK1 was constructed based on the BioGRID database. It showed that some proteins such as BUB1 and CCNB1 in the network were consistent with the PPI network from the STRING database. BUB1 and CCNB1 have been reported to have important prognostic value in EC (Li et al., 2013; Liu et al., 2019b). Taken together, these results indicate that CDK1 may be used as a therapeutic target for EC patients.
CONCLUSION
In this study, we identified a glycolysis-related 10 gene signature for predicting the prognosis of EC patients based on TCGA, where higher risk scores represent a worse prognosis. The gene signature was identified as an independent prognostic factor for EC and has been tested to have good survival predictive ability. A nomogram based on the gene signature and other clinical prognostic factors was constructed to effectively predict the 1–5 years survival rate of EC patients. In addition, the poor prognosis of patients in the high-risk subgroup might be closely related to the low immune scores and the imbalance of immune cells in tumor. Finally, CDK1 was identified to be a potential prognostic biomarker and therapeutic target for EC patients.
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Pancreatic ductal adenocarcinoma (PDA) is one of the most lethal human cancers. Transforming Growth Factor Beta (TGF-β) is a cytokine that switches from a tumor-suppressor at early stages to a tumor promoter in the late stages of tumor development, by yet unknown mechanisms. Tumor associated MUC1 is aberrantly glycosylated and overexpressed in >80% of PDAs and is associated with poor prognosis. MUC1 expression is found in the early stages of PDA development with subsequent increase in later stages. Analysis of human PDA samples from TCGA database showed significant differences in gene expression and survival profiles between low and high MUC1 samples. Further, high MUC1 expression was found to positively correlate to TGF-βRII expression and negatively correlate to TGF-βRI expression in PDA cell lines. We hypothesized that MUC1 overexpression induces TGF-β mediated non-canonical signaling pathways which is known to be associated with poor prognosis. In this study, we report that MUC1 overexpression in PDA cells directly activates the JNK pathway in response to TGF-β, and leads to increased cell viability via up-regulation and stabilization of c-Myc. Conversely, in low MUC1 expressing PDA cells, TGF-β preserves its tumor-suppressive function and inhibits phosphorylation of JNK and stabilization of c-Myc. Knockdown of MUC1 in PDA cells also results in decreased phosphorylation of JNK and c-Myc in response to TGF-β treatment. Taken together, the results indicate that overexpression of MUC1 plays a significant role in switching the TGF-β function from a tumor-suppressor to a tumor promoter by directly activating JNK. Lastly, we report that high-MUC1 PDA tumors respond to TGF-β neutralizing antibody in vivo showing significantly reduced tumor growth while low-MUC1 tumors do not respond to TGF-β neutralizing antibody further confirming our hypothesis.
Keywords: MUC1—mucin 1, pancreatic ductal adenocarcinoma, non-canonical pathways, JNK (c-Jun N-terminal kinase), TGF-beta
INTRODUCTION
Pancreatic Cancer is currently the third leading cause of cancer-related deaths in the United States (http://pancreatic.org/). It has been projected to become the second leading cause of cancer-related deaths in the US, surpassing colorectal cancer by the year 2030 (http://pancreatic.org/). About 95% of pancreatic cancers are pancreatic ductal adenocarcinomas (PDA) with patients demonstrating a median survival rate of less than 6 months and a 5-year survival rate of 9% in the US (McGuigan et al., 2018). In the US, the rate of new pancreatic cancer cases is 13.1 per 100,000 people per year and the mortality rate is 11.0 per 100,000 people per year (Howlader et al., 2017). Therefore, it has a mortality rate that nearly matches its incidence rate.
The transforming growth factor beta (TGF-β) signaling pathway belongs to a large superfamily that primarily consists of TGF-β (including isoforms of TGF-β1, 2, and 3), bone morphogenetic proteins, activins, and inhibins (Namwanje and Brown, 2016). This family of growth factors activates many biological signals, such as cell growth, apoptosis, differentiation, immune response, angiogenesis, and inflammation (Cárcamo et al., 1994; Shi, 2001; Isabel et al., 2014). Deregulation of the TGF-β pathway can lead to cancer, among other ailments (Colak and ten Dijke, 2017). In normal environments and early cancers, TGF-β regulates epithelial cells as a tumor suppressor by controlling cell cycle and inducing apoptosis. However, in certain cases, once the cancer is established, a switch occurs and TGF-β becomes a tumor promoter. TGF-β induces invasion and migration and eventually leads to epithelial-to-mesenchymal transition (EMT) (Massagué, 2008). This process helps facilitate the migration and invasion of cancer cells to distant locations leading to metastasis, the major cause of cancer-related deaths (Mittal, 2018).
The canonical TGF-β signaling is initiated by the binding of a TGF-β cytokine to a pair of specific transmembrane receptors, TGF-βRI and TGF-βRII (Massagué and Chen, 2000). This activates the cytoplasmic serine/threonine kinase domains of the TGF-β receptors (Wrana et al., 1994), which leads to further activation downstream. In normal environments, TGF-β binds to its specific receptors TGF-βRII and TGF-βRI, in sequence. This leads to the phosphorylation of SMAD2/3 via the cytoplasmic Serine/Threonine kinase domain of TGF-βRI (Tsukazaki et al., 1998). SMAD2 has been identified as a tumor suppressor and mediator of the antiproliferative TGF-β and activin responses (Eppert et al., 1996). SMAD2/3 trilocalizes with SMAD4 (Attisano and Wrana, 2002). This leads the heterotrimer complex to the nucleus to induce transcriptional changes that influence cell regulation (Attisano and Wrana, 2002) (Massagué and Wotton, 2000). However, frequent alterations and changes in the TGF-β pathway occur in cancer, especially in PDA. Dysregulated TGF-β signaling activates ERK1/2 and JNK (Zhang, 2009) leading to an increase in aggressive cancer characteristics, such as growth, invasion, migration, and metastasis (Lee et al., 2007).
Mucin-1 (MUC1) is a Type I transmembrane glycoprotein that influences tumor progression and metastasis in PDA (Nath and Mukherjee, 2014). Tumor-associated MUC1 is overexpressed and aberrantly glycosylated in more than 80% of PDA cases (Tinder et al., 2008; Kufe, 2009; Roy et al., 2011; Nath and Mukherjee, 2014; Zhou et al., 2016). In normal environments, MUC1 is expressed on the apical surface of ductal cells to provide a protective barrier (Kato et al., 2017). However, upon tumorigenesis MUC1 expression is no longer restricted to the apical surface. At this point, MUC1 glycosylation decreases and the protein becomes overexpressed across the cell surface, placing it into the close vicinity of many growth factor receptors (Kufe, 2009). MUC1 oncogenic signaling, which plays an important role in increased metastasis and invasion, is promoted through the cytoplasmic tail (MUC1-CT). The MUC1-CT is a highly conserved 72-amino acid long domain containing seven tyrosine residues that are phosphorylated by non-receptor tyrosine kinases, such as c-SRC (Thompson et al., 2005; Singh and Hollingsworth, 2006). Importantly, MUC1 modulates TGF-β signaling in PDA cell lines that were engineered to overexpress MUC1. We established that TGF-β signaling required tyrosine phosphorylation of the MUC1-CT via tyrosine kinase c-SRC (Grover et al., 2018). Here we deepen our understanding of MUC1 regulation of TGF-β signaling in PDA cells that are genetically varied and that express varying levels of endogenous MUC1. We establish that the level of MUC1 expression plays a definitive role in inducing the TGF-β -induced non-canonical pathway. In the presence of high levels of MUC1, TGF-β activates the JNK pathway, and enhances cell viability by activating and stabilizing c-Myc. In PDA cells with low levels of MUC1, TGF-β induces growth inhibition. Taken together, our study suggests a novel role of MUC1 in TGF-β signaling in PDA. The in vivo data demonstrates that high-MUC1 PDA responds well to the TGF-β neutralizing antibody while low MUC1 PDA does not.
RESULTS
Differential Gene Expression Profiles in TGF-β, MAPK and BMP Pathways in High Versus Low MUC1 PDA Samples
Since the role of MUC1 in oncogenesis is well known, we utilized the TCGA database to look for differences in the gene expression profiles between samples with low MUC1 and moderate/high-MUC1 expression (Figure 1A). Out of >4,000 genes that were differentially expressed (data not shown), the top 30 genes that are involved in the TGF-β, MAPK and BMP pathways were selected to create the heatmap since these pathways are known to be regulated by TGF-β. Several known transcription factors like CREB3L3, FOXH1, PLA2G3, BMP4 as well as immune related genes such as the IL1R1 and IL1R2 were upregulated in high MUC1 samples which are all associated with increased epithelial to mesenchymal transition (EMT) and poor survival (Hamada et al., 2007; Zhang J et al., 2021; Zhang M et al., 2021). It is highly interesting to note that GREM 1, a key pro-fibrogenic factor in PDA (Davis et al., 2022) is upregulated in MUC1-high PDA and downregulated in MUC1-low PDA. Furthermore, INHBA, a ligand for TGF-β and associated with tumorigenesis (Cao et al., 2004) is upregulated in high-MUC1 and downregulated in low-MUC1 PDA. In contrast, we found downregulation of MAPK10, MAPK12, RASD1 and AMH in MUC1-high and upregulation of the same genes in MUC1-low PDA. Downregulation of these genes correlate with poor survival (human protein atlas). These data indicate the differential TGF-β signaling in high versus low MUC1 PDAs where TGF-β predominantly promotes oncogenic signaling in high-MUC1 PDA. The protein-protein interaction networks of these 30 genes in low vs high MUC1 samples are shown in Supplementary Figure S1, further confirming the functional role of MUC1 in TGF-β associated oncogenic signaling. Thus, it was not surprising that MUC1 expression had a significant correlation with poor overall survival (OS) in PDA patients (Figure 1B).
[image: Figure 1]FIGURE 1 | Heatmap showing top 30 differentially expressed genes in high/moderate vs low MUC1 PDA samples from TCGA. (A) Top panel shows the color key for MUC1 expression in the 29 PDA samples. Right hand side shows the color key histogram for expression levels of each gene named on the right. Left hand side color key shows the genes associated with each of the three pathways in pink (TGF-β), green (MAPK) and peach (BMP). Genes with a false discovery rate adjusted p < 0.05 are shown. (B) Kaplan-Meier curve for overall survival (OS) in the 29 PDA patients from TCGA in low (blue) vs high/moderate (red) groups are shown.
High -MUC1 Expression in PDA Cells Positively Correlates to TGF-βRII and Negatively Correlates to TGF-βRI Levels
Several studies have shown that MUC1 overexpression in PDA is linked to enhanced growth and metastasis (Besmer et al., 2011; Roy et al., 2011; Sahraei et al., 2012). Since TGF-β signaling starts with binding of TGF-β to its receptors followed by activation of the same, we investigated the correlation between MUC1 and TGF-β receptor expression levels in select PDA cell lines. We selected a panel of human PDA cell lines with varying levels of MUC1 expression (Figure 2A), and assessed the expression of MUC1, TGF-βRI and TGF-βRII by Western Blotting (Figure 2B). Results were profound. All high-MUC1 PDA cells (CFPAC, HPAC, HPAFII, and BxPC3. MUC1) expressed lower levels of TGF-βRI and significantly higher levels of TGF-βRII as compared to the low-MUC1 PDA cells (Panc01, MiaPaca2, Su86.86, and BxPC3. Neo). By statistical analysis, these results show a negative correlation (-0.2381) between MUC1 and TGF-β RI expression (Figure 2B) and a significantly high overall positive correlation (0.8810 with a p value of <0.01) between MUC1 and TGF-β RII expression (Figure 2C).
[image: Figure 2]FIGURE 2 | High MUC1 expression in PDA cells positively correlates to TGF-βRII and negatively correlates to TGF-βRI levels. (A) The expression of MUC1-CT, TGF-βRI, TGF-βRII, and endogenous loading control β-actin in a panel of PDA cell lines, determined by Western blot. (B) Densitometric analysis of MUC1 expression versus TGF-βRI expression shows a negative correlation (Spearman’s correlation coefficient r = -0.2381, NS). (C) Densitometric analysis of MUC1 expression versus TGF-βRII expression shows a significantly positive correlation (Spearman’s correlation coefficient r = 0.8810, p = 0.0072).
TGF-β Induces Activation of the Non-Canonical Signaling in High MUC1 PDA Cells
Since the receptor levels are associated with the canonical and non-canonical TGF-β signaling pathways, we examined changes in phosphorylation of JNK and c-Myc in response to TGF-β in high versus low-MUC1 PDA cell lines (HPAFII and MiaPaca2 respectively). We overexpressed MUC1 in MiaPaca2 cells and downregulated MUC1 in HPAFII cells. We observed profound changes in JNK and c-Myc activation. MiaPaca2. MUC1 cells (MiaPaca2 transfected with full-length MUC1) showed significant increase in pJNK and p-c-Myc in response to TGF-β. Interestingly, there was no activation of pJNK and reduced activation of p-c-Myc in the MiaPaca2. Neo cells (MiaPaca2 transfected with empty vector) in response to TGF-β as compared to MiaPaca2. MUC1 cells (Figures 3A,C). In MiaPaca2. Neo, there was no phosphorylation of JNK even at 20 min (Supplementary Figure S2) post TGF-β treatment, however, in MiaPaca2. MUC1, there was phosphorylation of JNK starting at 10 min post TGF-β treatment (Figures 3A,C). Phosphorylation of c-Myc at Ser62 is a marker of stability of c-Myc (Wang et al., 2011). In response to TGF-β, there was a decrease in both phosphorylated Ser62 and total c-Myc in MiaPaca2. Neo cells but increased p-c-Myc and c-Myc in MiaPaca2. MUC1 cells. These results corroborate the hypothesis that TGF-β slows proliferation in low MUC1 PDA cells but promotes the same in MUC1 high cells (Figures 3A,C). In contrast, HPAFII showed high levels of pJNK and JNK as well as p-c-Myc in response to TGF-β, both of which were significantly reduced when MUC1 was knocked down using specific siRNA (Figures 3B,D). There is some background phosphorylation of c-Myc in HPAFII. MUC1 siRNA because the MUC1 KO is not 100%, however, it is clear that c-Myc phosphorylation has reduced significantly even at ∼70% KD (Figures 3D,E). Taken together, this confirms that MUC1 is associated with activation of the JNK pathway, as found in previous studies (Li et al., 2015). In this study we correlate this activation with response to TGF-β.
[image: Figure 3]FIGURE 3 | Overexpression of MUC1 leads to increased phosphorylation of JNK and c-Myc and knockdown of MUC1 reduces phosphorylation of JNK and c-Myc. (A) Western blot expression of phosphorylation of JNK and c-Myc compared to total JNK and total c-Myc in MiaPaca2 vs MiaPaca2. MUC1 cells in response to 10 ng/ml of TGF-β at 10 min. (B) Western blot expression of phosphorylation of JNK and c-Myc compared to total JNK and total c-Myc in HPAFII cells treated with control siRNA vs MUC1 siRNA in response to 10 ng/ml of TGF-β at 10 min. (C) Densitometric analysis of fold change of expressions of pJNK/Total JNK and p-c-Myc/Total c-Myc normalized to endogenous β-actin is presented in MiaPaca2 cells. (D) Densitometric analysis of fold change of expressions of pJNK/Total JNK and p-c-Myc/Total c-Myc normalized to endogenous β-actin is presented in HPAFII cells. (E) Knockdown efficiency of MUC1 in HPAFII after 72 h of siRNA treatment. Data are presented as means ± SEM of n = 3; Unpaired Student’s t-test and one-way ANOVA were used to analyze the differences between treatment groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Differential Viability of High and Low MUC1 PDA Cells in Response to TGF-β
Since JNK signaling promotes cell growth (Tam and Law, 2021), we next assessed cell viability in vitro in high-MUC1(HPAFII) and low-MUC1 (MiaPaCa2) cells in response to TGF-β. TGF-β treatment significantly reduced the viability of MiaPaca2 in 48 h and HPAFII. MUC1siRNA in 24 h, and increased the viability of HPAFII and MiaPaca2. MUC1 cells after 72 h (Figures 4A–D). Furthermore, this effect was enhanced with 96 h of incubation (Supplementary Figure S3A, B). This is also in line with our previously published work where we showed that treatment with TGF-β led to increased apoptosis in MUC1-low PDA cells (Grover et al., 2018).
[image: Figure 4]FIGURE 4 | TGF-β exposure increases viability in cells with high MUC1 and reduces viability in low MUC1 PDA cells. MTT cell viability assay on (A) MiaPaca2.Neo cells with 10 ng/ml of TGF-β for 48 h. (B) HPAFII and (C) MiaPaca2. MUC1 cells with 10 ng/ml of TGF-β for 72 h. (D) HPAFII treated with control or MUC1 siRNA for 72 h followed by treatment with 10ng/ml of TGF-β for 24 h. All data are shown as means ± SEM of n = 3. Unpaired t-test was performed to compare between treated and untreated cells for each one of experiments A-C and two-way ANOVA was used to compare between untreated and treated in HPAFII.controlsiRNA and HPAFII.MUC1siRNA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
TGF-β Neutralizing Antibody Treatment Significantly Dampens High-MUC1 Tumor Growth but has No Significant Effect on Low MUC1 Tumors in vivo
Given that our data showed that high level of MUC1 promotes non-canonical signaling pathway in response to TGF-β, we hypothesized that treatment with anti-TGF-β neutralizing antibody would hamper growth of high-MUC1 but not of low MUC1 tumors in vivo. Athymic Nude-Foxn1nu mice were inoculated with HPAFII or MiaPaCa2 cells subcutaneously. Once tumors were established, mice were injected intra-tumorally with either control IgG or TGF-β neutralizing antibody three times a week for 2 weeks (Figure 5A). We observed significant reduction in tumor growth (Figure 5B) and tumor wet weight (Figure 5C) when HPAFII tumor bearing mice were treated with TGF-β antibody as compared to those in the control IgG group. In contrast, MiaPaCa2 tumors did not respond to TGF-β neutralizing antibody treatment (Figure 5B). Even though it’s not statistically significant, there was a trend of increased tumor burden in TGF-β antibody treated MiaPaca2 tumors than the IgG treated group (Figure 5C). Since TGF-β acts as a tumor promoter in high-MUC1 PDA cell lines and as a tumor suppressor in low-MUC1 PDA cell lines, it makes sense that neutralizing TGF-β in high-MUC1 cells (HPAFII), reduced tumor growth as the tumor promoting effect of TGF-β was inhibited by the antibody. On the other hand, in low-MUC1 cells (MiaPaca2), TGF-β serves as a tumor suppressor and therefore when the tumor suppressing effect of TGF-β was neutralized, tumor growth was increased, albeit not significantly. The MUC1 expression in MiaPaca2 and HPAFII tumors are shown in Figure 5D The TGF-β expression levels in MiaPaca2 and HPAFII tumors at endpoint are shown in Supplementary Figure S4A. The treatment did not have any adverse effect on the body weight of the mice (Supplementary Figure S4B).
[image: Figure 5]FIGURE 5 | TGF-β neutralizing antibody treatment significantly reduced high-MUC1 (HPAFII) but not low MUC1 (MiaPaca2) tumor growth in vivo. (A) A schematic of the xenograft study showing the treatment with control IgG and anti-TGF-β antibody (20 ug/100 ul per mouse). (B) On the left: Tumor growth of HPAFII (n = 5 for TGF-β neutralizing Ab and n = 4 for IgG isotype) is shown. On the right: Tumor growth of MiaPaca2 (n = 6 for both groups) is shown. Tumor growth was determined biweekly by caliper measurements and tumor size in mm3 is plotted. (C) Wet weight of HPAFII tumors (left) and MiaPaca2 tumors (right) respectively are shown. Two-way ANOVA was used to compare between the different treatment groups. *p <0.05, NS: non-significant. (D) Immunohistochemistry showing expression of MUC1 in MiaPaca2 (left) and HPAFII (right) tumors.
DISCUSSION
MUC1 is a very interesting molecule. In normal cells, it provides protection against infection and inflammation, however, in cancer cells, MUC1 is aberrantly glycosylated and overexpressed and increases inflammation and aids oncogenesis (Bose and Mukherjee, 2020; Chen et al., 2021; Sahraei et al., 2021). In 2009, the National Cancer Institute had ranked MUC1 as the second most targetable antigen out of 75 to develop cancer vaccines (Cheever et al., 2009). MUC1 is overexpressed in more than 80% of PDA cases (Nath and Mukherjee, 2014) and TGF-β signaling plays an important oncogenic role in majority of cancers especially in PDA (Massagué, 2008). The data presented here demonstrates that MUC1 regulates TGF-β signaling and function in PDA cells. In our previous study, we reported that overexpression of MUC1 in BxPC3 cells (BxPC3. MUC1) enhanced the induction of epithelial to mesenchymal transition, and invasive potential in response to TGF-β while resisted TGF-β induced apoptosis by downregulating levels of cleaved caspases. We also showed that mutating the seven tyrosines in MUC1-CT to phenylalanine reverses the TGF-β induced invasiveness (Grover et al., 2018).
To further assess the clinical significance of MUC1 and TGF-β signaling crosstalk, we first analyzed the gene expression profiles in high and low MUC1 PDA patient samples registered in the TCGA dataset. We analyzed 29 RNA-seq samples which were from all stages, reducing the stage bias in the analysis (Supplementary Table S1). We found >4,000 genes differentially expressed (data not shown), however, we selected to further study the genes that were a part of the MAPK/JNK, BMP and TGF-β pathways, because these pathways are known to be highly regulated by TGF-β. The top 30 genes that were found to be differentially expressed in low vs high MUC1 tumors have significant roles in inflammation, cancer progression and OS (Figures 1A,B). Most of the genes upregulated in high/moderate MUC1 samples (Figure 1A) are known to be involved in increased proliferation and induction of epithelial to mesenchymal transition (EMT) or worse OS in the human pancreatic cancer, for example, CREB3L3 (CAMP Responsive Element Binding Protein three Like 3) (https://www.genecards.org/cgi-bin/carddisp.pl?gene=CREB3L3), FOXH1(Forkhead box protein H1) (Zhang J et al., 2021), BMP4 (Bone morphogenetic protein 4) (Gordon et al., 2009), IL1R2, receptor to IL-1, a cytokine known to be secreted by pancreatic cancer cells (Arlt et al., 2002; Matsuo et al., 2004; Rückert et al., 2010), GREM1 (Gremlin 1), a key pro-fibrogenic factor known to increase pancreatic inflammation and progression (Davis et al., 2022), INHBA (Inhibin βA), a ligand of the TGF-β superfamily known to be overexpressed in pancreatic cancer (Cao et al., 2004) (Mouti and Pauklin, 2021), BMPR1B, the bone morphogenetic protein (BMP) receptor family of transmembrane serine/threonine kinases (https://www.cancer-genetics.org/BMPR1B.html), TGIF1 (TGF-B Induced Factor Homeobox 1) (Razzaque and Atfi, 2020), GSC (Goosecoid Homeobox) (Kang et al., 2014) (Xue et al., 2014) and PITX2 (paired-like homeodomain transcription factor 2, also known as pituitary homeobox 2), (Xu et al., 2015) (Aubele et al., 2017; Jiang et al., 2019).
Genes that were upregulated in low-MUC1 PDA samples (MAPK12, RASD1, and AMH) were found to be favorable for OS in pancreatic cancer (Human protein atlas) (Figures 1A,B). Specifically, RASD1 (Ras Related Dexamethasone Induced 1) encodes a member of the Ras superfamily of small GTPases and is induced by dexamethasone (https://www.genecards.org/cgi-bin/carddisp.pl?gene=RASD1) and is considered to be a tumor suppressor (Vaidyanathan et al., 2004) (Zhao et al., 2019). The PPI network analysis in high vs low MUC1 shows MAPK12 and MAPK10 interacting with each other and both downregulated in high MUC1 samples. AMH is downregulated in high MUC1 samples and is shown clustering with the BMP4 network. RASD1 is downregulated and clusters with CREB3L3 (Supplementary Figure S1).
It is very important to mention here that we only had 29 PDA samples from the TCGA to distinguish based on MUC1 expression levels, out of which only seven were low MUC1. Although all the 30 genes were differentially expressed in low vs high/moderate MUC1 samples with statistical significance, due to the low sample size being a limitation in this particular study, it is difficult to conclude any correlations with certainty. The findings need to be validated with a larger cohort in the future. However, despite the low sample size, we found that MUC1 expression had a significant correlation with poor OS in PDA patients (Figure 1B) confirming its clinical significance as a biomarker yet again. For our downstream analysis, we selected JNK (a component of the MAPK pathway) since MAPK was commonly altered in all the three differentially regulated pathways (MAPK, TGF-β and BMP-4) from the heatmap.
Using a panel of human PDA cell lines, we demonstrated that high-MUC1 expression is positively correlated to TGF-βRII expression (Figure 2B) with a high statistical significance, a receptor that activates the non-canonical pathway. Furthermore, there was a trend of negative correlation between high-MUC1 expression and TGF-βRI expression, albeit not significant, a receptor that activates the canonical SMAD pathway, known to drive cells towards cell death and apoptosis (Valderrama-Carvajal et al., 2002).
If TGF-β mainly activates TGF-β receptor II in high-MUC1 PDA cells, it should lead to increased activation of the non-canonical pathway genes. Accordingly, we found that overexpression of MUC1 in MiaPaca2 cells induced increased phosphorylation of JNK and c-Myc (Figures 3A,B), which signify activation of the non-canonical pathway associated with cellular proliferation and invasion (Li et al., 2015). TGF-β significantly increased phosphorylation of c-Myc at Ser62, which is a marker of stability of c-Myc (Wang et al., 2011). On the other hand, HPAFII treated with control siRNA had high levels of phosphorylated JNK and c-Myc with TGF-β exposure, but when MUC1 was downregulated using a specific siRNA, the phosphorylation of JNK and c-Myc were significantly reduced (Figure 3B), thus, TGF-β destabilized c-Myc when MUC1 expression is low in PDA cells (Figure 3C). Overall, the data show the important contribution of MUC1 in driving the TGF-β mediated non-canonical pathway.
As was expected, TGF-β treatment reduced cell viability in low MUC1 PDA cell line MiaPaca2 but increased cell viability in high MUC1 PDA cell line HPAFII (Figure 4A). However, when MUC1 was overexpressed in MiaPaca2, TGF-β increased the viability of these cells significantly (Figure 4B), and when MUC1 was knocked down in HPAFII cells, TGF-β reduced cell viability (Figure 4C), thus clearly showing MUC1-dependent gain-of-function and loss-of function in TGF-β signaling switch towards a tumor promotor.
If indeed TGF-β signaling is critical for the aggressive growth of high-MUC1 PDA tumors, then neutralizing TGF-β with an antibody in vivo would dampen tumor growth. Confirming our hypothesis, neutralizing TGF-β treatment in high-MUC1 HPAFII tumors significantly reduced tumor progression and reduced tumor burden (Figure 5B), whereas the same treatment almost hastened tumor growth in low MUC1 MiaPaca2 tumors (Figure 5B). These data conform with our hypothesis that blocking TGF-β will be beneficial in PDA with high-MUC1 but may aid in tumor growth in low-MUC1 PDA.
A schematic diagram illustrates our current understanding of MUC1’s role in switching TGF-β signaling from a canonical tumor suppressive to a non-canonical tumor promoting pathway (Figure 6).
[image: Figure 6]FIGURE 6 | Schematic diagram of the proposed mechanism of TGF-β signaling and functions in high versus low MUC1 PDA. Left panel shows activation of SMAD-dependent canonical pathway in low-MUC1 PDA cells. TGF-β ligands bind to the membranous TGF-β receptor (TGF-βRII) homodimers with high affinity. TGF-βRII binding allows dimerization with TGF-β type I receptor (TGF-βRI) homodimers, activation of the TGF-βRI kinase domain and signal transduction via phosphorylation of the C-terminus of receptor-regulated SMADs (R-SMAD), SMAD2 and SMAD3. The SMAD2/3 dimer then forms a heterotrimeric complex with SMAD4 which translocates in the nucleus (Massagué and Wotton, 2000; Ross and Hill, 2008). This leads to growth inhibition, cell cycle arrest and apoptosis of PDA cells, thus TGF-β acts as a tumor suppressor. Right panel shows activation of SMAD-independent non-canonical pathway in high-MUC1 PDA cells. In this pathway, binding of TGF-β mainly to TGF-β-RII most likely increases phosphorylation of c-SRC which in turn phosphorylates MAPK, followed by JNK and c-Myc (Bunda et al., 2014). This phosphorylation cascade activates the MAPK/JNK pathway and stabilizes c-Myc which translocates into the nucleus to increase transcription of oncogenic proteins and leads to increased growth, invasion and EMT of PDA cells (Fey et al., 2016). MUC1-CT also aids in the process by its oncogenic signaling. Thus, in high-MUC1 PDA cells TGF-β acts as a pro-tumorigenic cytokine. The schematic was created with BioRender.com.
The data has uncovered a major role of MUC1 in regulating the paradoxical function of TGF-β in PDA. To the best of our knowledge, this is the first report that shows significant changes in gene expression profiles in the TGF-β, MAPK and BMP signaling pathways in patient-derived RNA-seq samples from PDA, based solely on MUC1 expression levels. These data indicate the clinical relevance of MUC1 in modulating the TGF-β signaling in PDA. In addition to the bioinformatics data, we report significant correlation of MUC1 to TGF-βRII protein expression levels in a panel of human PDA cell lines which informs the downstream signaling in response to TGF-β. Thus, TGF-β activates the non-canonical JNK pathway in the high-MUC1 PDA cells (which also express higher TGF-βRII). While, in the low MUC1 cells (that express higher levels of TGF-βRI), TGF-β reduces viability and inhibits growth possibly leading to apoptosis. 
Finally, our study also shows that PDAs with high-MUC1 are more likely to respond to anti-TGF-β therapy but PDAs with low-MUC1 will probably have poorer prognosis with the same treatment. Therefore, MUC1 expression may be used as a surrogate biomarker to determine the efficacy of future TGF-β-targeted treatments for PDA and possibly other gastrointestinal cancers. Thus, we suggest that MUC1 expression may be used as a biomarker to personalize the treatment with TGF-β targeted treatment modalities. We recognize that further studies need to be performed to elucidate the causal relationships between MUC1 and the other differentially expressed genes in the TGF-β pathway, however, using genetically identical PDA cells that had MUC1 knocked down or MUC1 overexpressed, we have addressed the causal relationship between MUC1 and TGF-β signaling.
MATERIALS AND METHODS
TCGA Gene Expression Analysis
Twenty-nine pancreatic adenocarcinoma tumor RNA-Seq data were downloaded from the Genomic Data Commons data portal (Grossman et al., 2016). All tumor samples were from the PAAD project data generated by The Cancer Genome Atlas (TCGA) Research Network: http://cancergenome.nih.gov/. The tumor samples were separated in two groups based on their MUC1 expression: MUC1 low expression group and MUC1 moderate/high expression group. Seven tumor samples had extremely low MUC1 expression values. HTSeq-counts data was input into DESeq2 (version 1.32.0) to identify differentially expressed genes in MUC1 moderate/high vs MUC1 low expression samples (Love et al., 2016). Genes with an adjusted p-value < 0.05 and log2 fold change difference greater than two were considered differentially expressed. Gene set enrichment analysis was performed with all the DEGs. The enrichR package in R was used to identify enriched gene sets from Gene Ontology (GO) Biological Process, Molecular Function, and Cellular Component (2021) and the KEGG database (2021) (Kuleshov et al., 2016). The top 10 sets were collected from each database. There are a few pathways of specific interest in this study: the MAPK, BMP, and TGF-beta signaling pathway. DEGs were filtered to only include those that are involved in at least one of these pathways. Thirty genes in these three pathways were differentially expressed and used for further analysis. A heatmap was created with these pathway DEGs, using pheatmap (version 1.0.12) package in R. To further visualize the effects of MUC1 expression, only low and high MUC1 expressed samples were included (samples with moderate MUC1 expression were excluded). DESeq2 analysis was conducted with only these samples and a protein-protein interaction (PPI) network was created from the DEGs, using the STRING database (1.7.0). The list of DEGs were input into the STRING protein query to create a PPI network for the significant genes. The STRING database is a collection of known and predicted protein-protein interactions identified from multiple types of sources (Szklarczyk et al., 2021). The identified PPI network was visualized in Cytoscape (version 3.9.0) (Shannon et al., 2003) with the color of the nodes representing the gene log fold change value. The Kaplan-Meier plot was generated by calculating the survival curve using the survival package (3.1–8) in R and visualized using the survminer (0.4.9) package in R.
Cell Lines and Culture
Human PDA cell lines (CFPAC, HPAC, HPAF-II, Panc1, MiaPaCa2, Su86.86 and BxPc3) were obtained from American Type Culture Collection and cultured as instructed. Cell lines were maintained in Dulbecco’s Modified Eagle Medium (DMEM; Gibco), Minimal Essential Media (MEM; Gibco), or Roswell Park Memorial Institute 1,640 medium (RPMI; with, l-glutamine; ThermoFisher). All media was supplemented with 10% fetal bovine serum (FBS; Gibco or Hyclone), 3.4 mM l-glutamine, 90 units (U) per ml penicillin, 90 ug/ml streptomycin, and 1% Non-essential amino acids (Cellgro). Cells were kept in a 5% CO2 atmosphere at 37°C. MUC1 WT sequence was cloned into the pLNCX.1 vector consisting of the neomycin resistance gene (neo) and confirmed by DNA sequencing. MiaPaca2. MUC1 and MiaPaca2. Neo were generated by transfection with Lipofectamine 3,000 (Thermo Fisher) according to the manufacturer’s protocol and maintained in medium containing Geneticin (G418; Invitrogen, Carlsbad, CA, USA) (Roy et al., 2011). Neo cells had the empty vector with the G418 resistance gene (neo) and MUC1 cells had the full length MUC1 gene and G418 resistance gene (neo). Every passage of MiaPaca2 transfected cells were maintained in a final concentration of 150 μg/ml of the antibiotic G418 (50 mg/ml) (Thermo Fisher) to ensure positive selection. HPAFII cells were serum-starved for 24 h and then treated with control siRNA from Life Technologies or MUC1 siRNA from Perkin Horizon according to the respective manufacturer’s protocol using Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher Scientific) for 72 h, followed by treatment with TGF-β. For all experiments, cell lines were passaged no more than 10 times.
Treatment With TGF-β and Western Blotting
The cell lines used were MiaPaca2. Neo, MiaPaca2. MUC1, HFAFII. controlsiRNA, and HPAFII. MUC1siRNA. Cells were serum starved for 48 h and treated with either 10 ng/ml of human TGF-β (Peprotech, Rocky Hill, NJ, USA) or the vehicle (citrate buffer) for 10 min. HPAFIICell lysates were prepared and western blotting performed as previously described (Roy et al., 2011). Membranes were blocked with commercial blocking buffer (Thermo Fisher) for 30 min at room temperature and incubated with primary antibodies overnight at 4°C. The antibodies used were: Armenian hamster monoclonal anti-human MUC1 cytoplasmic tail (CT2) antibody (1:500). MUC1 CT antibody CT2 was originally generated at Mayo Clinic and purchased from Neomarkers, Inc. (Portsmouth, NH) (Schroeder et al., 2001). CT2 antibody recognizes the last 17 amino acids (SSLSYNTPAVAATSANL) of the cytoplasmic tail (CT) of human MUC1. Membranes were also probed with the following antibodies from Cell Signaling Technology (1:1,000), p-JNK, total JNK, β-Actin (Mouse, 3,700), p-c-Myc (Ser62) (Invitrogen), total c-Myc (Invitrogen). Other antibodies used include TGF-βRI (Abcam, 1:200, Rabbit, ab31013) and TGF-βRII (Abcam, 1:1,000, Rabbit, ab61213). Densitometric analysis was conducted using the ImageJ software and percent change was calculated accordingly. First, each density unit for the particular protein was normalized to their respective β-actin density and then represented as phospho/total.
MTT Assay
5,000 cells were plated in 96 well plates and allowed to grow overnight. After serum starvation for 24 h, the cells were treated either with control buffer or 10 ng/ml of TGF-β in triplicates for 24–96 h. Then 20ul of MTT solution (5 mg/ml) was added to each well and incubated for 3–4 h at 37°C. Following that, the media with MTT was removed and 200ul of DMSO was added to each well to dissolve the formazan crystals for 10 min and the O.D. was measured with a plate reader (Multiskan, Thermo Fisher) at 560 nm.
Xenograft Studies
Athymic Nude-Foxn1nu mice were purchased from Harlan Laboratories and housed at UNC Charlotte’s vivarium. These mice were injected subcutaneously with tumor cells. 3 × 106 HPAFII cells (50ul) (n = 9) or 5 × 106 MiaPaCa2 cells (50ul) (n = 12) were injected with Matrigel (50ul) (total = 100ul) subcutaneously into the flank of male or female Athymic Nude-Foxn1nu mice (Murphy et al., 2012). Once the tumors reached a palpable size (∼3 × 3mm, ∼5 days post tumor inoculation), mice were separated into four different groups. Groups 1 and 2 had HPAF-II tumors and groups 3 and 4 had MiaPaca2 tumors. Groups 1 and 3 were treated with the isotype control IgG antibody (20ug/100ul per mouse) three times a week for 2 weeks. Groups 2 and 4 were treated with the monoclonal TGF-β neutralizing antibody (LifeTech) (20ug/100ul per mouse) three times a week for 2 weeks. Mice were monitored daily for general health and tumors were palpated. Caliper measurements were taken three times a week over 28 days until endpoint and once euthanized, tumor wet weight was taken (tumor size: ∼15 × 15 mm) (Figure 5A). This study and all procedures were performed after approval from the Institutional Animal Care and Use Committee of UNC Charlotte.
Immunohistochemistry
For nonenzymatic antigen retrieval, sections were heated to 85°C in Dako antigen retrieval solution for 90 min and cooled for 20 min; all subsequent steps occurred at room temperature. To quench endogenous peroxidase, slides were rinsed and incubated in methanol/2% H2O2 for 10 min. Sections were then washed, blocked in 50% fetal bovine serum (FBS) in PBS for 45 min, and incubated overnight with primary antibodies. Sections were incubated for 1 h with secondary antibody, developed with a diaminobenzidine (DAB) substrate (Vector Inc., Burlingame, CA, USA), counterstained with hematoxylin, and mounted with Permount. Primary antibodies used were Armenian hamster anti-MUC1 cytoplasmic tail (CT), CT2 (1:50) and anti-TGF-β antibody (Novus Biologicals) (1:10). Secondary antibodies used were rat anti-hamster HRP conjugated antibody (1:100, Jackson Labs) and anti-mouse HRP conjugated antibody (Cell Signaling Technology) (1:50). IgG conjugated to horseradish peroxidase was used as negative control. Immunopositivity was assessed using light microscopy and images taken at 100× magnification.
Statistical Analysis
The data are expressed as the mean±SEM of n = 3. Differences between groups were examined using unpaired two-tailed t-tests, one-way and two-way ANOVAs. Statistical comparisons were made using the GraphPad Prism 9.0. p-values of <0.05 were considered statistically significant (*p <  0.05; **p  <  0.01; ***p < 0.001; ****p < 0.0001).
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Although research on the metabolism related to gastric cancer (GC) is gradually gaining increasing interest, there are few studies regarding metabolism-related genes in GC. Understanding the characteristic changes of metabolism-related genes at the transcriptional and protein levels in GC will help us to identify new biomarkers and novel therapeutic targets. We harvested six pairs of samples from GC patients and evaluated the differentially expressed proteins using mass spectrometry-based proteomics. RNA sequencing was conducted simultaneously to detect the corresponding expression of mRNAs, and bioinformatics analysis was used to reveal the correlation of significant differentially expressed genes. A total of 57 genes were observed to be dysregulated both in proteomics and transcriptomics. Bioinformatics analysis showed that these differentially expressed genes were significantly associated with regulating metabolic activity. Further, 14 metabolic genes were identified as potential targets for GC patients and were related to immune cell infiltration. Moreover, we found that dysregulation of branched-chain amino acid transaminase 2 (BCAT2), one of the 14 differentially expressed metabolism-related genes, was associated with the overall survival time in GC patients. We believe that this study provides comprehensive information to better understand the mechanism underlying the progression of GC metastasis and explores the potential therapeutic and prognostic metabolism-related targets for GC.
Keywords: differential metabolic genes, proteomics, transcriptome, gastric cancer, BCAT2
INTRODUCTION
Gastric cancer (GC) is one of the leading causes of cancer-related deaths worldwide; however, the molecular mechanisms underlying GC remain largely unknown (Allemani et al., 2018). Although the combination of surgery and chemotherapy has shown great therapeutic progress, the prognosis of GC has still not significantly improved (Wei et al., 2020). The development of GC is a complex process in which a variety of molecules and signaling pathways are altered (Tan and Yeoh, 2015). Therapeutic strategies involving these molecules and signaling pathways could be promising for patients with GC. Therefore, it is necessary to elucidate the molecular mechanisms of GC to develop new biomarkers and therapeutic targets.
Many recent studies have proven that changes in metabolic pathways exist in many tumors and affect the malignant phenotype of tumors (Boroughs and DeBerardinis, 2015). The dysregulation of some metabolism-related genes has been observed in GC (Xiao and Zhou, 2017). As a key enzyme in the last step of glycolysis, pyruvate kinase M2 (PKM2) is highly expressed in GC, which can promote glycolysis and inhibit mitochondrial oxidative phosphorylation (Shiroki et al., 2017). PKM2 activates the PI3K/AKT pathway and inhibits autophagy, leading to the proliferative and invasive phenotype of GC cells (Wang et al., 2017). The upregulation of fatty acid synthase (FAS) in GC is closely related to lymph node metastasis (Ito et al., 2014). Therefore, this key enzyme related to lipogenesis has been studied as a potential target for anti-tumor therapy, and it is necessary to identify more differentially expressed metabolic genes in GC and normal gastric epithelial tissues as the molecular basis for targeted therapy.
In addition, the metabolites regulated by metabolic genes will have a profound impact on the function of immune cells in the tumor microenvironment (TME) (O’Sullivan et al., 2019). Tumor cells can deprive the TME of glucose through glycolysis to damage the function of immune cells such as T cells and NK cells (Ho et al., 2015; Cong et al., 2018). In addition, the massive consumption of some amino acids such as glutamine, serine or glycine or branched chain amino acids by tumor cells can impair the functions of T cells and NK cells, leading to immunosuppression environment (Ron-Harel et al., 2016; Swamy et al., 2016; Ma et al., 2017; Ren et al., 2017; Loftus et al., 2018). Hence, it is obvious that the competition for nutrients in the TME and the inhibitory effect of the metabolites on immune cells reshape the immune landscape. Understanding these processes will help us develop targets for tumor metabolites and improve the effectiveness of immunotherapy.
The latest advances in omics technology have led to a deep understanding of the molecular changes in the development and progression of cancer (Jiang et al., 2017; Dey et al., 2019). Therefore, multi-omics analysis in genomics, transcriptomics, epigenomics, proteomics, and metabolomics can help reveal key mechanisms in cancer development and treatment resistance to help guide treatment decisions. We believe that joint transcriptome and proteome profiling may reveal new biological insights and identify the pathogenic mechanisms or therapeutic targets for GC therapy.
MATERIALS AND METHODS
Tissue Collection
This study was approved by the Research Ethics Committee of The First Affiliated Hospital of Sun Yat-sen University, and written consent was obtained from all patients. Six paired GC samples were used for proteomics analysis. Corresponding whole transcriptomics sequencing further confirmed the differentially expressed genes. All samples were collected from The First Affiliated Hospital of Sun Yat-sen University between January 2019 and December 2020. All tissues were histologically identified, diagnosed as gastric adenocarcinoma, and graded according to the guidelines of the modified American Joint Committee on Cancer (AJCC).
Quantitative Proteomics by Multiplexed Tandem Mass Tag Mass Spectrometry
Proteins were extracted, digested with lysis buffer, and labelled with TMT reagents according to an optimized protocol (Pagala et al., 2015; Bai et al., 2017; Dey et al., 2019). The sample was fractionated using a C18 column (Waters BEH C18 4.6 × 250 mm, 5 μm) on a Rigol L3000 HPLC system. For transition library construction, shotgun proteomics analyses were performed using an EASY-nLCTM 1200 UHPLC system (Thermo Fisher, USA) coupled with a Q Exactive HF-X mass spectrometer (Thermo Fisher) operating in the data-dependent acquisition (DDA) mode. The identified protein contains at least one unique peptide with FDR no more than 1.0%. Proteins containing similar peptides that could not be distinguished by MS/MS analysis were identified as a same protein group. Reporter Quantification (TMT 10-plex) was used for TMT quantification. The protein quantitation results were statistically analyzed by Mann-Whitney Test, for proteins whose quantitation significantly different between GC and paired normal samples groups, (p < 0.05 and fold-change (FC) in expression ≥1.5), were defined as differentially expressed proteins (DEP). The detailed data processing procedure was presented in Supplementary Material S1.
RNA-Seq
After total RNA was extracted, mRNA was isolated by Oligo Magnetic Beads and cut into small fragments for cDNA synthesis. Libraries were generated using the NEBNext UltraTM RNA Library Prep Kit (New England Biolabs, Ipswich, MA, USA) for the Illumina system following the manufacturer’s instructions. Sequencing was conducted using the Illumina HiSeq XTEN platform. The mRNAs with p < 0.05 between GC and paired normal samples were identified to be differentially regulated. The detailed data processing procedure was presented in Supplementary Material S2.
Bioinformatics Analysis
The bioinformatics analysis was based on the online repositories including TCGA data portal (https://portal.gdc.cancer.gov/), TIMER database (https://cistrome.shinyapps.io/timer/), Kaplan-Meier Plotter database (http://www.kmplot.com/analysis/index.php?p=background) and GSCA database (http://bioinfo.life.hust.edu.cn/GSCA/#/immune).
RNA Preparation and Reverse Transcription-Quantitative Real-Time PCR
All RNAs were isolated by RNA isolation plus (TaKaRa, Japan) according to the manufacturer’s protocol. cDNA was generated using PrimeScript RT Reagent (TaKaRa). The relative expression levels were measured by quantitative real-time reverse transcription polymerase chain reaction by using a LightCycler480 II Real-time PCR System (Roche, USA) with the SYBR green detection system (Takara). The samples were placed in a 96-well plate and amplified using the manufacturer’s standard amplification conditions (stage1:30 s at 95°C, stage2:40 cycles of 5 s at 95°C and 34 s at 60°C, stage3: Melt curve). Relative expression was determined by the 2−ΔΔCT method. Meanwhile, we used GAPDH as an endogenous control for mRNA. The primer sequences used were as follows: BCAT2 (forward: 5′-GCC​CAC​CGT​GTT​AGT​GCA​A-3′, reverse: 5′-GTC​CAG​TAG​ACT​CTG​TCT​GAC​C-3′); GAPDH (forward: 5′CAA​GGT​CAT​CCA​TGA​CAA​CTT​TG-3′, reverse: 5′-GGC​CAT​CCA​CAG​TCT​TCT​GG-3′).
Western Blot
For western blot analysis, total proteins were extracted using the Whole Cell Protein Extraction Kit (Key GEN, China). BCA Protein Quantitation Assay (Thermo, USA) was used to measure the protein concentration. We separated protein samples by using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels. The separated protein samples were then transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore, USA). After blocking with 5% non-fat dry milk in Tris-buffered saline (TBS)/0.1% Tween 20 for 1 h at room temperature, the membranes were incubated with anti-BCAT2 (1:1,000, ab95976, Abcam, USA) and anti-GAPDH (1:1,000, 5,174, CST, USA) primary antibodies overnight at 4°C. The next day, membranes were washed 3 times with TBST buffer for 15 min and incubated with horseradish peroxidase-conjugated secondary antibody. Finally, the western blot signals were visualized using Immobilon Western Chemiluminescent HRP Substrate (Millipore, USA).
Immunohistochemical Staining and Evaluation
The GC tissues were fixed in 4% paraformaldehyde and embedded in paraffin. The slides were then deparaffinized and heated in EDTA buffer for antigen retrieval. After being incubated with anti-BCAT2 (1:1,000, ab95976, Abcam, UK) at 4°C overnight, the slides were washed in PBS twice and subsequently incubated with HRP-conjugated secondary antibody (Abcam, UK) at room temperature. These samples were then visualized using diaminobenzidine (DAB), and the nucleus was stained with hematoxylin. The results of IHC were evaluated in a double-blind manner. We used semi-quantitative methods to determine staining scores, namely 0 (negative), 1 (weak), 2 (medium), and 3 (strong). Negative and weak staining confirmed low BCAT2 expression, while medium and strong staining indicated high BCAT2 expression.
Cell Culture and Transfection
Gastric cancer cell lines, including AGS and HGC-27, were obtained from Procell Life Science & Technology Co., Ltd., Wuhan, China, Zhong Qiao Xin Zhou Biotechnology Co.,Ltd., Shanghai, China. All these cells were cultured in DMEM (Invitrogen, USA) supplemented with 10% fetal bovine serum (GBICO, USA) and incubated at 37 °C with 5% CO2.
Plasmid Construction and Lentiviral Transduction
The plasmid pEZ-Lv201-CMV-BCAT2 was designed and synthesized by GeneCopoeia, Inc. a U.S. AGS and HGC-27 cells were transfected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
Cell Counting Kit-8 Assay
The Cell Counting Kit-8 (CCK8, Dojindo, Japan) was used according to the manufacturer’s instructions. Briefly, 1,000 cells were seeded in a 96-well plate, and 10 μL of CCK-8 solution were added to each well every day. Wells were further incubated for 2 h and measured using an automatic microplate reader (Tecan Group Ltd., Männedorf, Switzerland).
Colony Formation Assay
GC cell lines (AGS and HGC-27) resuspended to 1 ×  103 cells/mL were seeded in 6-well plates. After incubation at 37 °C for 2  weeks, cells were fixed in 20% methanol for 30 min and stained with crystal violet for 20 min.
5-Ethynyl-2′-Deoxyuridine Assay
An EdU assay kit (RiboBio, Guangzhou, China) was to detect DNA synthesis and cell proliferation. Cells were seeded in a 96-well plate after 48 h of transfection and were continuously waited for 24 h. After incubation with 50 mM EdU for 2  h, the AGS and HGC-27 cells were fixed in 4% paraformaldehyde and stained with Apollo Dye Solution. Then, Hoechst 33342 was used to stain the nucleic acids. Images were obtained with a DMI8 microscope (Leica, Weztlar, Germany).
Statistical Analysis
SPSS Statistics 20.0 (IBM, USA) and GraphPad Prism 6.0 (GraphPad Software, USA) were used for statistical analysis and graphing. The numerical data were presented as mean ± standard deviation (SD) of at least three experiments. Statistical comparisons between paired GC and normal gastric sample were performed using paired t-test comparisons. The Kaplan–Meier method was used to plot the survival curves, and the log-rank test was used to compare the differences between groups. p < 0.05 was considered to indicate statistical significance with a 95% confidence level.
RESULT
Headings
Proteomics Revealed a Special Metabolic Activity Characteristic in GC
A variety of differentially expressed proteins can be detected in tissue samples as well as serum by TMT LC-MS/MS-based proteomics (Pagala et al., 2015; Dey et al., 2019). In this study, we screened differentially expressed proteins in GC using tandem mass tag–mass spectrometry (TMT-MS) analysis. The proteins with fold-change (FC) in expression ≥1.5 and p < 0.05 between GC and paired normal samples were identified to be differentially regulated. The 225 differently expressed proteins are listed in Supplementary Table S1 by FC. Hierarchical clustering and volcano plot filtering showed differently expressed proteins in GC (Figures 1A,B). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were conducted to evaluate the potential roles of these differentially expressed proteins (Figures 1C,D). Metabolic activity pathway was significantly enriched in these related pathways. Among these differentially expressed metabolic proteins, we observed a decrease in the level of mitochondrial oxidative phosphorylation (Figure 1E), which is consistent with previous studies on GC metabolism (Guaragnella et al., 2014). Considering that GC prefers glycolysis mode, known as “Warburg effect,” intervention in glycolysis metabolic mode of GC may be a promising therapeutic approach (Liberti and Locasale, 2016). In addition, the levels of lipids and triglycerides in GC generally rise due to inhibition of lipid degradation and enhanced lipid synthesis (Tugnoli et al., 2006; Leal et al., 2012). Our results also showed that the expression of PLPP2 and GK involved in the regulation of glycerolipid metabolism were upregulated, while the expression of ACAT1 and ECI2, involved in the fatty acid degradation pathway were downregulated. More importantly, our research revealed that amino acid metabolism proteins were widely dysregulated in GC, which was not the focus of previous studies on GC proteomics (Supplementary Table S2). Changes in arginine metabolism proteins were identified, in which ASS1 was significantly upregulated, while GPT2 and GLUL expression were downregulated. The high expression level of ASS1 in gastric cancer has been reported (Tsai et al., 2018), suggesting the important role of ASS1 in the metabolic process of gastric cancer. Studies have found that branched-chain amino acids (BCAAs) metabolic pathways are altered in many solid tumors such as melanoma, nasopharyngeal carcinoma, and breast cancer (Sivanand and Vander Heiden, 2020). Systemic metabolic disorders of BCAAs can affect the occurrence and progression of cancers such as pancreatic cancer (Falcone and Maddocks, 2020; Li et al., 2020), but it has not been reported in GC. In our study, proteins related to BCAA metabolism, including BCAT2, ALDH6A1, MCEE, PCCB, BCKDHB, DBT, and AUH, were all downregulated, revealing the potential role of BCAA metabolism in GC.
[image: Figure 1]FIGURE 1 | Identification of genes related to metabolic pathways through proteomics. (A) A cluster heat map presented the significantly dysregulated proteins in GC tissues related to paired normal tissues. The red and blue strips represented high and low expression, respectively. (B) Volcano plot filtering of differently expressed proteins between GC and normal gastric samples. High expression level is indicated by “red” and low levels by “green.” (C–D) GO pathway analysis and KEGG analysis showed the potential functions of differently expressed proteins in GC. The ratio in KEGG represents the protein ratio of pathways. (E) Enriched metabolic pathways exhibited distinct metabolic activities.
Identification of Differentially Expressed Coupled mRNAs Using Transcriptomics in GC
To complement the proteomic analyses, we performed RNA-seq (Figure 2A) and conducted correlation analysis of proteomics and transcriptomics (Supplementary Figure S1A). Heat map exhibited differentially expressed proteins (mRNAs) in proteomics and transcriptomics (Figure 2B). Finally, 57 significant differentially expressed proteins (mRNAs) were identified both in proteomics and transcriptomics (Supplementary Table S3; Supplementary Figure1B). We divided the 57 differentially expressed genes into three clusters. The mRNA and protein levels in cluster 1 and cluster 2 were coupled and the expression trend was the same, while the mRNA and protein levels in cluster 3 had the opposite trend. Next, we analyzed the potential function of 57 significant differentially expressed proteins (mRNAs). The clustering heat map of GO and KEGG pathway enrichment described the detailed pathway of every different expressed protein (mRNA) (Figures 2C,D). GO and KEGG pathway enrichment confirmed metabolic activity pathway was significant enriched (Figures 2E,F). Furthermore, KEGG pathway bias plot and scatter plot showed that the metabolic activity pathway was positively correlated in proteomics and transcriptomics (Supplementary Figures S1C, D). These 14 metabolic genes include BCAT2, ALDH1A2, MDH1, PHGDH, CKB, ADH1B, PCCB, NNT, CKM, DCXR, LIPF, ASS1, ME3, and CS that participate in various metabolic activities such as arginine, serine, branched chain amino acid, and tricarboxylic acid cycle, mostly focused on amino acid metabolism. As shown in Supplementary Figures S1E, the expression level of ASS1 belonging to cluster 1 was upregulated, and the expression levels of BCAT2, MDH1, CKB, ADH1B, PCCB, CKM, DCXR, LIPF, ME3, and CS belonging to cluster 2 were downregulated at both the mRNA and protein levels. Genes belonging to cluster 3 such as ALDH1A2, PHGDH and NNT indicated that the mRNA level was upregulated and the protein level was downregulated, suggesting that these genes may be involved in post-transcriptional regulation.
[image: Figure 2]FIGURE 2 | Identification of coupled genes through complementary transcriptomics. (A) Volcano plot filtering of differently expressed mRNAs between GC and normal gastric samples. High expression level is indicated by “red” and low levels by “green.” (B) Heatmap illustrating the different expression in protein and mRNAs between GC and normal gastric tissue. The red part represents up-regulated protein (mRNA) and the blue part represents downregulated protein (mRNA). (C–D) Clustering heat map of GO and KEGG pathway enrichment presents the potential functions of significantly dysregulated proteins (mRNAs) both in proteomics and transcriptomics. The red and blue strips represent high and low expression, respectively. (E–F) GO and KEGG pathway enrichment present the potential functions of significantly dysregulated proteins (mRNAs) both in proteomics and transcriptomics. The Fold_Enrichment represents the protein (mRNAs) ratio of pathways.
Bioinformatics Analysis of the 14 Metabolic Genes and the Relationship Between the Immune Cells
We used the TCGA database to analyze 14 metabolic genes, and the results showed that ADH1B, CKB, CKM, LIPF, and ME3 were significantly downregulated and ASS1 was significantly upregulated in GC (Figure 3A). Further survival analysis showed that ADH1B, ALDH1A2, and PHGDH were associated with poor Disease Free Survival (DSS), while PCCB was associated with better DSS (Figure 3B). Considering that tumors may deprive the microenvironment of nutrients via a variety of metabolic pathways and damage the function of immune cells, we analyzed the correlation between 14 metabolic genes and infiltrating immune cells in GC. The results showed that these metabolic genes are related to a variety of immune cells (Figure 3C). We grouped 14 metabolic genes into a gene set and found that the gene set was negatively correlated to Treg, monocytes, Th1, DC, and macrophages and positively correlated to NKT, CD4+, and MAIT cells (Figure 3D). Considering that these genes are generally downregulated in tumors, these genes may be associated with positive immune regulation. In addition, we evaluated the sensitivity of these metabolic genes to drug therapy, and the results showed that most genes are related to drug therapy sensitivity (Figures 3E,F), suggesting that targeting these genes can achieve anti-tumor effects through drug synergistic therapy.
[image: Figure 3]FIGURE 3 | Analysis of the correlation between 14 metabolic genes and immunity. (A) Analysis of significantly different genes in unpaired GC (T = 408) and normal tissues (N = 211) in the GEPIA (p < 0.05). (B) Survival differential genes analysis in STAD from the GSCA database. (C) The correlation between 14 metabolic genes and immune cell infiltration in STAD from the GSCA database. (D) The correlation between a gene set composed of 14 metabolic genes and immune cell infiltration in STAD from the GSCA database. (E) Correlation analysis of 14 metabolic genes and CTRP drug sensitivity from the GSCA database. (F) Correlation analysis of 14 metabolic genes and GDSC drug sensitivity from the GSCA database. T, GC tissues; N, matched adjacent normal samples.
Correlation Analysis Between 14 Metabolic Genes and Programmed Cell Death Ligand 1/Cytotoxic T Lymphocyte-Associated Protein 4
Studies have shown that the metabolic interaction between tumor cells and immune cells may be related to poor response to immunotherapy. Therefore, targeting tumor metabolic activity including glucose or glutamine activity combined with PD-1/PD-L1 ICIs may provide new treatment opportunities for gastric cancer patients (Ma et al., 2021). We analyzed the co-expression relationship between 14 metabolic genes and PD-1/CTLA4 to help us understand whether these genes can be used as synergistic targets for immunotherapy. The results showed that ADH1B, PHGDH, BCAT2, ME3, PCCB, and CS were positively correlated with PD-1 (Figure 4A), and ADH1B, PHGDH, BCAT2, CKB, PCCB, and CS were positively correlated with CTLA4 (Figure 4B). Next, we constructed differentially expressed mRNA-mediated protein-protein interaction networks in GC to reveal their complex interactions among each other using the STRING system (Figure 4C).
[image: Figure 4]FIGURE 4 | Analysis of the correlation between 14 metabolic genes and PD-1/CTLA4. (A–B) Correlation analysis of 14 metabolic genes and PD-1/CTLA4 in the TIMER database. (C) PPI network constructed by 14 metabolic genes in STRING.
Identifying the Differential Expression and Prognostic Characteristics of BCAT2 in GC
The mRNA level of BCAT2 were detected in 32 pairs of GC tissues and adjacent normal gastric mucosa by RT-qPCR (Figure 5A). BCAT2 was significantly decreased in GC compared to normal gastric epithelial tissue. By using the Kaplan-Meier Plotter database to compare the overall survival (OS) curve of BCAT2 expression (Figure 5B), the low level of BCAT2 is a signal of poor prognosis for GC patients. To further verify the difference in the expression of BCAT2 at the protein level, we performed western blotting on 12 pairs of matched GC and adjacent normal tissues (Figure 5E). We found that compared with adjacent normal gastric tissues, the levels of BCAT2 protein in GC tissues were significantly reduced. Thus, to explore the relationship between the expression of BCAT2 and the clinicopathological characteristics of GC, we performed IHC to detect the expression of BCAT2 in 89 GC tissues (Figure 5C). Negative and weak staining were classified as low BCAT2 expression (46.1%, 41/89), while moderate and strong staining were defined as high BCAT2 expression (53.9%, 48/89). As shown in Table1, low BCAT2 expression was associated with lymphatic invasion (p < 0.05). Further analysis showed that the 5-year overall survival rate of GC patients with high BCAT2 expression was significantly higher than that of GC patients with low BCAT2 expression (46.1% vs. 53.9%; p < 0.01, Figure 5D). To identify the functional effects of BCAT2 in gastric cancer cell lines, we transfected the BCAT2 overexpression plasmid into AGS and HGC-27 cells (Figures 6A,B). In the following steps, CCK8, Edu and colony formation assays were performed to determine the proliferative capacity of GC cells. We observed that the overexpression of BCAT2 inhibited cell proliferation rate, such as CCK8 assay (Figures 6C,D), DNA synthesis as measured by Edu assay (Figure 6E), and colony forming ability of AGS and HGC -27 (Figure 6F) cells. Therefore, our research shows that BCAT2 is a potential therapeutic target for GC.
[image: Figure 5]FIGURE 5 | Low BCAT2 expression in GC. (A) Relative expression of BCAT2 in 32 paired GC tissues and matched adjacent normal samples via qRT-PCR. (p < 0.05). (B) The survival curve of BCAT2 in GC patients from the Kaplan–Meier plot (p < 0.05). (C) IHC staining of the BCAT2 protein in GC tissues. (D) The survival curve of BCAT2 in GC patients using the IHC staining score (p < 0.05). (E) The protein expression of BCAT2 in 12 paired GC tissues and matched normal adjacent mucosa, analyzed by western blotting. T, GC tissues; N, matched adjacent normal samples. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
TABLE 1 | Relationships between BCAT2 expression and clinical-pathological parameters in gastric cancer.
[image: Table 1][image: Figure 6]FIGURE 6 | BCAT2 suppresses the proliferative ability of GC cells. (A–B) qRT-PCR analysis of BCAT2 mRNA expression after treatment with an overexpression plasmid in AGS and HGC-27 cells. (C–D) Assessment of the proliferation of AGS and HGC-27 cells transfected with control vector or BCAT2 plasmid by a CCK-8 assay. (E–F) Assessment of AGS cell proliferation by EdU and colony formation assays. Quantitative data from three independent experiments are shown as the mean ± SD (error bars). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
DISCUSSION
The importance of metabolism in tumors is gradually being recognized, and metabolic activities are now understood to affect the malignant phenotype and immunosuppressive properties of tumors (Hanahan and Weinberg, 2011; Chang et al., 2015; Ho et al., 2015). Recently, Natalya N. Pavlova and Craig B. Thompson organized known cancer-associated metabolic changes into six hallmarks: 1) deregulated uptake of glucose and amino acids, 2) use of opportunistic modes of nutrient acquisition, 3) use of glycolysis/TCA cycle intermediates for biosynthesis and NADPH production, 4) increased demand for nitrogen, 5) alterations in metabolite-driven gene regulation, and 6) metabolic interactions with the microenvironment (Pavlova and Thompson, 2016). Compared to normal tissues, tumors exhibit enhanced nutrient absorption given the activation of oncogenes and the loss of tumor suppressor factors (Ying et al., 2012). However, nutritional limitations in solid tumors may require malignant cells to undergo metabolic reprogramming to provide sufficient energy and biosynthetic pathways (Gaglio et al., 2011; Son et al., 2013). In addition, the metabolic flexibility of tumor cells allows them to adapt to the diverse TME and achieve immunosuppressive effects by depriving glucose and by other methods to damage the functions of T cells, NK cells, macrophages, and DCs (Keating et al., 2016; O'Neill and Pearce, 2016; Badur and Metallo, 2018; Cong et al., 2018).
In our study, the results of combined proteomics and transcriptomics showed that genes related to metabolic pathways were significantly enriched, proving that metabolic genes play an important role in GC. The metabolic genes identified by our research are currently not comprehensive and specific to GC, and they can become promising targets for GC metabolism.
The metabolic regulation of GC includes four major categories—carbohydrates, amino acids, lipids, and nucleic acids—which are interconnected by intermediate products (Xiao and Zhou, 2017). GC exhibits the Warburg effect, which involves high glucose uptake, enhanced glycolysis, and accumulation of large amounts of lactic acid. Tumor-derived lactic acid impairs the function of cytotoxic T cells/NK cells (Fischer et al., 2007) and prevents the differentiation of monocytes into DCs (Gottfried et al., 2006), ultimately leading to tumor immune escape. In addition to glycolysis, the effects of amino acid metabolic reprogramming on oncogenesis and immune evasion in GC have been gradually revealed. The kynurenine pathway catalyzed by indoleamine-2, 3-dioxygenase (IDO) plays a key role in regulating the TME to promote cancer progression. Higher expression of IDO is associated with increased activity of immunosuppressive T regulatory cells (Bauer et al., 2005). Regulating amino acid levels in TME may be an effective way for tumors to regulate immune cell function. For example, tumor expression of tryptophan depleting enzyme IDO and subsequent production of kynurenine can lead to the inhibition of T-cell proliferation and effector function and damage to DCs.
Using proteomics and transcriptomics, we identified 14 metabolic genes that are involved in multiple metabolic pathways. As the six hallmarks of tumors mentioned above, PHGDH was proven to be involved in use of glycolysis/TCA cycle intermediates for biosynthesis and NADPH production, and ASS1 was proven to be involved in increased demand for nitrogen (Pavlova and Thompson, 2016). We also demonstrated that these metabolic genes are related to a variety of immune cells. A gene set including 14 metabolic genes was negatively related to Treg, monocytes, Th1, DCs, and macrophages, and was positively correlated to NKT, CD4+, and MAIT cells. For example, PHGDH supports the rapid growth and uncontrolled spread of a variety of cancers by catalyzing the first step reaction of serine biosynthesis (Zhao et al., 2021). However, serine is also a key immune metabolite that directly regulates immune activity by controlling the proliferation of T cells. The lack of serine in the TME caused by the upregulation of PHGDH can impair the function of immune T cells. The expression of PHGDH was negatively correlated with the 5-year survival rate of GC patients, and multivariate analysis shows that it was an independent prognostic factor for the prognosis of GC (Xian et al., 2016). However, the effect of high expression of PHGDH on the GC TME and immune cells has not yet been studied. In addition, ASS1 plays a dual role in tumor cells. ASS1-low tumor cells become very dependent on external arginine, forming the basis of arginine deprivation therapy (Jahani et al., 2018). In ASS1-high tumor cells, such as prostate cancer (Gannon et al., 2010), breast cancer (Cavdar et al., 2003) and renal cell carcinoma (Tate et al., 2008), the presence of arginase in the TME can cause adverse effects, especially regarding the immune response to cancer cells. ASS1-expressing tumors recruit certain cells such as tumor-associated macrophages (TAM) and bone marrow-derived suppressor cells (BMDSCs), which can promote immune evasion (Adams et al., 2015). ASS1 is related to the production of polyamines and inhibition of NO production by macrophages involved in inflammation, which ultimately leads to the consumption of arginine in the TME (Chang et al., 2001). It is well known that arginine can enhance the immune response by promoting the survival and proliferation of T cells, and arginine deprivation may lead to immunosuppression (Cao et al., 2016; Geiger et al., 2016). ASS1 was highly expressed in GC and could promote invasion and metastasis, which proved that GC has unique metabolic characteristics (Tsai et al., 2018). However, the specific mechanism of ASS1’s role in GC microenvironment needs further exploration. We believe that the 14 identified metabolic genes by multiomics will help strengthen the understanding of GC.
We also found that some metabolic genes such as ADH1B, PHGDH, BCAT2, ME3, PCCB, and CS were positively correlated with PD-1. PD-1 inhibitors such as pembrolizumab have been used as a third-line drug for the treatment of GC, revealing the important role of immunotherapy in GC (Zhu and Ma, 2021). Research has shown that the combined use of PD-1 with small molecule drugs targeting metabolic pathways including amino acid metabolism may contribute to the effectiveness of PD-1 therapy. For patients with PD1 targeted drugs showing sustained response to treatment, the tumor mainly has a T cell-inflamed TME (Lanitis et al., 2017). The metabolic-related pathway such as tryptophan-kynurenine-arene receptor (Trp-Kyn-AhR) in T cell-inflamed tumors mediates a variety of immunosuppressive mechanisms including the consumption of tryptophan, direct immunosuppression of Kyn, and the activity of AhR bound to Kyn (Labadie et al., 2019). Small molecule inhibitors of this pathway are making progress in preclinical development and are expected to be used in combination with PD-1 checkpoint inhibitors to enhance the effect of PD-1. Therefore, these metabolic pathway genes including ADH1B, PHGDH, BCAT2, ME3, PCCB, and CS may become effective targets for synergistic therapy with PD-1.
In this study, based on the results of proteomics and transcriptomics, we found that BCAT2 was downregulated in tissues from GC patients and was significantly associated with a poor prognosis. As a type of branched-chain amino acid transferase, BCAT2 reversibly converts branched-chain amino acids into the corresponding branched-chain α-keto acid to generate glutamate (Neinast et al., 2019). Recently, BCAA metabolism has attracted widespread attention. The way different tumors utilize BCAAs exhibits tissue-of-origin dependence. Despite that, KRAS and TP53 mutations are both important genetic events in non-small cell lung cancer (NSCLC) and pancreatic ductal adenocarcinoma (PDAC); NSCLC tumors exhibited enhanced BCAA uptake, while PDAC tumors showed decreased BCAA uptake (Mayers et al., 2016). However, they further found that PDAC BCAT null cells formed smaller tumors in the pancreas than control cells, demonstrating that the growth of PDAC tumors may be aided by BCAT activity in certain tissue environments. As a solid tumor, the complicated TME of GC affects the changes of metabolic pathways. Therefore, it is necessary to understand the metabolism of BCAA via BCAT2 in different contexts in GC.
A study by Li et al. also confirmed that BCAT2 promoted the growth of pancreatic tumors by mediating BCAA catabolism and mitochondrial respiration (Li et al., 2020). I In addition, Wang et al. found that sorafenib and sulfasalazine could downregulate the expression of BCAT2 to induce iron death, thus identifying BCAT2 as a novel inhibitor of iron death (Wang et al., 2021). BCAT2 plays different roles in a variety of tumors, and its specific mechanism of action in GC has not yet been elucidated. Changes in metabolic genes and products can be used to promote the malignant phenotype and proliferation of tumors. Recent studies have shown that leucine is an activator of the mTOR pathway (Wolfson et al., 2016), indicating that GC may reduce the expression of BCAT2 to accumulate more leucine and activate mTOR to promote the growth of GC.
In conclusion, our research provided insights that reveal the characteristics of genetic alterations in GC metabolism. Despite the lack of large-scale sample verification and consideration of intra-tumor and inter-tumor differences, we believe that metabolic genes play an important role in GC adaptation to TME and immune resistance, which will be verified in more large-scale studies in the future.
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Background

LIM domain only protein1(LMO1), a nuclear transcription coregulator, is implicated in the pathogenesis of T-cell acute lymphoblastic leukemia and neuroblastoma. However, the clinical significance and potential mechanism of LMO1 in human gliomas remain to be determined.



Methods

In this study, expression level data and clinical information were obtained via three databases. The Cox proportional hazards regression model was used to predict outcomes for glioma patients. In vitro and in vivo assays were used to explore the function of LMO1 in human glioma. Gene set enrichment analysis (GSEA), RNA-seq and western blot were used to explore the potential molecular mechanisms. A prognostic model was built for predicting the overall survival(OS) of human glioma patients.



Results

High LMO1 expression was associated with a high tumor grade and a poor prognosis in patients. High levels of LMO1 mRNA were correlated with poor prognosis in patients with isocitrate dehydrogenase (IDH)-wild-type (wt) and 1p/19q non-codeletion gliomas. Gene silencing of LMO1 significantly inhibited tumor growth, invasion and migration in vitro. In contrast, LMO1 over-expression promoted tumor growth, invasion and migration. Mechanically, LMO1 may positively regulate the level of NGFR mRNA and protein. NGFR mediated the regulation between LMO1 and NF-kB activation. Consistently, the nude mice study further confirmed that knockdown of LMO1 blocked tumor growth via NGFR-NF-kB axis. Finally, The nomogram based on the LMO1 signature for overall survival (OS) prediction in human glioma patients exhibited good performance in the individual mortality risk.



Conclusion

This study provides new insights and evidences that high level expression of LMO1 is significantly correlated with progression and prognosis in human gliomas. LMO1 played a critical role in tumorigenesis and progression. The present study first investigated the LMO1–NGFR–NF-kB axis regulate cell growth and invasion in human glioma cells, whereby targeting this pathway may be a therapeutic target for glioma.
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Introduction

Human glioma is the most prevalent primary tumors of the brain, and it has an aggressive malignant progression represented by devastation to normal brain tissue, resistance to therapeutic approaches, and widespread invasion throughout the brain (1, 2). The past several decades of dedicated research into the biology of glioma has resulted in a rapidly accelerating process of discovery. Although many molecular signatures have been reported to be closely related with fundamental characters of glioma, the clinical treatment effect of glioma is still unsatisfactory. Therefore, elucidating the key mechanism controlling glioma cell growth and invasion and searching therapies is essential for improving patient survival (3). Various public databases have collected abundant genetic and clinical information of glioma, which is helpful to screen out new therapeutic targets and improve clinical prognosis for patients.

The LIM-only (LMO) proteins are a family of nuclear transcription coregulators, which are characterized by the exclusive presence of two tandem LIM domains and no other functional domains. The LIM domain is an ~55-residue, highly conserved cysteine-rich zinc-binding motif (5, 6). To date, four LMO proteins (LMO1-LMO4) have been identified. LMO proteins are emerging as crucial molecules in a wide variety of human cancers. LMO1, a member of LMO family, is reported as a dominant oncogene in neuroblastoma cells (7). Silence of LMO1 may suppress the growth of neuroblastoma cells with high LMO1 expression, whereas overexpression of LMO1 in neuroblastoma cells with low LMO1 expression promotes proliferation (7).

Nerve growth factor receptor, known formally as “Protein tumor necrosis factor receptor superfamily member 16” and also called p75 neurotrophin receptor (NGFR), is a transmembrane glycosylated receptor that elicits an array of biological functions through its ability to interact with its cognate ligands and coreceptors (8–10). It is well-known that NGFR alone or with other coreceptors can mediate several cellular functions that include cell death, survival, migration, and axonal growth inhibition (11–13). In glioma, p75NTR can modulate hallmarks of glioblastoma including invasion and proliferation (14–18).

Our previous studies have revealed that NF-κB activation promotes the glioblastoma mesenchymal phenotype (19). In cells, IκB interacts with NF-κB (p65), leading to NF-κB (p65)/IκB complex sequestration in the cytoplasm, and subsequent prevention of NF-κB(p65) binding to target DNA sequences. Some signal cascades activate IKK, and IKK phosphorylates IκB in the cytoplasm, resulting in IκB degradation by the proteasome and NF-κB (p65) release from the inhibitory complex. Then, NF-κB proteins translocate into the nucleus, where they bind to DNA and activate gene transcription (20). The pathway plays an important role in cancer cell proliferation, apoptosis, metastasis, and therapeutic resistance.

This is the first report of LMO1 as a prognostic predictor and its function in human glioma cells. We found that LMO1 expression is significantly increased in more aggressive gliomas. LMO1 was revealed as a transcriptional cofactor, affecting the NF-κB pathway by regulating the NGFR expression. Our data suggested that LMO1, as a novel biomarker of gliomas, plays an important role in gliomas though the NF-κB signaling pathway.



Materials And Methods


Clinical Specimens and Databases

Gene expression and glioma patient survival data were downloaded from The Cancer Genome Atlas (TCGA) Research Network (n = 676), The Chinese Glioma Genome Atlas (CGGA) database (n = 693), and the GSE16011 (GEO) database (n = 284). RNA-seq data of 301 glioma patients with clinicopathologic characteristics from the CGGA were selected as the primary cohort to establish the predictive model and to construct the nomogram and risk classification system. The inclusion criteria for data extraction in the predictive model were patients diagnosed with WHO grade II–IV glioma. The exclusion criteria included patients with missing or incomplete data such as survival status and time, age, sex, grade, and IDH status. Archived paraffin embedded glioma tissues (WHO grades I–IV) were gathered from patients (n = 37) who underwent surgery in the Department of Neurosurgery, Nanfang Hospital of Southern Medical University. Normal brain tissue samples (n = 5) were collected from severe traumatic brain injury patients who experienced partial resection of the normal brain as decompression treatment.



Patient-Derived Glioma Specimens and Cell Lines

All glioma samples were obtained after surgical resection from patients admitted to the Department of Neurosurgery, Nanfang Hospital (NFH), Southern Medical University, China, and the corresponding clinical data were collected. The glioma specimens were obtained for pathological examination and cell isolation. The primary cell lines, NFH-GBM1 (derived from a 61 year-old male GBM patient), were isolated from fresh GBM tissues. The maintained adherent cells were primary GBM cells, which were verified by immunofluorescence,as previously described (19). The canonical GBM cell lines (LN229, U87MG, T98G and U251) and normal glial cell lines (SVG)were purchased from the American Type Culture Collection (ATCC, USA). The cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco; USA) that was supplemented with 10% foetal bovine serum (FBS; Gibco; USA). The details of the primary GBM cell lines were listed in Supplementary Table S1.



Immunohistochemistry (IHC)

Immunohistochemistry assays were carried out on GBM samples or nude mouse xenograft tumour tissues to detect and score LMO1(ab137599, Abcam), p-p65 (ab86299, Abcam), NGFR(55014-1-AP, Proteintech), anti-Ki67 (ZM-0166, ZSGB-BIO) and Vimentin(#9782, Cell Signaling Technology)expression. Paraffin-embedded blocks were cut into 4-μm sections and deparaffinized and rehydrated. Antigen retrieval was performed by pressure cooking for 5 min in citrate buffer (pH 6.0), followed by blocking of endogenous peroxidase in 0.3% H2O2. After blocking with 5% bovine serum albumin (BSA) for 1 h, sections were incubated sequentially with primary antibodies and horseradish peroxidase-linked secondary antibody. Sections were covered with diaminobenzidine for visualizing the staining and then counterstained with haematoxylin before being examined by microscope. The staining intensities were recorded as 0 (negative), 1 (weak), 2 (moderate), and 3 (strong), and the percentage of positively stained cells was recorded as 0 (0-25%), 1 (25-50%), 2 (50-75%), and 3 (75-100%). IHC scores were obtained by multiplying the two abovementioned scores. The median score, which was 6, was regarded as the cutoff for distinguishing “high expression” and “low expression” of LMO1.



Immunofluorescence (IF)

For immunofluorescence, 104 cells were grown on 15 mm confocal petri dishes and transfected with lentiviral for the indicated time. Cells were fixed for 10 min in 4% paraformaldehyde, permeabilized with 0.5% Triton™ X for 10 min and blocked with 5% BSA for 1 h. After removal of BSA, cells were rinsed with PBS and incubated with anti-p65 antibody (#6956S, Cell Signaling Technology) at 37°C for 1h. Immunofluorescence staining was enhanced using Alexa Fluor® 488-labelled secondary antibodies (Invitrogen). Cells were also stained with DAPI. Images were captured under a Carl-Zeiss LSM 980 confocal microscope equipped with ZEN 3 software (version 4.0) for image acquisition and analysis.



Gene Set Enrichment Analysis (GSEA)

To gain insight into the biological processes and signal pathways associated with LMO1 expression in gliomas, GSEA was performed using the Broad Institute GSEA version 4.0 software. The CCGA database was downloaded. The gene sets used for the enrichment analysis were downloaded from the Molecular Signatures Database (MsigDB, http://software.broadinstitute.org/gsea/index.jsp).



RNA Extraction and qPCR

mRNA levels of LMO1 were detected by qPCR. Total RNA was extracted using TRIzol Reagent (Invitrogen) according to the manufacturer’s protocol. Total purified RNA was reverse transcribed with random primers using cDNA synthesis kit (Thermo Fisher Scientific, Rockford, IL, USA). By the resulting cDNA used as a template for RT-PCR, real-time PCR using SYBR Green (Thermo Fisher Scientific, Rockford, IL, USA) was performed to detect the mRNA levels of the indicated genes. GAPDH was served as an internal control. The following primers were synthesized by Invitrogen: (LMO1 forward: 5’-TGGAAATCAAGAAACAGATG GA -3’; reverse:5’-TGGAGATGGGGCTCAGGTA-3; NGFR forward: 5’-CCTGGACAGCGTGACGTTC -3’, NGFR reverse:5’-CCCAGTCGTCTCATCCTGGT-3). All reactions were conducted on an ABI 7300 real-time PCR machine (Applied Biosystems, Foster City, CA, USA) using the following cycling parameters: 95°C for 10 min, followed by 40 cycles of 95° C for 15 s and 60°C for 45 s. Quantitation of relative gene expression was calculated using comparative△△Ct method. All data represent the average of three replicates.



Cell Transfection

Small interfering RNA (siRNA) targeting LMO1 were synthesized (Umine Biotechnology; Guangzhou, China). siRNAs were transfected with Lipofectamine™ 2000 reagent (Thermo Fisher Scientific; USA) according to the manufacturer’s protocol. Knockdown efficiency was assessed 72 h after transfection by western blotting. Stable knockdown of LMO1 in cells was generated using lentiviral transduction of shLMO1 (Hanbio BiotechnologyCoLtd; Shanghai, China). Knockdown efficiency was assessed 72 h after transfection by western blotting. siRNA sequences that generated efficient knockdown are as follows: si-LMO1sense:5′-CGCGACUACCUGAGGCUCUUUdTdT-3′; antisense:AAAGAGCCUCAGGUA GUCGCGdTdT. Plasmid construction of pIRES2-LMO1 and pIRES2-NGFR were performed by Umine Biotechnology (Guangzhou, China).



Western Blotting

Harvested cells were lysed with heat denaturation in RIPA cell lysis buffer. Protein lysates (20 μg) were loaded and separated on SDS-PAGE, and the proteins were transferred to polyvinylidene difluoride (PVDF) membranes. The blots were incubated with primary antibodies against LMO1(ab137599, Abcam),NGFR(55014-1-AP, proteintech),MMP2(#40994,Cell Signaling Technology), NF-κB Pathway Sampler Kit antibodies (#9936, Cell Signaling Technology), Epithelial-Mesenchymal Transition (EMT) Antibody Sampler Kit antibodies (#9782, Cell Signaling Technology),GAPDH(AP0066-200,Bioworld); Specific proteins were visualized with enhanced chemiluminescence (ECL, Millipore, Bredford, USA). The intensity of the protein bands was measured (ImageJ software) and normalized to GAPDH.



Cell Counting Kit (CCK)-8 Assay

The Cell Counting Kit-8 (CCK-8) was used to evaluate the cell viability according to the manufacturer’s instructions (Dojindo, Japan). NFH-GBM1, LN229 cells (1 × 103 cells/well) were incubated in 96-well plates for 0, 2, 4 and 6 d. The CCK-8 solution (10 μL) was added to each well and the plates were incubated for 1 h at 37°C, and then the absorbance at 450nm wavelength (OD450) was measured in a Microplate Reader (Bio-Rad).



Cell Scratch Assays

All cell lines were cultured in 6-well plates. Cells were grown to 85% confluence, scratched in each well with a new 1 mL pipette tip, washed twice with PBS to remove the scraped cells, and treated with eupatilin for 24 and 48 hrs. Images were taken and the gap distance was quantified using Image J software.



Transwell Invasion Assays

To further assess invasiveness, the filters were precoated with Matrigel. Glioma cells were added to the top chamber in serum-free media. The bottom chamber was filled with 10% FBS DMEM. After 24–48 h of incubation, the top chamber cells were removed using a cotton swab, and the membrane was fixed in 4% paraformaldehyde for 15 min and stained with crystal violet for 15 min. Five fields of adherent cells in each well were photographed randomly.



RNA-Seq

Three biological replicates in each control and knockdown LMO1 groups in LN229 cells were collected for RNA-Seq analysis after 72h of transient transfection. Total RNA isolation, library construction and sequencing were conducted using an Illumina HiSeq 2000 system, following the standard instructions. The differentially expressed genes were screened based on fold change (>=1) and Student’s t-test (P <0.05).



In Vivo Assays

To establish intracranial gliomas, LN229 cells (1 × 107) were transfected with Lenti-sh-LMO1 or LentiControl virus and then stereotactically implanted into the brains of 4-week-old nude mice (SMU Laboratory Animal Center; guangzhou, China). Kaplan-Meier survival curves were plotted to determine the survival time and weight. Mice were monitored until neurological signs were observed or 50 days after implantation, at which point they were sacrificed.



Statistical Analysis

Statistical analyses were performed using GraphPad Prism 8 software. Student’s t tests, one-way ANOVA, Pearson correlation analyses, Kaplan-Meier analyses, log-rank tests, Cox’s proportional hazards regression model, and χ2 tests were used to analyse the corresponding data,as detailed in the figure legends. The nomogram and risk classification system were constructed using rms package and predict function respectively in R. The performance of the nomogram was measured by ROC curve and calibration curve established in R.




Results


LMO1 Is Upregulated in High-Grade Glioma Patients

To understand the function of LMO1 in glioma development, we investigated the expression level of LMO1 in multiple datasets. A total of 693 tumor samples from glioma patients and 20 normal samples from CGGA databases were analyzed, The data indicated that expression level of LMO1 was higher in tumor samples than in control samples. Furthermore, the results further indicated that the mRNA expression levels of LMO1 were significantly increase with the rise in the grade of glioma and that the expression level was highest in the group of WHO IV (Figure 1A). Moreover, in the TGGA and GSE16011 databases, higher expression of levels of LMO1 were observed in higher grade glioma or GBM samples than those in low grade glioma and normal samples (Figures 1B, C). Correspondingly, the expression of the LMO1 protein was higher in human gliomas (WHO IV, n = 31;WHO II-III, n = 6; Supplement Table 2) than in normal brain tissues (n = 5) (Figure 1D). Clearly, LMO1 protein were mainly localized in the nuclear of glioma cells. These findings were further confirmed by western blot analysis, which investigated LMO1 expression in GBM cell lines (T98,LN229, U87 and U251 cell) and primary glioma cell lines (NFH-GBM1, NFH-GBM2, NFH-GBM3 cell) and normal glial cells (SVG cell) (Figure 1E). Thus, high LMO1 expression was correlated with an increased tumor grade in glioma patients.




Figure 1 | Increased LMO1 expression is related to a more malignant glioma. (A) The expression levels of LMO1 in 693 tumor tissues and 20 normal tissues were analyzed by CGGA. (B) The expression levels of LMO1 in 694 tumor tissues and 207 normal tissues were analyzed by TCGA. (C) The expression levels of LMO1 in 276 tumor tissues and 8 normal tissues were analyzed by GSE16011.Tukey’s Honest Significant Difference (HSD) test is used in (A–D) Representative immunohistochemistry (IHC) staining for LMO1 in non-tumor and different grade glioma samples. Scale bars=100 μm (main images) and 10 μm (insets).Comparison of LMO1 IHC staining scores between non-tumor and glioma samples. Unpaired Student’s t-test were used for statistical analysis. (E) WB analysis of LMO1 in the canonical and patient-derived GBM cell lines. GAPDH was used for normalization. One-way ANOVA tests were used for statistical analysis. **p < 0.01. ****p < 0.0001.





LMO1 Served as an Independent Prognostic Factor for Glioma Patients

To investigate the further relationship between LMO1 expression and clinical prognosis, we collected survival data from 42 patients with different grades of glioma (Supplementary Table S2). The results demonstrated that elevated LMO1 expression was clinically correlated with unfavorable outcomes of glioma patients outcome (Figure 2A). To further confirm this result, we downloaded survival data from the TCGA, CGGA and GSE16011 databases and performed survival analysis to investigate the clinical relevance of LMO1 expression in patient survival. The results display that elevated LMO1 expression was clinically correlated with unfavorable outcomes of glioma patients (Figures 2B–D). The detection of several molecular markers, including IDH1 mutation, 1p/19q codeletion, MGMT promoter methylation status has been applied with clinical diagnoses of gliomas (21, 22), we analyzed whether LMO1 expression was correlated with some molecular genetic characteristics by using CGGA database. The data revealed that the expression of LMO1 mRNA in human gliomas was correlated with 1p/19q co-deletion and MGMT promoter methylation status but not IDH status (Table 1). Results of Kaplan-Meier survival analyses stratifified by the status of common genetic aberrations of glioma showed that the effect of LMO1 on patients’ prognosis was correlated with several molecular features including IDH methylation and 1p/19q non-codeletion. It was rather remarkable that the prognostic significance of LMO1 was highly pronounced in individuals with wild type IDH or 1p/19q non-codeletion (Figures 2E, F). The results also in the CGGA revealed that the glioblastoma patients receiving chemotherapy or radiotherapy in the high LMO1 expression group had a poorer prognosis than patients in the low LMO1 expression group (Figures 2G, H).




Figure 2 | High expression of LMO1 predicts poor clinical outcomes in human gliomas and the response to chemo- and radio-therapy. (A) Survival curves including all glioma patients enrolled at NFH stratified by the IHC staining score for LMO1. an IHC staining score of 6 was regarded as the cutoff. The log-rank test was used to calculate the p-value. (B–D) Survival curves of glioma patients in the CGGA dataset (B), TCGA dataset (C) and GSE16011 dataset (D) stratified by LMO1 expression. The median mRNA expression level was regarded as the cutoff between high and low LMO1 expression. (E, F) Kaplan–Meier analysis of the survival of glioma patients considering the mutation status of IDH(E)or 1p/19q codeletion status (F) from the CGGA according to LMO1 expression. (G, H) Kaplan–Meier analysis of the survival of glioma or GBM patients treated with chemotherapy (G) or radiotherapy (H) from the CGGA according to LMO1 expression. Log-rank tests were used to calculate p-values.




Table 1 | Relationship between LMOl expression and clinicopathological Characteristics of GBM patients based on CGGA (n = 656).



Moreover, subsequent univariate and multivariate Cox regression analyses were additionally conducted to determine the independence of the prognostic value of LMO1. After correction for clinical characteristics that LMO1 were suggested to be significant prognostic factors in the univariate Cox regression, high LMO1 expression was an independent risk predictor of OS (p = 0.001, hazard ratio (HR) = 1.429, 95% confidence interval (CI) = 1.152–1.733) for glioma patients (Table 2). Collectively, these results indicate that LMO1 could be an independent prognostic factor for human glioma.


Table 2 | Univariate and multivariate Cox regression analysis for OS in GBM patient based on CGGA (n = 542).





LMO1 Promotes Glioma Cell Proliferation, Migration and Invasion In Vitro

To explore the biological significance of LMO1 in glioma, the knockdown of LMO1 were established in LN229 cells. The empty vector transfected tumor cells served as control groups. The efficiency of LMO1 downregulation was validated with qPCR and Western blot assay (Figure 3A). The impact of LMO1 on glioma cells proliferation in vitro was then examined. Cell growth was determined by CCK-8 assay within a 6-day monitoring period. Results showed that downregulation of LMO1 could impaired the proliferation of LN229 cells compared with control groups (Figure 3B). Inhibition of cell-cell and/or cell-matrix adhesive functions correlated with tumor migration and invasion. However, it was unclear whether LMO1 could affect the migration and invasive ability of glioma cells to influence patient prognosis. The results of scratch assays showed that cell migration inhibited significantly as a result of LMO1 knockdown in LN229 cells (Figure 3C). Invasiveness evaluation by transwell invasion assay showed significant difference in LN229 cell between LMO1 knockdown groups and the controls (Figure 3D). To further investigate whether LMO1 exerted the above described functions, we generated LMO1 overexpression (OE) in NFH-GBM1 cells that has low level of LMO1 protein. Compared with the empty vector, the enforced expression of LMO1 also promoted cell proliferation, migration and invasion in NFH-GBM1 cells (Figures 4B–D). Moreover, western blot analysis verified that the protein expression levels of Vimentin, Slug, Snail and MMP2 decreased in the sh- LMO1 LN229 cells while elevated in the LMO1 overexpression group (Figure 3A). These results suggest that LMO1 could promote the proliferation, migration and invasion of glioma cells in vitro.




Figure 3 | In vitro assays revealed that LMO1 is essential for glioma tumorigenesis and progression. (A) qPCR and WB analysis of LMO1 in LN229 cells or NFH-GBM1cells after the indicated shRNA or overexpression transfection. GAPDH was used for normalization. Unpaired Student’s t-tests was used for statistical analysis. (B) Cell counts of surviving LN229 cells and NFH-GBM1cells 6 days after the indicated transfection. Six technical replicates were performed for each group. One-way ANOVA was used for statistical analysis. (C) Scratch assays of LN229 cells and NFH-GBM1cellsafter transfection. At least five independent fields of cells were counted and measured. Three biological replicates were performed. Student’s t test was used for statistical analysis. (D) Transwell assays of LN229 cells and NFH-GBM1cell after transfection. Original magnification, 400×. Five random fields of view were captured for each group. Three biological replicates were performed(left panel). Quantification of transwell assay is shown in the right panel. Student’s t test was used for statistical analysis. *p < 0.05. **p < 0.01. ***p < 0.001.






Figure 4 | LMO1 regulates the malignant biological behavior of glioma through the NF-κB pathway. (A) GSEA analysis showed that high expression of LMO1 was positively correlated with enhanced expression of the NF-κB pathway in CGGA datasets. (B) Subcellular localization of NF-κB p65 in the indicated cells as analyzed by an immunofuorescence staining assay.Scale bars=20μm. (C) The protein expression of the downstream genes of the NF-κB pathway after LMO1 knockout or overexpression as measured by western blotting and gray quantitative analysis. Three biological replicates were performed. Student’s t test was used for statistical analysis. (D) Adjacent tumor sections from representative cases show LMO1 and p-p65 expression in human gliomas. Scale bars=100μm (main images) and 10μm (insets). (E) The protein expression of LMO1 and p-p65 is significantly positively correlated in the glioma tissue. (R=0.61, n= 37,p=7.2e-05). (F) The relationship between LMO1 and pp65 was analyzed by Spearman rank correlation test (p=0.0064). *p < 0.05. **p < 0.01. ***p < 0.001.





LMO1 Regulated the NF-κB Signaling Pathway in Human Gliomas

To further explore the possible signaling pathways in which LMO1 regulates the proliferation, migration, and invasion of GBM, we performed GSEA on CGGA dataset. The results showed a significant NF-kB signaling pathway enrichment in the higher LMO1 expression group (Figure 4A). Therefore, we examined changes in the NF-κB signaling pathway after LMO1 regulation through immunofluorescence and western blotting. The results showed overexpressing LMO1 significantly increased the NF-κB nuclear level. In contrast, the opposite results were again obtained in the LMO1 knockdown cell lines (Figures 4B, C). By ICH analysis, we also found that the accumulation of LMO1 protein is significantly positively correlated with p-p65 expression (n =37; p=0.0064) in human glioma (Figures 4D–F). These observations agree with the finding that LMO1 accumulation induces the activation of NF-kB signaling pathway. Taken together, these results demonstrate that LMO1 is an upstream factor modulating the NF-kB pathway in glioma.



LMO Promotes the Glioma Progression by Regulating NGFR Transcription and NF-κB Activation

To gain insight into the mechanism by which LMO1 activate NF-kB pathway, we attempted to perform RNA-seq in LMO1-KD or control cells. We transfected si-RNA into LN229 cells and verified the level of knockdown by WB. RNA-seq analyses were then conducted for LMO1-knockdown/control LN229 cell lines. By statistic analysis, the differential expressed genes were displayed in the volcano plot between the si-RNA and negative control groups(Figure 5A). Among those relative downregulated genes, NGFR, which had been confirmed to play a crucial role as a cancer promoter in glioma, was focused on. The LMO1 was knocked down in LN229 cells and overexpressed in NFH-GBM1 cells to confirm the results of the RNA-seq and detect the NGFR expression. Consistent with the result of RNA-seq, the NGFR mRNA and protein expression was upregulated in LMO1 overexpressed cells than control cells by RT-PCR and western blot (Figures 5B, C). Subsequently,We also analyze the relationship between LMO1 and NGFR from CGGA database using GlioVis (http://gliovis.bioinfo.cnio.es) (23). A moderate positive correlation existed between the LMO1 expression and NGFR in glioma patients (Figure 5D). Several independent data supporting a strong association with NGFR and high-grade glioma have been established by the Repository of Molecular Brain Neoplasia Data (REMBRANDT), the TCGA, and the Human Protein Atlas where NGFR has been shown to be elevated at both the RNA and protein level (24). Furthermore, accompanying patient data establish that high expression of NGFR correlates with lower overall patient survival (24). Taken together, these data revealed that NGFR, which was upregulated by LMO1 in glioma, may induce poor prognosis.




Figure 5 | LMO1 promotes the glioma progression by regulating NGFR transcription and NF-κB activation. (A) Three independent LMO1 reduced and control cells were prepared for RNA preparation and RNA-Seq analysis. Genes with altered expression were displayed in volcano plots. The upregulated genes are highlighted in red and downregulated genes in blue. Student’s t test was used for statistical analysis. (B) LN229 cells were transfected with specific sh-RNA of LMO1 or negative sh-RNA (sh-NC),while NFH-GBM1 cells were transfected with the plasmaid overexpressing LMO1 or empty plasmid. RT-PCR was used to detect the NGFR mRNA level. Student’s t test was used for statistical analysis. (C) glioma cells were prepared as (B), western blot was used to detect NGFR protein level. (D) Scatter plot of the expression of LMO1 and NGFR in a CGGA dataset. Pearson correlation analysis was used for statistical analysis. (R = 0.26 P < 0.001). (E) LN229 and U87 cells were transfected with lentivirus of LMO1 KD or NGFR overexpression plasmid or co-transfected them together. Western blot analysis was used to detect NGFR, p-p65, Vimentin, Slug, Snail and MMP2 protein levels. (F) Recovery cck8 assays with the indicated LN229 and U87 cell lines. ANOVA was used to calculate the p-value. (G) Recovery Transwell assays with the indicated LN229 and U87 cell lines. Original magnification, 400×. Five random fields of view were captured for each group. Student’s t test was used to calculate the p-value. *p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001.



Previous studies revealed that NGF binding to NGFR induces nuclear translocation of p65 and increases NF-kB activity in Schwann and PCNA cells (25). To explore whether activated NGFR is indeed the prime molecular factor that causes the defects in cell proliferation and invasion of LMO1-depleted glioma cells, we performed recovery experiments by transfecting NGFR overexpression plasmid into these LMO1 KD cells and analyze EMT phenotype-related signatures and biological functions. First, Western blot results showed that the levels of p-p65 and NGFR were significantly decreased after LMO1 knockdown in LN229 and U87 cells, exogenous expression of NGFR restored the downregulation of the expression of NGFR, p-p65,Vimentin,Slug,Snail and MMP2 (Figure 5E). CCK-8 assay (Figure 5F) and Transwell assay (Figure 5G) showed that exogenous expression of NGFR also attenuated the suppression of proliferation and invasion caused by shRNA-mediated depletion of the LMO1 protein. These data further demonstrate that LMO1-NGFR-NF-KB axis is essential for driving glioma invasion and progression.



Downregulation of LMO1 Inhibits Glioma Tumorigenesis In Vivo

Furthermore, We next explored the biological function of LMO1 using sh-LMO1 lentivirus-infected LN229 cells in vivo. MRI scan and Haematoxylin and eosin (HE) staining of intracranial tumour-bearing mice at 3 weeks after implantation suggested that compared with the control conditions, LMO1 knockdown impaired tumor growth (Figures 6A, B). Importantly, LMO1 knockdown reduced the progression of xenograft tumor growth and prolonged overall survival in nude mice bearing intracranial tumors (Figure 6C). Immunohistochemistry also certified the low expression level of LMO1 and NGFR in sh-LMO1 cells (Figure 6D). In addition, a reduction in the proliferation and invasion signature genes (ki67,vimentin) were observed in tumour with downregulated LMO1 (Figure 6D). Interestingly, p-p65 expression was significantly decreased in the sh-LMO1 group compared with the control group. These results demonstrated that LMO1 silencing led to reduced proliferation and invasion of glioma cells in vivo. Collectively, these in vivo and in vitro experiments revealed that LMO1 is essential for proliferation and invasion of glioma cells in vivo.




Figure 6 | LMO1 silencing inhibits tumorigenesis in vivo. (A) Cranial MRI T2 sequence images of intracranial tumor-bearing mice in LN229 control or sh-LMO1 cells at 3 weeks after transplantation.(B)H&E staining of sections from mouse brains with LN229 control or sh-LMO1 xenografts at 15 days after implantation. (C) Survival analysis for animals implanted with LN229 sh-LMO1 or control cells (n control = 6, n sh-LMO1 = 6).Log-rank tests were used to calculate p-values. (D) IHC for LMO1, p-p65, Ki-67 and Vimentin in sections from indicated xenografts (scale bar=100μm). the lower panels show histograms of the results. Student’s t test was used for statistical analysis. *p < 0.05. **p < 0.01. ***p < 0.001.





Establishment of Nomogram for Survival Prediction in Human Glioma

In view of the prognostic value of LMO1 in glioma, we constructed a nomogram and risk classification system for predicting 3- and 5-year survival. In the cohort, 542 glioma cases from the CGGA were included. A Cox proportional hazards model was employed in the cohort to assess the value of each variable in predicting the prognosis of glioma patients. The criteria for selecting variables conformed to clinical relevance and multivariate Cox analysis (26). It has been reported that age, IDH status and sex are associated with the incidence rate or prognosis of glioma (1, 27–29). Considering the clinical factors of glioma, these parameters (LMO1 and NGFR expression level, age, gender, WHO grade, IDH status and 1p/19q co-deletion) were included in the predictive model. The predictive model was presented as a nomogram and is shown in (Figure 7A) receiver operating characteristic (ROC) curve was used to evaluate the accuracy of prediction of 3- and 5-year survival in the sets. The area under the curve (AUC) of the nomogram for 3-year survival was 0.867 in the cohort, and the AUC of 5-year survival in the nomogram were 0.87 in the cohort (Figures 7B, C). The calibration plot for the probability of survival at 3 or 5 years showed an optimal agreement between the prediction and observation in the cohort(Figure 7D).In addition, a risk classification system for predicting the prognosis of glioma patients was developed. Patients in each cohort were divided into low-risk and high-risk groups according to the median cut of value of the risk scores. The Kaplan–Meier curves showed that the high risk group exhibited poorer prognosis than the low-risk group in the cohort (Figure 7E). These data suggested that LMO1 is an independent prognostic factor that can be used to competently predict the survival of patients with glioma.




Figure 7 | Establishment of the overall survival nomogram for human glioma patients using the CGGA dataset. (A) Nomogram for predicting overall survival of human gliomas. There are seven components in this nomogram: PRS, Grade,Age, IDH Mutation Status,1p/19q Codeletion Status, LMO1 and NGFR level, and Gender. Each of them generates points according to the line drawn upward. And the total points of the seven components of an individual patient lie on “Total Points” axis which corresponds to the probability of 3‐year and 5‐year survival rate plotted on the two axes below. (B, C) Calibration plots of the nomogram for predicting overall survival rate at 3 year (B) and 5 years (C). The predicted and the actual probabilities of overall survival were plotted on the x‐ and y‐axis, respectively. (D) ROC curve showing the sensitivity of the program. (E) Kaplan‐Meier curves of two risk subgroups stratified by the total points the nomogram gives.






Discussion

At present, the prognosis of glioma patients is very poor, even when multimodal treatment strategies are used (1, 30). Despite advances in the detection and treatment of gliomas, current therapies remain limited for glioma formation and progression. In this study, we showed that LMO1was highly expressed in gliomas, especially in malignant glioblastoma, and found that the expression of LMO1 increased as the overall survival of patients decreased, which demonstrated that LMO1 plays a significant role in the malignancy of glioma.

LMO1 is a member of a family of transcriptional cofactor genes that encode two zinc-finger LIM domains, forming protein-protein interaction domains (32, 33). Previous studies have suggested that LMO (LIM-only) proteins have essential roles in the central nervous system (CNS) (32, 33). However, despite increasing evidence that this cofactor participate in tumorigenesis and progression of various types of cancers, such as T-cell acute lymphoblastic leukaemia (34), gastric cancer (35), lung cancer (36), and prostate cancer (37), the roles of LMO (LIM-only) proteins in human glioma are unclear. Based on our data, we propose that LMO1 is a novel biomarker of human glioma cells that promote growth and migration by activating NF-kB signaling pathway.

The present study first focused on detecting the expression level of LMO1 in normal brain tissue and tumor tissue obtained from patients with glioma by mRNA level in TCGA, CGGA and GEO dataset. It was observed that expression of LMO1 was significantly higher in high-compared to low-grade gliomas, and may serve as an independent prognostic factor for gliomas. Of note, high expression of LMO1 in the nuclei of tumor cells was observed in great part of the patients with glioma by IHC. Furthermore, the result suggested a upward trend in LMO1 expression with the increase in the degree of malignancy of the tumor, which is consistent to previous results according to which LMO1 expression was widely expressed in human cancers of the lung, gastric, prostate and neuroblastoma.

Enhanced LMO1 expression has also been found to be linked closely with 1p19q co-deletion or MGMT methylation. The impact of LMO1 expression on patients’ survival stratified by these molecular features showed that LMO1 expression could delineate glioma patients together with same other specific genetic alterations. Indeed, these patients could be classified into two subsets with completely distinct clinical outcomes, which were more pronounced than in all patients. LMO1 could facilitate predicting prognosis for patients with IDH wt or 1p/19q co-deletion, suggesting that the prognostic value of LMO1 was dependent on IDH status and 1p/19q co-deletion. In terms of the relationship between LMO1 expression and sensitivity of radiotherapy or chemotherapy, our results showed that LMO1 could contribute to chemoresistance and radioresistance. In vitro, our results validate that LMO1 could promote glioma cells proliferation, migration and invasion.

Besides the use of LMO1 as a novel prognostic biomarker of glioma, underlying mechanisms of LMO1 were identified. RNA-Seq and qPCR revealed that LMO1 could be a positive upstream regulator by regulating the mRNA expression of NGFR. NGFR can increase proliferation and invasiveness in in several contexts but has the opposite effect in others. NGFR is also associated with tumorigenesis of melanoma (12), thyroid (38) and breast cancer (39). Functional, biochemical, and clinical studies established that NGFR dramatically enhanced migration and invasion of genetically distinct glioma cells in vitro and in vivo and frequently exhibited robust expression in highly invasive glioblastoma patient specimens. In lower-grade glioma, however, NGFR has been shown to inhibit tumor growth and survival (40, 41). Our results align with studies in which NGFR acts as a tumor promoter. Knocking down NGFR expression decreased cell proliferation rates and the invasive ability of high invasive glioma cells. NGFR KD reduce the protein expression of Epithelial-Mesenchymal Transition(EMT) marker Vimentin,Slug and Snail and the invasive marker MMP2, while overexpression of NGFR increased these protein. EMT has been widely reported as a key mechanism in promoting migration, invasion, and tumor progression in glioma. Moreover, the absence MMP2 protein decreases proliferation and significantly increases survival in mice in a GBM xenograft model. Specially, a significant increase in MMP2 expression corresponding to glioma malignancy grade with the highest peak in glioblastoma. Our phenotypic and molecular data suggest that increasing NGFR expression in glioma cells may promote proliferation and invasion. Our experiment results show that LMO1 may regulate the transcription of NGFR and overexpression of NGFR recover the expression levels of Vimentin,Snail,Snail,MMP2 and p-p65 in LMO1-KD cells. However, our experiments did not fully address the mechanism how LMO1 regulate the transcription of NGFR, which still needs to be further explored. In vitro assays suggests that upregulation of the phosphorylation of p65 resulting from NGFR overexpression can drive proliferation and invasion in human glioma cells.

The requirements and characteristics of NF-kB activation via NGFR are not completely clear. Previous studies found that the need for a stressful environment for NGFR in order to be able to induce NF-kB nuclear translocation (42). It has been proposed that TRAF-6 can interact with NGFR and is implicated in NF-kB induction in Schwann cells (43). Moreover, there are been several reports that link NGFR signaling to IKBα degradation in other cell types (44). In PC12 cells, selective NGFR activation using a chimeric PDGF/p75 receptor induces NF-kB activation accompanied with an increase in IKK activity (45). Our results indicate that NGFR regulated by LMO1 induce the activation of NF-κB pathway, while silencing LMO1 suppress activation. Because receptors induce different intracellular signal components under environmental and physiological conditions, such as TRAF6, IKBα, and IKK, LMO1’s regulation of NGFR expression may increase the availability of these factors, thereby enhancing the underlying signal.

In this study, we demonstrated that down-regulation of LMO1 inhibits the potential tumorigenicity in vitro and in vivo. It was confirmed that LMO1 was indeed associated with NF-kB pathway through regulating NGFR. Given that the increase in NGFR levels can significantly elevate the phosphorylation of p65 in LMO1 KD cells, this mean that LMO1 may be a key regulator of glioma proliferation and invasion. However, the exact mechanism of LMO1 regulating NGFR transcription in mediating glioma invasion and progression still needs to be explored.



Conclusion

In conclusion, our study highlighted that increased LMO1 expression levels were associated with higher tumor grade and poor prognosis in human glioma. A nomogram with LMO1 was constructed and proven to accurately predict 3- or 5-year survival for glioma patients. Regarding biological function, LMO1 facilitated the proliferation, invasion and migration of glioma cells by activation of NF-kB pathway. These findings complement the biological functions of LMO1 and may provide new options for the management of glioma.
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Antiproliferation and proapoptosis are two major molecular mechanisms of action of drugs used for the treatment of multiple myeloma. Proteasome inhibitors, such as bortezomib (PS-341), and immunomodulatory drugs (IMiDs), such as lenalidomide, are the two drug types approved for the treatment of myeloma. Bortezomib and lenalidomide activate caspase-8 and promote the apoptosis of myeloma cells. However, caspase-8 inhibition potentiated the antiproliferative effect of lenalidomide and bortezomib in myeloma cells, suggesting that caspase-8 could regulate proliferation and apoptosis in the opposite pathway. In this mini-review, I summarized recent advances in determining the molecular mechanisms of caspase-8 in bortezomib–lenalidomide-based therapy for myeloma and explored the possible functions of caspase-8 in the proliferation and apoptosis of myeloma cells. Furthermore, future directions of caspase-8-based therapy for myeloma have been discussed.
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Introduction

Caspase-8, as an initiator caspase, is essential for death receptor-dependent apoptosis (1, 2) and is activated in multiple pharmacological treatments for myeloma (3, 4). However, we have previously shown that caspase-8 activation attenuates the anti-myeloma effect of bortezomib and lenalidomide (5, 6).

Thalidomide and its analogs lenalidomide and pomalidomide directly bind to the cereblon (CRBN) (7) and subsequently recruit neo-substrates IKZF1/3 to the CRL4CRBN E3 ligase, thereby inducing ubiquitination and degradation of IKZF1/3 and exhibiting an anti-myeloma effect (8, 9). The indispensability of CRBN for the anti-myeloma effect (10, 11) indicates that upregulation of CRBN can potentiate the anti-myeloma effect of lenalidomide (12–14). Recently, we discovered that the proteasome inhibitors bortezomib and MG-132 could induce CRBN cleavage, which possibly attenuates the anti-myeloma effect of lenalidomide (5, 6). However, combination therapy with lenalidomide and bortezomib is the first-line pharmacotherapy for multiple myeloma (15, 16) and has led to the paradoxical therapeutic mechanisms that mediate the action of lenalidomide and bortezomib in myeloma (17).

In myeloma cells, bortezomib inhibits the functioning of the 26S proteasome and affects multiple molecular pathways, including oxidative stress, NF-κB, and DNA damage and repair pathways, as well as classical intrinsic (mitochondria-dependent) and extrinsic (death receptor-dependent) cell death cascades, inducing the apoptosis of myeloma cells (4, 18–20). Lenalidomide exhibits an anti-myeloma effect by increasing apoptosis and inhibiting the proliferation of myeloma cells (3, 21, 22).

In this minireview, the caspase-8-involved extrinsic cell death cascade in bortezomib and lenalidomide therapy for myeloma was evaluated. First, I introduce the caspase-8 signaling pathway in myeloma treatment. Second, I summarize the recent advances in bortezomib and lenalidomide treatment in multiple myeloma and survey the different biological roles of caspase-8 in the treatment of myeloma. Finally, I discuss future perspectives on caspase-8-based therapy for myeloma.via cereblon IKZF1/3 cascade.



Caspase-8 and “Programmed” Cell Death

The Fas ligand (FasL, CD95 L) and tumor necrosis factor (TNF)-α bind to the relative cell surface Fas receptor (CD95/Apo-1) and the tumor necrosis factor receptor, and then recruit the adaptor protein FADD and procaspase-8 to form the death-inducing signaling complex (DISC), thereby activating caspase-8 through cleavage, which is the extrinsic or death receptor apoptotic pathway (Figure 1A) (23). The activation of caspase-8 for death receptor-mediated apoptosis occurs via two different molecular pathways. TNF-α cotreatment with cycloheximide activates caspase-8 by eliminating c-FLIP, whereas TNF-α cotreatment with a Smac mimetic activates caspase-8 by triggering the degradation of cIAP1/2 followed by the release of receptor-interacting serine-threonine kinase 1 (RIPK1/RIP1), thereby inducing apoptosis (24). Furthermore, lysosomal cathepsins might activate caspase-8 in a death receptor- and mitochondria apoptotic pathway-independent manner (25). Besides its apoptotic functions, caspase-8 affects other “programmed” cell death-necroptosis pathways by cleaving the death domain kinase RIP1 (RIPK1)/RIP3 (RIPK3) (Figure 1B) (26, 27) to regulate embryonic development (28); thus, caspase-8-mediated apoptosis and necroptosis compete with each other by cleaving different downstream substrates. In addition to being activated in the “programmed” cell death DISC, which is involved in apoptosis and necroptosis, caspase-8 is also activated in inflammasome complexes and controls inflammasome activation (29) to induce microglial activation (30). Accordingly, caspase-8 deficiency in humans causes defects in the activation of lymphocytes and natural killer cells, indicating the critical role of caspase-8 in the immune activation of lymphocytes (31, 32). Moreover, the DISC components FADD and caspase-8 regulate NLRP3 inflammasome priming and activation (Figure 1C) (29, 33, 34), suggesting that DISC and inflammasome complexes might intercross with each other.




Figure 1 | Caspase-8 was involved in multiprotein platforms. (A) Caspase-8 regulated the exterior and interior pathway-mediated apoptosis after the death-signaling challenge. (B) The loss of caspase-8 resulted in necroptosis. (C) Caspase-8 cleaved RIP3 and subsequently regulates the NLRP-3 inflammasome, thereby modulating the immune response after the infective signaling challenge. (D) Caspase-8 controlled the proliferation of lymphoid cells by interacting with the ATG5-ATG12 platform. C, cytochrome C; P, phosphorylation.





Caspase-8 Activation by Bortezomib and Lenalidomide in Myeloma Cells

Bortezomib (PS-341), a reversible proteasome inhibitor, was approved by the FDA for the treatment of multiple myeloma in 2003 (35). Similarly, lenalidomide and pomalidomide have been approved by the FDA, in 2005 and 2013, respectively, for the treatment of multiple myeloma (36). Since then, the bortezomib–lenalidomide combination has been used as the first-line treatment for multiple myeloma (37–39); however, there is a therapeutic paradox associated with lenalidomide and bortezomib treatment in myeloma (17). Bortezomib could potentiate the anti-myeloma effect of lenalidomide by stabilizing CRBN after short-term treatment in myeloma cells (13). Furthermore, although bortezomib blocks the degradation of IKZF1/3, ubiquitinated IKZF1/3 might not have transcriptional activity, and thus could mediate the anti-myeloma effect of lenalidomide (17).

Bortezomib activates caspase-8 in myeloma cells, thereby inducing apoptosis of myeloma cells (4). Bortezomib induced oxidative stress in human hepatoma HepG2 cells and subsequently activated JNK, thereby activating caspase-8 by increasing the FasL expression (40), which is dependent on the death receptor. Moreover, bortezomib could induce autophagy and then activate caspase-8 in a death receptor-independent manner (41). Interestingly, the relationship between autophagy and caspase-8 was first identified in T lymphocytes (42), and low activated caspase-8 was required for T-cell proliferation (Figure 1D) (42, 43).

Lenalidomide recruits the neo-substrate IKZF1/3 onto CRBN and promotes ubiquitination and subsequent degradation by the CRL4CRBN E3 ligase, thereby exhibiting an anti-myeloma effect (7–9). Although the anti-proliferative effect constitutes the major anti-myeloma effect of lenalidomide, a caspase-8 fluorometric assay indicated that lenalidomide and pomalidomide could activate caspase-8 (3, 44, 45). Nonetheless, active caspase-8-mediated apoptosis of myeloma cells might be an edge effect of lenalidomide, because cleaved caspase-8 was not detected after a lenalidomide challenge in myeloma cells (5, 44, 45), which indicated that lenalidomide might promote the activities of caspase-8 to low levels that are non-lethal for myeloma cells.

Caspase-8 might participate in different multiprotein platforms to regulate apoptosis, necroptosis, pyroptosis, and proliferation (Figure 1) (46). The above mentioned cellular responses were regulated by the enzymatic and nonenzymatic activities of caspase-8, which depended on different cell types and drug-mediated induction. To dissect the enzymatic and nonenzymatic activities of caspase-8, conditional caspase-8 knockout mice and derived cells were employed to investigate the possible functions of caspase-8 in cellular responses (47, 48). Necroptosis in caspase-8-deficient mice was rescued by the deletion of Rip3 (49, 50) or Cyld (51), suggesting that caspase-8 exerted an antinecroptotic effect by cleaving RIP3 or CYLD. Mechanistically, the mixed-lineage kinase domain-like protein (MLKL) was phosphorylated by RIP3 and mediated TNF-α-induced necroptosis (52–54). Embryos of enzymatically inactive caspase-8 (C362S) mice died after necroptosis and pyroptosis, which demonstrated that the enzymatic activity of caspase-8 was crucial for suppressing necroptosis and pyroptosis and further underscored the suppressive effect of caspase-8-mediated apoptosis on necroptosis and pyroptosis (46, 55, 56). The Mlkl deficiency rescued the necroptosis of caspase-8 (C362S) mice but resulted inpyroptosis (46), which indicated that caspase-8-mediated necroptosis might inhibit pyroptosis, thereby controlling normal embryonic development and adult tissue homeostasis (57).

The relatively high level of expression of caspase-8 in lenalidomide-resistant RPMI-8226 cells suggested that the expression of caspase-8 might affect lenalidomide sensitivity in myeloma cells (Figure 2A); however, this hypothesis has not been investigated yet. The relatively low expression or loss of RIP3 expression in myeloma cells (Figure 2A) suggests that necroptosis and pyroptosis might be harder to induce than apoptosis, although this needs to be further investigated. Therefore, bortezomib and lenalidomide might not induce necroptosis and pyroptosis in myeloma cells (Figure 2A).




Figure 2 | Caspase-8-regulated apoptosis and proliferation of myeloma cells. (A) FADD, Caspase-8, RIP1, and RIP3mRNA expression in lymphoid cell lines. Data were obtained from the Human Protein Atlas (https://www.proteinatlas.org/). (B) Bortezomib (Btz) and lenalidomide (Len) could activate caspase-8 and then cleave CRBN, thereby inducing apoptosis in myeloma cells. When caspase-8 decreased after bortezomib and/or lenalidomide treatment, the CRL4CRBN E3 ligase promoted ubiquitination-mediated degradation of IKZF1/3, thereby inhibiting the proliferation of myeloma cells. Due to the low expression of RIP3 in myeloma cells, necrosomes could not be formed and, therefore, necroptosis was inhibited.



With continuous exposure to bortezomib and lenalidomide, bortezomib- and lenalidomide-resistant myeloma cells could be generated from their parental sensitive myeloma cells (58, 59). An examination of the relative expression levels of FADD, caspase-8, RIP1, and RIP3 in the lenalidomide- and bortezomib-resistant myeloma cells and their parental myeloma cells might help identify a possible programmed cell death pathway to overcome drug resistance.



Caspase-8-Induced Cleavage of CRBN in Myeloma Cells

CRBN is a lenalidomide-binding protein that mediates the anti-myeloma effect of lenalidomide (8, 9, 60). However, CRBN was not required for bortezomib-induced apoptosis in multiple myeloma (10). Nonetheless, bortezomib could potentiate the anti-myeloma effect of lenalidomide (16, 59), suggesting that bortezomib may regulate the CRBN–lenalidomide–IKZF1/3 signaling pathway. Accordingly, short-term bortezomib treatment inhibited the ubiquitination-mediated degradation of CRBN in myeloma cells, thereby potentiating the anti-myeloma effect of lenalidomide (13). Interestingly, long-term bortezomib treatment blocked the lenalidomide-induced degradation of neo-substrate IKZF1/3 (61) and induced CRBN cleavage (6), which might attenuate the anti-myeloma effect of lenalidomide (Figure 2B). Furthermore, as lenalidomide induced low activities of caspase-8, we demonstrated that lenalidomide could regulate the protein level of CRBN by inducing low expression of active caspase-8 (5). Therefore, these studies suggested that short-term bortezomib treatment potentiated the benefits of lenalidomide-based therapy of myeloma patients, whereas long-term bortezomib treatment attenuated the anti-myeloma effect of lenalidomide.

Caspase-8 regulated NF-κB activation in an enzymatic activity-dependent or an enzymatic activity-independent manner, which might be a cell type-or drug treatment-specific effect (47, 62, 63). The enzymatic activity of caspase-8 induced the release of DED-prodomain fragments, thereby activating NF-κB signaling in mouse embryonic fibroblasts following poly(I:C) stimulation (64). However, caspase-8 bound to TRAF2 and FLASH, and thus mediated TNF-α-induced NF-κB activation in NIH3T3, HeLa, HEK293, and T cells, in an enzymatic activity-independent manner (65). Interestingly, the protein levels of CRBN and its neo-substrate IKZF1/3 were unaffected in TRAF2 knockout myeloma cells, although these TRAF2 knockout cells were resistant to both lenalidomide and pomalidomide (66), which suggested that the nonubiquitin functions of CRBN were crucial for cellular responses, such as proliferation. This hypothesis was underscored by the observations that CRBN inhibited NF-κB activation by directly binding to TRAF6 (67, 68), thereby exhibiting nonubiquitin-mediated functions (69). Both caspase-8 and CRBN contributed to NF-κB activation, which further indicated an overlap between caspase-8 and CRBN activities. However, the subsequent functions of CRBN cleavage by caspase-8 on NF-κB activation and cellular responses have not been investigated.



Caspase-8-Mediated Regulation of Lymphoid Cell Proliferation

FADD and caspase-8 are essential for the cell-cycle progression of T cells, suggesting that caspase-8 also regulated cell proliferation (Figure 1D) (43). In line with the above statement, low caspase-8 activities were observed during normal T cell clonal expansion (42). Mechanistically, autophagy was activated in T cells after mitogenic ligand challenge and subsequent recruitment of caspase-8 to FADD : Atg5-Atg12 multiprotein platforms, thereby promoting T cell proliferation (Figure 1D) (42). In caspase-8-deficient T cells, autophagy was hyperactivated (42), suggesting that physiologically low activated caspase-8 suppressed the activation of autophagy. Conversely, autophagy could activate caspase-8 (41), indicating the presence of a feedback loop in caspase-8 and autophagy activation in T cell expansion. Notably, the activation of caspase-8 in proliferative T cells did not cause T cell death (43, 70), indicating that caspase-8 was less activated during T cell proliferation. Thus, the sublethal activation of caspase-8 regulated cell-cycle progression, whereas the elevation of active caspase-8 expression following the blocking of protein degradation by bortezomib would be lethal for cells. Taken together, these data suggested that caspase-8 was required for lymphocyte development and activation. Given that myeloma is a cancer of plasma cells, which are differentiated lymphocytes, the possible functions of caspase-8 in the proliferation of myeloma cells need to be further investigated.



Future Perspectives

Caspase-8 plays a central role in “programmed” cell death, such as apoptosis, necroptosis, and pyroptosis, which is cell type- and drug treatment-specific (46, 71). Furthermore, caspase-8 could enhance or attenuate the tumor malignancy, which is also a cell type- and drug treatment-specific function. Bortezomib and lenalidomide activate caspase-8 and then cleave CRBN, thereby decreasing the sensitivity of the combination-treatment regimen of bortezomib and lenalidomide (5, 6). The inhibition or genetic depletion of caspase-8 then stabilized CRBN, thereby promoting the antiproliferative effect of bortezomib and lenalidomide (6). The necrosome comprises RIP1, RIP3, and MLKL (72, 73). However, myeloma cells might not contain sufficient RIP3 (Figure 2A), suggesting that caspase-8 inhibition and genetic depletion blocked not only apoptosis but also necroptosis and pyroptosis in myeloma cells (Figure 2B). Given that lenalidomide exerts an anti-myeloma effect by suppressing the proliferation of myeloma cells (8, 9), a physiologically low threshold concentration of active caspase-8 cleaves CRBN and attenuates the anti-myeloma effect of bortezomib and lenalidomide, which is detrimental for myeloma patients. Clinically, it is possible to block the activity of caspase-8 in myeloma patients, thereby enhancing the anti-myeloma effect of lenalidomide; however, no clinical study has evaluated the beneficial effect of caspase-8 inhibition in myeloma patients. Therefore, the inhibition or genetic depletion of caspase-8 might be beneficial for myeloma patients receiving lenalidomide-based therapy.



Author Contributions

The author confirms being the sole contributor of this work and has approved it for publication.



Funding

This work was supported by the National Natural Science Foundation of China (32170975).



References

1. Wang, S, and El-Deiry, WS. TRAIL and Apoptosis Induction by TNF-Family Death Receptors. Oncogene (2003) 22(53):8628–33. doi: 10.1038/sj.onc.1207232

2. Kantari, C, and Walczak, H. Caspase-8 and Bid: Caught in the Act Between Death Receptors and Mitochondria. Biochim Biophys Acta (BBA) - Mol Cell Res (2011) 1813(4):558–63. doi: 10.1016/j.bbamcr.2011.01.026

3. Mitsiades, N, Mitsiades, CS, Poulaki, V, Chauhan, D, Richardson, PG, Hideshima, T, et al. Apoptotic Signaling Induced by Immunomodulatory Thalidomide Analogs in Human Multiple Myeloma Cells: Therapeutic Implications. Blood (2002) 99(12):4525–30. doi: 10.1182/blood.V99.12.4525

4. Chauhan, D, Catley, L, Li, G, Podar, K, Hideshima, T, Velankar, M, et al. A Novel Orally Active Proteasome Inhibitor Induces Apoptosis in Multiple Myeloma Cells With Mechanisms Distinct From Bortezomib. Cancer Cell (2005) 8(5):407–19. doi: 10.1016/j.ccr.2005.10.013

5. Zhou, L, Yu, W, Jayabalan, DS, Niesvizky, R, Jaffrey, SR, Huang, X, et al. Caspase-8 Inhibition Prevents the Cleavage and Degradation of E3 Ligase Substrate Receptor Cereblon and Potentiates its Biological Function. Front Cell Dev Biol (2020) 8:605989(1562):605989. doi: 10.3389/fcell.2020.605989

6. ZHOU, L, Huang, X, Niesvizky, R, Pu, Z, and Xu, G. Caspase-8 Regulates the Anti-Myeloma Activity of Bortezomib and Lenalidomide. J Pharmacol Exp Ther (2021) 379:303–9. doi: 10.1124/jpet.121.000818

7. Ito, T, Ando, H, Suzuki, T, Ogura, T, Hotta, K, Imamura, Y, et al. Identification of a Primary Target of Thalidomide Teratogenicity. Sci (New York N.Y.) (2010) 327(5971):1345–50. doi: 10.1126/science.1177319

8. Krönke, J, Udeshi, ND, Narla, A, Grauman, P, Hurst, SN, McConkey, M, et al. Lenalidomide Causes Selective Degradation of IKZF1 and IKZF3 in Multiple Myeloma Cells. Sci (New York N.Y.) (2014) 343(6168):301–5. doi: 10.1126/science.1244851

9. Lu, G, Middleton, RE, Sun, H, Naniong, M, Ott, CJ, Mitsiades, CS, et al. The Myeloma Drug Lenalidomide Promotes the Cereblon-Dependent Destruction of Ikaros Proteins. Sci (New York N.Y.) (2014) 343(6168):305–9. doi: 10.1126/science.1244917

10. Zhu, YX, Braggio, E, Shi, C-X, Bruins, LA, Schmidt, JE, Van Wier, S, et al. Cereblon Expression is Required for the Antimyeloma Activity of Lenalidomide and Pomalidomide. Blood (2011) 118(18):4771–9. doi: 10.1182/blood-2011-05-356063

11. Lopez-Girona, A, Mendy, D, Ito, T, Miller, K, Gandhi, AK, Kang, J, et al. Cereblon is a Direct Protein Target for Immunomodulatory and Antiproliferative Activities of Lenalidomide and Pomalidomide. Leukemia (2012) 26(11):2326–35. doi: 10.1038/leu.2012.119

12. Jian, Y, Gao, W, Geng, C, Zhou, H, Leng, Y, Li, Y, et al. Arsenic Trioxide Potentiates Sensitivity of Multiple Myeloma Cells to Lenalidomide by Upregulating Cereblon Expression Levels. Oncol Lett (2017) 14(3):3243–8. doi: 10.3892/ol.2017.6502

13. Liu, J, Song, T, Zhou, W, Xing, L, Wang, S, Ho, M, et al. A Genome-Scale CRISPR-Cas9 Screening in Myeloma Cells Identifies Regulators of Immunomodulatory Drug Sensitivity. Leukemia (2019) 33(1):171–80. doi: 10.1038/s41375-018-0205-y

14. Zheng, J, Sha, Y, Roof, L, Foreman, O, Lazarchick, J, Venkta, JK, et al. Pan-PIM Kinase Inhibitors Enhance Lenalidomide's Anti-Myeloma Activity via Cereblon IKZF1/3 Cascade. Cancer Lett (2019) 440–441:1-10. doi: 10.1016/j.canlet.2018.10.003

15. Zou, Y, Lin, M, Sheng, Z, and Niu, S. Bortezomib and Lenalidomide as Front-Line Therapy for Multiple Myeloma. Leukemia Lymphoma (2014) 55(9):2024–31. doi: 10.3109/10428194.2013.847935

16. Attal, M, Lauwers-Cances, V, Hulin, C, Leleu, X, Caillot, D, Escoffre, M, et al. Lenalidomide, Bortezomib, and Dexamethasone With Transplantation for Myeloma. New Engl J Med (2017) 376(14):1311–20. doi: 10.1056/NEJMoa1611750

17. Wang, B, Duan, J, and Zhou, L. The Paradoxical Pharmacological Mechanisms of Lenalidomide and Bortezomib in the Treatment of Multiple Myeloma. Anti-Cancer Drugs (2021) 32(3):227–32. doi: 10.1097/CAD.0000000000001041

18. Chauhan, D, Li, G, Hideshima, T, Podar, K, Mitsiades, C, Mitsiades, N, et al. JNK-Dependent Release of Mitochondrial Protein, Smac, During Apoptosis in Multiple Myeloma (MM) Cells. J Biol Chem (2003) 278(20):17593–6. doi: 10.1074/jbc.C300076200

19. Field-Smith, A, Morgan, GJ, and Davies, FE. Bortezomib (Velcadetrade Mark) in the Treatment of Multiple Myeloma. Ther Clin Risk Manage (2006) 2(3):271–9. doi: 10.2147/tcrm.2006.2.3.271

20. Hideshima, T, Ikeda, H, Chauhan, D, Okawa, Y, Raje, N, Podar, K, et al. Bortezomib Induces Canonical Nuclear Factor-κb Activation in Multiple Myeloma Cells. Blood (2009) 114(5):1046–52. doi: 10.1182/blood-2009-01-199604

21. Verhelle, D, Corral, LG, Wong, K, Mueller, JH, Moutouh-de Parseval, L, Jensen-Pergakes, K, et al. Lenalidomide and CC-4047 Inhibit the Proliferation of Malignant B Cells While Expanding Normal CD34+ Progenitor Cells. Cancer Res (2007) 67(2):746–55. doi: 10.1158/0008-5472.can-06-2317

22. Kotla, V, Goel, S, Nischal, S, Heuck, C, Vivek, K, Das, B, et al. Mechanism of Action of Lenalidomide in Hematological Malignancies. J Hematol Oncol (2009) 2(1):36. doi: 10.1186/1756-8722-2-36

23. Fulda, S, and Debatin, KM. Extrinsic Versus Intrinsic Apoptosis Pathways in Anticancer Chemotherapy. Oncogene (2006) 25(34):4798–811. doi: 10.1038/sj.onc.1209608

24. Wang, L, Du, F, and Wang, X. TNF-α Induces Two Distinct Caspase-8 Activation Pathways. Cell (2008) 133(4):693–703. doi: 10.1016/j.cell.2008.03.036

25. Baumgartner, HK, Gerasimenko, JV, Thorne, C, Ashurst, LH, Barrow, SL, Chvanov, MA, et al. Caspase-8-Mediated Apoptosis Induced by Oxidative Stress is Independent of the Intrinsic Pathway and Dependent on Cathepsins. Am J Physiology-Gastrointestinal Liver Physiol (2007) 293(1):G296–307. doi: 10.1152/ajpgi.00103.2007

26. Lin, Y, Devin, A, Rodriguez, Y, and Liu, Z-G. Cleavage of the Death Domain Kinase RIP by Caspase-8 Prompts TNF-Induced Apoptosis. Genes Dev (1999) 13(19):2514–26. doi: 10.1101/gad.13.19.2514

27. Feng, S, Yang, Y, Mei, Y, Ma, L, Zhu, D-E, Hoti, N, et al. Cleavage of RIP3 Inactivates its Caspase-Independent Apoptosis Pathway by Removal of Kinase Domain. Cell Signalling (2007) 19(10):2056–67. doi: 10.1016/j.cellsig.2007.05.016

28. Newton, K, Wickliffe, KE, Dugger, DL, Maltzman, A, Roose-Girma, M, Dohse, M, et al. Cleavage of RIPK1 by Caspase-8 is Crucial for Limiting Apoptosis and Necroptosis. Nature (2019) 574(7778):428–31. doi: 10.1038/s41586-019-1548-x

29. Gurung, P, Anand, PK, Malireddi, RKS, Vande Walle, L, Van Opdenbosch, N, Dillon, CP, et al. FADD and Caspase-8 Mediate Priming and Activation of the Canonical and Noncanonical Nlrp3 Inflammasomes. J Immunol (2014) 192(4):1835–46. doi: 10.4049/jimmunol.1302839

30. Burguillos, MA, Deierborg, T, Kavanagh, E, Persson, A, Hajji, N, Garcia-Quintanilla, A, et al. Caspase Signalling Controls Microglia Activation and Neurotoxicity. Nature (2011) 472(7343):319–24. doi: 10.1038/nature09788

31. Chun, HJ, Zheng, L, Ahmad, M, Wang, J, Speirs, CK, Siegel, RM, et al. Pleiotropic Defects in Lymphocyte Activation Caused by Caspase-8 Mutations Lead to Human Immunodeficiency. Nature (2002) 419(6905):395–9. doi: 10.1038/nature01063

32. Lehle, AS, Farin, HF, Marquardt, B, Michels, BE, Magg, T, Li, Y, et al. Intestinal Inflammation and Dysregulated Immunity in Patients With Inherited Caspase-8 Deficiency. Gastroenterology (2019) 156(1):275–8. doi: 10.1053/j.gastro.2018.09.041

33. Swanson, KV, Deng, M, and Ting, JPY. The NLRP3 Inflammasome: Molecular Activation and Regulation to Therapeutics. Nat Rev Immunol (2019) 19(8):477–89. doi: 10.1038/s41577-019-0165-0

34. Han, J-H, Park, J, Kang, T-B, and Lee, K-H. Regulation of Caspase-8 Activity at the Crossroads of Pro-Inflammation and Anti-Inflammation. Int J Mol Sci (2021) 22(7):3318. doi: 10.3390/ijms22073318

35. Kane, RC, Bross, PF, Farrell, AT, and Pazdur, R. Velcade®: U.S. FDA Approval for the Treatment of Multiple Myeloma Progressing on Prior Therapy. Oncologist (2003) 8(6):508–13. doi: 10.1634/theoncologist.8-6-508

36. Holstein, SA, and McCarthy, PL. Immunomodulatory Drugs in Multiple Myeloma: Mechanisms of Action and Clinical Experience. Drugs (2017) 77(5):505–20. doi: 10.1007/s40265-017-0689-1

37. Richardson, PG, Weller, E, Lonial, S, Jakubowiak, AJ, Jagannath, S, Raje, NS, et al. Lenalidomide, Bortezomib, and Dexamethasone Combination Therapy in Patients With Newly Diagnosed Multiple Myeloma. Blood (2010) 116(5):679–86. doi: 10.1182/blood-2010-02-268862

38. Durie, B, Hoering, A, Rajkumar, SV, Abidi, MH, Epstein, J, Kahanic, SP, et al. Bortezomib, Lenalidomide and Dexamethasone Vs. Lenalidomide and Dexamethasone in Patients (Pts) With Previously Untreated Multiple Myeloma Without an Intent for Immediate Autologous Stem Cell Transplant (ASCT): Results of the Randomized Phase III Trial SWOG S0777. Blood (2015) 126(23):25–5. doi: 10.1182/blood.V126.23.25.25

39. Durie, BGM, Hoering, A, Abidi, MH, Rajkumar, SV, Epstein, J, Kahanic, SP, et al. Bortezomib With Lenalidomide and Dexamethasone Versus Lenalidomide and Dexamethasone Alone in Patients With Newly Diagnosed Myeloma Without Intent for Immediate Autologous Stem-Cell Transplant (SWOG S0777): A Randomised, Open-Label, Phase 3 Trial. Lancet (London England) (2017) 389(10068):519–27. doi: 10.1016/s0140-6736(16)31594-x

40. Lauricella, M, Emanuele, S, D’Anneo, A, Calvaruso, G, Vassallo, B, Carlisi, D, et al. JNK and AP-1 Mediate Apoptosis Induced by Bortezomib in HepG2 Cells via FasL/caspase-8 and Mitochondria-Dependent Pathways. Apoptosis (2006) 11(4):607–25. doi: 10.1007/s10495-006-4689-y

41. Laussmann, MA, Passante, E, Düssmann, H, Rauen, JA, Würstle, ML, Delgado, ME, et al. Proteasome Inhibition can Induce an Autophagy-Dependent Apical Activation of Caspase-8. Cell Death Differ (2011) 18(10):1584–97. doi: 10.1038/cdd.2011.27

42. Bell, BD, Leverrier, S, Weist, BM, Newton, RH, Arechiga, AF, Luhrs, KA, et al. FADD and Caspase-8 Control the Outcome of Autophagic Signaling in Proliferating T Cells. Proc Natl Acad Sci (2008) 105(43):16677–82. doi: 10.1073/pnas.0808597105

43. Arechiga, AF, Bell, BD, Leverrier, S, Weist, BM, Porter, M, Wu, Z, et al. A Fas-Associated Death Domain Protein/Caspase-8-Signaling Axis Promotes s-Phase Entry and Maintains S6 Kinase Activity in T Cells Responding to IL-2. J Immunol (2007) 179(8):5291–300. doi: 10.4049/jimmunol.179.8.5291

44. Chauhan, D, Singh, AV, Ciccarelli, B, Richardson, PG, Palladino, MA, and Anderson, KC. Combination of Novel Proteasome Inhibitor NPI-0052 and Lenalidomide Trigger In Vitro and In Vivo Synergistic Cytotoxicity in Multiple Myeloma. Blood (2010) 115(4):834–45. doi: 10.1182/blood-2009-03-213009

45. Das, DS, Ray, A, Song, Y, Richardson, P, Trikha, M, Chauhan, D, et al. Synergistic Anti-Myeloma Activity of the Proteasome Inhibitor Marizomib and the IMiD Immunomodulatory Drug Pomalidomide. Br J haematology (2015) 171(5):798–812. doi: 10.1111/bjh.13780

46. Fritsch, M, Günther, SD, Schwarzer, R, Albert, M-C, Schorn, F, Werthenbach, JP, et al. Caspase-8 is the Molecular Switch for Apoptosis, Necroptosis and Pyroptosis. Nature (2019) 575(7784):683–7. doi: 10.1038/s41586-019-1770-6

47. Henry, CM, and Martin, SJ. Caspase-8 Acts in a non-Enzymatic Role as a Scaffold for Assembly of a Pro-Inflammatory “FADDosome” Complex Upon TRAIL Stimulation. Mol Cell (2017) 65(4):715–729.e715. doi: 10.1016/j.molcel.2017.01.022

48. DeLaney, AA, Berry, CT, Christian, DA, Hart, A, Bjanes, E, Wynosky-Dolfi, MA, et al. Caspase-8 Promotes C-Rel–dependent Inflammatory Cytokine Expression and Resistance Against Toxoplasma Gondii. Proc Natl Acad Sci (2019) 116(24):11926–35. doi: 10.1073/pnas.1820529116

49. Kaiser, WJ, Upton, JW, Long, AB, Livingston-Rosanoff, D, Daley-Bauer, LP, Hakem, R, et al. RIP3 Mediates the Embryonic Lethality of Caspase-8-Deficient Mice. Nature (2011) 471(7338):368–72. doi: 10.1038/nature09857

50. Oberst, A, Dillon, CP, Weinlich, R, McCormick, LL, Fitzgerald, P, Pop, C, et al. Catalytic Activity of the Caspase-8–FLIPL Complex Inhibits RIPK3-Dependent Necrosis. Nature (2011) 471(7338):363–7. doi: 10.1038/nature09852

51. O'Donnell, MA, Perez-Jimenez, E, Oberst, A, Ng, A, Massoumi, R, Xavier, R, et al. Caspase 8 Inhibits Programmed Necrosis by Processing CYLD. Nat Cell Biol (2011) 13(12):1437–42. doi: 10.1038/ncb2362

52. Sun, L, Wang, H, Wang, Z, He, S, Chen, S, Liao, D, et al. Mixed Lineage Kinase Domain-Like Protein Mediates Necrosis Signaling Downstream of RIP3 Kinase. Cell (2012) 148(1):213–27. doi: 10.1016/j.cell.2011.11.031

53. Cai, Z, Jitkaew, S, Zhao, J, Chiang, H-C, Choksi, S, Liu, J, et al. Plasma Membrane Translocation of Trimerized MLKL Protein is Required for TNF-Induced Necroptosis. Nat Cell Biol (2014) 16(1):55–65. doi: 10.1038/ncb2883

54. Chen, X, Li, W, Ren, J, Huang, D, He, W-T, Song, Y, et al. Translocation of Mixed Lineage Kinase Domain-Like Protein to Plasma Membrane Leads to Necrotic Cell Death. Cell Res (2014) 24(1):105–21. doi: 10.1038/cr.2013.171

55. Samir, P, Malireddi, RKS, and Kanneganti, T-D. The PANoptosome: A Deadly Protein Complex Driving Pyroptosis, Apoptosis, and Necroptosis (PANoptosis). Front Cell Infection Microbiol (2020) 10:238(238). doi: 10.3389/fcimb.2020.00238

56. Wang, Y, and Kanneganti, T-D. From Pyroptosis, Apoptosis and Necroptosis to PANoptosis: A Mechanistic Compendium of Programmed Cell Death Pathways. Comput Struct Biotechnol J (2021) 19:4641–57. doi: 10.1016/j.csbj.2021.07.038

57. Frank, D, and Vince, JE. Pyroptosis Versus Necroptosis: Similarities, Differences, and Crosstalk. Cell Death Differ (2019) 26(1):99–114. doi: 10.1038/s41418-018-0212-6

58. Ri, M, Iida, S, Nakashima, T, Miyazaki, H, Mori, F, Ito, A, et al. Bortezomib-Resistant Myeloma Cell Lines: A Role for Mutated PSMB5 in Preventing the Accumulation of Unfolded Proteins and Fatal ER Stress. Leukemia (2010) 24(8):1506–12. doi: 10.1038/leu.2010.137

59. Zhu, YX, Shi, C-X, Bruins, LA, Wang, X, Riggs, DL, Porter, B, et al. Identification of Lenalidomide Resistance Pathways in Myeloma and Targeted Resensitization Using Cereblon Replacement, Inhibition of STAT3 or Targeting of IRF4. Blood Cancer J (2019) 9(2):19. doi: 10.1038/s41408-019-0173-0

60. Heider, M, Eichner, R, Stroh, J, Morath, V, Kuisl, A, Zecha, J, et al. The IMiD Target CRBN Determines HSP90 Activity Toward Transmembrane Proteins Essential in Multiple Myeloma. Mol Cell (2021) 81(6):1170–1186.e1110. doi: 10.1016/j.molcel.2020.12.046

61. Shi, C-X, Kortüm, KM, Zhu, YX, Jedlowski, P, Bruins, L, Braggio, E, et al. Proteasome Inhibitors Block Ikaros Degradation by Lenalidomide in Multiple Myeloma. Haematologica (2015) 100(8):e315–7. doi: 10.3324/haematol.2015.124297

62. Su, H, Bidère, N, Zheng, L, Cubre, A, Sakai, K, Dale, J, et al. Requirement for Caspase-8 in NF-κb Activation by Antigen Receptor. Sci (New York N.Y.) (2005) 307(5714):1465–8. doi: 10.1126/science.1104765

63. Lamkanfi, M, Festjens, N, Declercq, W, Berghe, TV, and Vandenabeele, P. Caspases in Cell Survival, Proliferation and Differentiation. Cell Death Differ (2007) 14(1):44–55. doi: 10.1038/sj.cdd.4402047

64. Takahashi, K, Kawai, T, Kumar, H, Sato, S, Yonehara, S, and Akira, S. Cutting Edge: Roles of Caspase-8 and Caspase-10 in Innate Immune Responses to Double-Stranded RNA. J Immunol (2006) 176(8):4520–4. doi: 10.4049/jimmunol.176.8.4520

65. Jun, J-I, Chung, C-W, Lee, H-J, Pyo, J-O, Lee, KN, Kim, N-S, et al. Role of FLASH in Caspase-8-Mediated Activation of NF-κb: Dominant-Negative Function of FLASH Mutant in NF-κb Signaling Pathway. Oncogene (2005) 24(4):688–96. doi: 10.1038/sj.onc.1208186

66. Liu, J, Zhou, W, Xing, L, Lin, L, Wen, K, Tai, Y-T, et al. Genome-Wide CRISPR-Cas9 Screening Reveals a Role for TRAF2 in Resistance to IMiDs in Multiple Myeloma. Blood (2018) 132:1917–7. doi: 10.1182/blood-2018-99-111962

67. Min, Y, Wi, SM, Kang, J-A, Yang, T, Park, C-S, Park, S-G, et al. Cereblon Negatively Regulates TLR4 Signaling Through the Attenuation of Ubiquitination of TRAF6. Cell Death Dis (2016) 7(7):e2313–3. doi: 10.1038/cddis.2016.226

68. Kim, M-J, Min, Y, Shim, J-H, Chun, E, and Lee, K-Y. CRBN is a Negative Regulator of Bactericidal Activity and Autophagy Activation Through Inhibiting the Ubiquitination of ECSIT and BECN1. Front Immunol (2019) 10:2203(2203). doi: 10.3389/fimmu.2019.02203

69. Zhou, L, and Xu, G. The Ubiquitination-Dependent and -Independent Functions of Cereblon in Cancer and Neurological Diseases. J Mol Biol (2022) 434(5):167457. doi: 10.1016/j.jmb.2022.167457

70. Ch'en, IL, Beisner, DR, Degterev, A, Lynch, C, Yuan, J, Hoffmann, A, et al. Antigen-Mediated T Cell Expansion Regulated by Parallel Pathways of Death. Proc Natl Acad Sci (2008) 105(45):17463–8. doi: 10.1073/pnas.0808043105

71. Bertheloot, D, Latz, E, and Franklin, BS. Necroptosis, Pyroptosis and Apoptosis: An Intricate Game of Cell Death. Cell Mol Immunol (2021) 18(5):1106–21. doi: 10.1038/s41423-020-00630-3

72. Wu, XN, Yang, ZH, Wang, XK, Zhang, Y, Wan, H, Song, Y, et al. Distinct Roles of RIP1–RIP3 Hetero- and RIP3–RIP3 Homo-Interaction in Mediating Necroptosis. Cell Death Differ (2014) 21(11):1709–20. doi: 10.1038/cdd.2014.77

73. Wu, Y, Zheng, Z, Cao, X, Yang, Q, Norton, V, Adini, A, et al. RIP1/RIP3/MLKL Mediates Myocardial Function Through Necroptosis in Experimental Autoimmune Myocarditis. Front Cardiovasc Med (2021) 8:696362(928). doi: 10.3389/fcvm.2021.696362




Conflict of Interest: The author declares 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 Zhou. 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.




ORIGINAL RESEARCH

published: 10 March 2022

doi: 10.3389/fonc.2022.860175

[image: image2]


Exosomal CD44 Transmits Lymph Node Metastatic Capacity Between Gastric Cancer Cells via YAP-CPT1A-Mediated FAO Reprogramming


Mei Wang 1*†, Wanjun Yu 1, Xiaoli Cao 2, Hongbing Gu 3, Jiaying Huang 1, Chen Wu 1, Lin Wang 1, Xin Sha 4, Bo Shen 5, Ting Wang 1, Yongliang Yao 6, Wei Zhu 1 and Feng Huang 1,6,7*†


1 Key Laboratory of Medical Science and Laboratory Medicine of Jiangsu Province, School of Medicine, Jiangsu University, Zhenjiang, China, 2 Department of Laboratory Medicine, Affiliated Tumor Hospital of Nantong University, Nantong, China, 3 Department of Laboratory Medicine, The Affiliated People’s Hospital, Jiangsu University, Zhenjiang, China, 4 Department of Surgery, The Affiliated Hospital of Jiangsu University, Jiangsu University, Zhenjiang, China, 5 Department of Oncology, Jiangsu Cancer Hospital, Jiangsu Institute of Cancer Research, Nanjing Medical University Affiliated Cancer Hospital, Nanjing, China, 6 Department of Clinical Laboratory, Affiliated Kunshan Hospital of Jiangsu University, Suzhou, China, 7 Department of Clinical Laboratory, Maternal and Child Health Care Hospital of Kunshan, Suzhou, China




Edited by: 
João Pessoa, University of Coimbra, Portugal

Reviewed by: 

Yoshihisa Shimada, Tokyo Medical University, Japan

Toshihide Kashihara, Kitasato University, Japan

*Correspondence: 
Mei Wang
 wangmei8417@163.com 
Feng Huang
 huangfengksrmyy@163.com 

†ORCID:
Mei Wang
 orcid.org/0000-0003-4483-7286 
Feng Huang
 orcid.org/0000-0002-0348-4296

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


Received: 22 January 2022

Accepted: 21 February 2022

Published: 10 March 2022

Citation:
Wang M, Yu W, Cao X, Gu H, Huang J, Wu C, Wang L, Sha X, Shen B, Wang T, Yao Y, Zhu W and Huang F (2022) Exosomal CD44 Transmits Lymph Node Metastatic Capacity Between Gastric Cancer Cells via YAP-CPT1A-Mediated FAO Reprogramming. Front. Oncol. 12:860175. doi: 10.3389/fonc.2022.860175




Background

Lymph node metastasis (LNM) commonly occurs in gastric cancer (GC) and is tightly associated with poor prognosis. Exosome-mediated lymphangiogenesis has been considered an important driver of LNM. Whether exosomes directly transmit the LNM phenotype between GC cells and its mechanisms remain elusive.



Methods

A highly lymphatic metastatic GC cell line (HGC-27-L) was established by serial passage of parental HGC-27 cells in BALB/c nude mice. The capacities of migration, invasion and LNM; fatty acid oxidation (FAO) levels; and the role of exosome-transferred LNM phenotype were compared among HGC-27-L, HGC-27 and primary GC cell line AGS. Exosomes derived from GC cells and sera were separately isolated using ultracentrifugation and ExoQuick exosome precipitation solution, and were characterized by transmission electron microscopy, Nanosight and western blotting. Transwell assay and LNM models were conducted to evaluate the capacities of migration, invasion and LNM of GC cells in vitro and in vivo. β-oxidation rate and CPT1 activity were measured to assess FAO. CPT1A inhibitor etomoxir was used to determine the role of FAO. Label-free LC-MS/MS proteome analysis screened the differential protein profiling between HGC-27-exosomes and AGS-exosomes. Small interference RNAs and YAP inhibitor verteporfin were used to elucidate the role and mechanism of exosomal CD44. TCGA data analysis, immunochemistry staining and ELISA were performed to analyze the expression correlation and clinical significance of CD44/YAP/CPT1A.



Results

FAO was increased in lymphatic metastatic GC cells and indispensable for sustaining LNM capacity. Lymphatic metastatic GC cell-exosomes conferred LNM capacity on primary GC cells in an FAO-dependent way. Mechanistically, CD44 was identified to be enriched in HGC-27-exosomes and was a critical cargo protein regulating exosome-mediated transmission, possibly by modulating the RhoA/YAP/Prox1/CPT1A signaling axis. Abnormal expression of CD44/YAP/CPT1A in GC tissues was correlated with each other and associated with LNM status, stages, invasion and poor survival. Serum exosomal CD44 concentration was positively correlated with tumor burden in lymph nodes.



Conclusions

We uncovered a novel mechanism: exosomal CD44 transmits LNM capacity between GC cells via YAP-CPT1A-mediated FAO reprogramming from the perspective of exosomes-transferred LNM phenotype. This provides potential therapeutic targets and a non-invasive biomarker for GC patients with LNM.
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Introduction

Lymph node metastasis (LNM) frequently occurs whenever gastric cancer (GC) patients are diagnosed at an early or advanced stage; it is recognized as an important indicator of poor prognosis (1). Lymphadenectomy is commonly used to prevent further LNM, but it has been reported that extended lymphadenectomy might result in recurrence and cancer-related death. There is still controversy over the extent of lymph node (LN) dissection (1). Although adjuvant treatments reduce the recurrence and metastasis of GC to a certain extent, their side effects are inevitable. During the past decade, the concept of precision therapy has largely promoted progression in molecular target research. However, effective therapeutic molecular targets for LNM are still lacking. Elucidating the underlying molecular mechanism of LNM during GC progression is particularly important.

VEGF-C/VEGFR is identified as a classical pair of cytokine-receptor involved in cancer-associated lymphangiogenesis (2). Recently, a new VEGF-C-independent mechanism of LNM was revealed (3). By taking up bladder cancer cell derived exosomal long non-coding RNA (LNMAT2), lymphatic endothelial cells acquired enhanced capacities of tubule formation and migration leading to LNM in bladder cancer (3). As early as 2011, melanoma exosomes have been shown to facilitate LNM by remodeling LNs (4). These findings suggest that nano-sized exosomes released by tumor cells play an important role in LNM. Several studies have indicated that the molecular types and contents sorted into cancer cell-derived exosomes determine the LNM potential of cancer cells by crosstalk with surrounding stromal cells (5–8). In addition to communication with the tumor microenvironment, it is notable that exosomes from highly metastatic cancer cells promoted metastasis of low metastatic cancer cells (9–11). However, the exosome-mediated transmission of the LNM phenotype between cancer cells with different malignant potentials is still not well understood. Liu et al. (12) reported that CD97 enriched in highly lymphatic metastatic GC cells-derived exosomes regulated LNM capacity of GC, which suggests that highly lymphatic metastatic GC cells-exosomes are more likely involved in malignant phenotype transmission.

Metabolism reprogramming has been acknowledged as a hallmark of cancer (13). To form metastasis in LNs, cancer cells must undergo metabolic reprogramming to successfully colonize and survive in an unfavorable microenvironment. Due to the lipid-rich property of LNs, the metabolic adaption of lymphatic metastatic cancer cells is more likely associated with fatty acid metabolism (14). It has been demonstrated that melanoma cells formed LNM depending on fatty acid oxidation (FAO) (15). Moreover, CPT1A (carnitine palmitoyltransferase 1a), a rate-limiting enzyme of FAO, was shown to regulate cancer-associated lymphangiogenesis and to be associated with the status of LNM (16, 17). The studies above suggest that FAO emerges as a novel contributor to LNM, but its role and underlying mechanism in eliciting LNM of GC remain unclear.

To figure out whether lymphatic metastatic GC cell-exosomes transmit a metastatic phenotype to primary GC cells depending on FAO, we established a highly lymphatic metastatic GC cell line. We evaluated the role of exosome-mediated LNM phenotype transmission from lymphatic metastatic GC cells to primary GC cells through FAO, identified key proteins mediating exosome regulation and elucidated its downstream signaling pathway. We hope to uncover a novel mechanism of LNM from the perspective of exosome-mediated transmission and provide a potential molecular target for the detection and treatment of GC patients with LNM.



Materials and Methods


Cell Lines

Gastric cancer cell lines AGS and HGC-27 were purchased from Procell Life Science&Technology Co., Ltd (Wuhan, China). AGS was cultured in DMEM/F12 medium (Bioind, Israel) supplemented with 10% FBS (SERANA, Brandenburg, Germany), while HGC-27 was maintained in RPMI-1640 medium (Bioind) containing 10% FBS. HGC-27-L was established by injecting 1× 106 of HGC-27 cells into the left foot pads of BALB/c nude mice (Model Animal Research Center of Nanjing University, China). Three weeks later, the mice were killed according to institutional guidelines. The drained popliteal LNs were collected, cut into 1 mm3 tissue pieces and digested with 0.25% trypsin. All single cells were then harvested, suspended with RPMI-1640 medium containing 10% FBS and plated in a 3.5-cm dish. Cell culture medium was refreshed every three days until the cell number reached 1 × 106. These isolated cells were used to repeat the above process two times. The final isolated cells from LNs were named HGC-27-L. All cells were cultured in a humidified cell incubator at 37°C with 5%CO2.



Clinical Samples

Serum samples from 37 GC patients with LNM and 11 GC patients without LNM were collected from the Affiliated Tumor Hospital of Nantong University, aliquoted and stored at −80°C. Paraffin-embedded paired tissue samples of primary GC tissues and lymph node metastases from five GC patients with LNM and paraffin-embedded primary GC tissues from five patients without LNM were collected from the Affiliated Hospital of Jiangsu University.



Transwell Assay

The migration and invasion capacity of GC cells were detected using transwell as previously described (8). Briefly, fresh culture media were added into the bottom chamber. GC cells (8 × 104) suspended in serum-free media were added into the untreated upper chamber and incubated for 10 h for migration assay. The same number of GC cells were placed into the upper chamber pretreated with matrigel (BD Bioscience, San Jose, CA, USA) and incubated for 24 h for invasion assay. The migrated and invasive cells were viewed and counted in at least six random fields after extensive washing, fixation and crystal staining.



CPT1 Activity and β-Oxidation Rate Detection

Cell mitochondria of GC cells were isolated using a Cell Mitochondrial Isolation Kit (Beyotime Biotechnology, Shanghai, China). β-oxidation rate was measured according to the instructions of the Fatty Acid β-oxidation Rate Colorimetric Assay Kit (Genmed Scientifics Inc., USA). CPT1 activity was measured using a CPT1 Spectrophotometric Detection Kit (Zikerbio, Guangzhou, China). Absorbance was measured with a 722-type spectrophotometer (Shanghai Spectrum Instruments co., Ltd., China).



Exosome Isolation, Characterization and Treatment

Cellular exosomes and serum exosomes were isolated, characterized and quantified as previously described (8). Briefly, GC cell culture supernatants were processed using differential centrifugation to remove cells, cell debris and large particles. Ultracentrifugation of the processed supernatants at 110,000 g were performed to precipitate cell exosomes. Serum exosomes were isolated using ExoQuick exosome precipitation solution (EXOQ20A-1, SBI System Biosciences, Palo Alto, CA, USA). Exosomes fixed by glutaraldehyde were used for transmission electron microscopy (TEM) detection. Exosome size distribution was detected using nanoparticle tracking analysis (NTA), which was carried out using a Nanosight NS300 system (Malvern Panalytical Ltd., Malvern, UK). The exosomal protein was quantified using a BCA Protein Assay Kit (CoWin Biosciences, Shanghai, China) and detected by western blotting. AGS cells were seeded in six-well plates at the density of 8 × 104 per well and attached overnight. AGS cells were treated with fresh cell culture media containing 50μg/ml of different GC cell-exosomes for 48 h, then washed and collected for in vivo and in vitro experiments.



Label-Free Quantitation of Exosomal Protein Profiling

Exosomes derived from HGC-27 and AGS were dissolved in 50μl of PBS at a concentration of 1 μg/μl and sent to the Shanghai Applied Protein Technology company (Shanghai, China) for LC-MS/MS-based label-free quantitation detection. Each group set contained three biological replicates. Proteins were identified by searching the human UniProt database (Version 2018_02_26 with 161629 entries) using MaxQuant software. LFQ (Label Free Quantitation) algorithm was used for quantitative analysis. Differential proteins were screened based on the fold changes ≥ 2 and P value < 0.05.



Oligonucleotide Transfection

All oligonucleotides were designed and synthesized by Genepharma (Shanghai, China), and their sequences are presented in Table S1. Three pairs of small interference RNAs against CD44 (si-CD44) were transfected into GC cells with lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific, Inc., MA, USA) at a final concentration of 50 nM. Negative control oligonucleotides (NC) at the same concentration were used as controls. After transfection for 48 h, cells were collected for protein purification and further analysis.



Small Molecular Chemistry Inhibitor Utilization

Etomoxir and Verteporfin (MedChem Express, NJ, USA) were dissolved in DMSO and treated GC cells at concentrations of 40 μM and 5 μM for 24 h, respectively. The cells were then refreshed with culture medium or treated with exosomes for 48 h for further analysis. AGS cells were treated with Cycloheximide (CHX) (Beyotime Biotechnology) at the concentration of 50μg/ml for 4 h followed by HGC-27-exosomes treatment for 48 h. The total protein of the cells was extracted for further analysis.



ELISA Assay

Human CD44/Heparan Sulfate Proteoglycan ELISA kits (RayBiotech Life, Inc., GA, USA) were used to detect CD44 content in serum exosomes. Briefly, exosomes isolated from 200 μl serum were suspended in 50 μl of PBS and were then lysed by RIPA buffer and subjected to detection according to the specified protocols. The final concentration of exosomal CD44 was calculated by the formula obtained by standard curve analysis. All samples and the standard were measured in triplicate.



Western Blotting

Proteins extracted from cells and exosomes were prepared and detected as previously described (18). Briefly, proteins were separated on 12% SDS−PAGE gels, transferred to polyvinylidene difluoride membranes and blocked followed by incubation with different primary antibodies against CD81 (Cat. No. A3044, dilution: 1:1000, WUHAN SANYING, Wuhan, China), Calnexin (Cat. No. 10427-2-AP, dilution: 1:20000, WUHAN SANYING), CD44 (Cat. No. A19020, dilution: 1:1200, ABclonal Technology Co., Ltd., Wuhan, China), ras homolog family member A (RhoA) (Cat. No. A13947, dilution: 1:800, ABclonal Technology), Prospero Homeobox 1 (Prox1) (Cat. No. A9047, dilution: 1:1000, ABclonal Technology), phosphor-YAP-S127 (Cat. No. AP0489, dilution: 1:1000, ABclonal Technology), YAP (Cat. No. A19134, dilution: 1:800, ABclonal Technology), CTGF (Cat. No. A11067, dilution: 1:1000, ABclonal Technology), CYR61 (Cat. No. A1111, dilution: 1:1000, ABclonal Technology), β-actin (Cat. No. AC028, dilution: 1:5000, ABclonal Technology), CPT1A (Cat. No. ab128568, dilution: 1:1000, Abcam, Shanghai, China) and TSG101 (Cat. No. ab30871, dilution: 1:1000, Abcam). The secondary antibodies HRP Goat Anti-Mouse IgG (H+L) (Cat. No. AS003, ABclonal Technology) and HRP Goat Anti-Rabbit IgG (H+L) (Cat. No. AS014, ABclonal Technology) were used at a dilution of 1:5000. Protein signals were detected as previously described (18), and gray values were analyzed using ImageJ software.



Immunohistochemistry (IHC) Staining

Primary antibodies against CD44, YAP (ABclonal Technology), CPT1A and pan cytokeratin (AE1/AE3) (Abcam) were used to detect the corresponding proteins in tissue slices using an instantw SABC-POD Kit (Boster Biological Technology) as previously stated (18). Briefly, the tissue sections were deparaffinized, rehydrated and subjected to antigen retrieval. After being blocked with BSA, the tissue sections were sequentially incubated with different primary antibodies and the corresponding biotinylated secondary antibodies. Target proteins were viewed and examined using 3,3’‐diaminobenzidine and hematoxylin counterstaining. Images were captured and scanned by the Automatic digital slice scanning system (Version: Pannoramic MIDI, 3DHIESTECH, Hungary) and assessed with Caseviewer software (version CV 2.3, 3DHISTECH). The staining scores of each protein were calculated through the intensity value (negative, 0; +, 1; ++, 2; +++, 3) multiplied by positive rate value (negative, 0; 1–25%, 1; 26–50%, 2; 51–75%, 3; 76–100%, 4).



Animal Models

Male and six-week aged BALB/c nude mice were purchased from the Changzhou Cavens Laboratory Animal company (Changzhou, China). All mice were randomly assigned to different groups, had 5 × 106 of AGS injected into the foot pads and were scarified about eight weeks later. Popliteal LNs were harvested for volume and weight measurement, paraffin tissue preparation and section staining.



TCGA Analysis

RNA sequence profiles and clinical information downloaded from the Stomach adenocarcinoma (STAD) project (306 patients) of The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/) were used to analyze the association between the expression levels of CD44/YAP/CPT1A and clinicopathological features by deleting GC patients with uncertain clinical data (Table S2). Gene Expression Profile Interaction Analysis (GEPIA) (http://gepia.cancer-pku.cn/) was used to explore the expression correlation among the three genes and reveal their differential expression between GC tissues and normal tissues by selecting STAD dataset and matched TCGA normal and GTEx data using Box-plot analysis. Kaplan Meier plotter (https://kmplot.com/analysis/) was used to analyze the association of the three genes (CD44:1557905_s_at; YAP:217836_s_at; CPT1A:210687_at) with five-year GC survival.



Statistics

GraphPad Prism 8 and SPSS 20.0 were used for statistical analysis. All experiments were conducted at least in triplicate. The experimental data were described as mean ± SD. Independent Student’s t-test was used to compare two groups while one-way ANOVA followed by post-hoc test (Tukey’s) was conducted to compare the three groups. The data from clinical samples were plotted and expressed as means. Clinical significance was analyzed by Chi-square test and correlation of protein staining scores were assayed by Pearson Correlation test. P < 0.05 indicates a statistically significant difference.




Results


Increased FAO Is Required for Lymphatic Metastatic GC Cells Sustaining LNM Capacity

The metastatic LN tissue-derived GC cell line HGC-27 and primary GC tissue-derived GC cell line AGS were selected as representatives of lymphatic metastatic and primary GC cells, respectively. We further established a highly lymphatic metastatic GC cell line (HGC-27-L) by serial passage of HGC-27 in vivo as indicated in Figure 1A. The capacities of LNM, migration and invasion of HGC-27-L were then compared with those of AGS and the parental cell HGC-27 in vivo and in vitro. The volume, weight and positive pancytokeratin-AE1/AE3 expression area of popliteal LNs obtained from the AGS, HGC-27 and HGC-27-L groups were significantly gradually increased (Figures 1B–D). The number of migrated and invasive cells in the three groups showed the same trend (Figures 1E, F). These data confirmed that a highly lymphatic metastatic GC cell line HGC-27-L was successfully established. To determine whether FAO is enhanced in lymphatic metastatic GC cells, the β-oxidation rate and CPT1 activity were assessed to evaluate FAO. As shown, β-oxidation rate and CPT1 activity were remarkably gradually increased starting from the AGS group, the HGC-27 group and then to the HGC-27-L group (Figures 1G, H), which suggests that FAO is highly activated in lymphatic metastatic GC cells. To analyze whether increased FAO is indispensable for GC cells sustaining LNM capacity, the CPT1A inhibitor etomoxir was used to block FAO in the two lymphatic metastatic GC cells. In vitro, the number of migrated and invasive HGC-27 and HGC-27-L cells was obviously reduced after etomoxir treatment compared to those treated with DMSO (Figures 1I, J). These data suggest that FAO is increased in lymphatic metastatic GC cells and is indispensable for sustaining lymphatic metastatic capacity.




Figure 1 | Establishment of a highly lymphatic metastatic GC cell line HGC-27-L and lymphatic metastatic GC cells sustained LNM capacity depending on FAO (A) A flow chart illustrates the establishment of HGC-27-L by serial transplantation of parental cell HGC-27 in vivo. Images of cell morphology are presented. (magnification, 400×; scale bars, 50 μm); (B–D) In vivo comparison of LNM capacity among AGS, HGC-27 and HGC-27-L by popliteal LNs analysis. (B) Pictures of LNs. Ruler unit, mm; (C) Weight of LNs; (D) Pancytokeratin AE1/AE3 staining (magnification, 100×; scale bars, 200 μm; magnification, 400×; scale bars, 50 μm); (E, F) In vitro comparison of migration and invasion capacity among the three cell lines. (E) Morphology of migrated and invaded cells (magnification, 200×; scale bars, 100 μm); (F) Count of migrated and invaded cells; (G) β-oxidation rate detection; (H) CPT1 activity analysis; (I, J) Effect of etomoxir treatment on migration and invasion capacity of HGC-27 and HGC-27-L cells. (I) Morphology of migrated and invaded cells (magnification, 200×; scale bars, 100 μm); (J) Number of migrated and invaded cells. **P < 0.01; ***P < 0.001.





Lymphatic Metastatic GC Cell Exosomes Promote Migration, Invasion and LNM of Primary GC Cells

To investigate whether exosomes transmit the LNM phenotype from lymphatic metastatic GC cells to primary ones, exosomes from HGC-27-L, HGC-27 and AGS cells were separately isolated by ultracentrifugation and characterized by TEM, Nanosight and western blotting. The three GC cell line-exosomes exhibited the typical morphology, size distribution and specific protein markers (CD81, CD9, and TSG101) of exosomes, but they were all negative for calnexin (Figures 2A–C and Supplementary Figure 1A). The primary AGS cells were incubated with the above isolated exosomes. In vitro, the number of migrated and invaded AGS cells was significantly increased by the two lymphatic metastatic GC cell-exosomes in contrast to AGS-exosomes (Figures 2D, E). In vivo, increased volume, weight and positive pancytokeratin-AE1/AE3 expression area of popliteal LNs formed by AGS cells were observed in the two lymphatic metastatic GC cell exosome treated groups compared to the AGS exosome treated group (Figures 2F–H). More notably, the effect of HGC-27-L-exosomes increasing AGS metastasis was greater than that of the HGC-27-exosomes. These data suggest that lymphatic metastatic GC cell exosomes confer LNM capacity on primary GC cells.




Figure 2 | Lymphatic metastatic GC cell-exosomes transmitted LNM phenotype to primary GC cells (A–C) Characterization of exosomes from lymphatic metastatic GC cells (HGC-27 and HGC-27-L) and primary GC cells (AGS). (A) TEM analysis (magnification, 20000×; scale bars, 500 nm); (B) Nanosight detection; (C) Western blotting analysis; (D–H) Comparison of LNM capacity of AGS after treatment with GC cell-exosomes. (D, E) In vitro transwell analysis of migration and invasion capacity. (D) Images of migrated and invaded cells (magnification, 200×; scale bars, 100 μm); (E) Cell count; (F–H) LNM capacity evaluation in vivo. (F) Pictures of popliteal LNs. Ruler unit, mm; (G) Weight of LNs; (H) Pancytokeratin AE1/AE3 staining (magnification, 100×; scale bars, 200 μm; magnification, 400×; scale bars, 50 μm). ex, exosomes. *P < 0.05; ***P < 0.001.





Lymphatic Metastatic GC Cell Exosomes Increase LNM Capacity of Primary GC Cells in an FAO-Dependent Way

To determine whether FAO is increased in AGS cells treated with lymphatic metastatic GC cell-exosomes, β-oxidation rate and CPT1 activity detection showed that both HGC-27-L-exosomes and HGC-27-exosomes increased FAO in AGS cells compared to AGS-exosomes (Figures 3A, B). More importantly, the effect of HGC-27-L-exosomes increasing FAO was greater than that of HGC-27-exosomes. To determine whether FAO is necessary for lymphatic metastatic GC cell-exosome enhancing AGS LNM capacity, AGS cells were pretreated with etomoxir followed by incubation with lymphatic metastatic GC cell-exosomes. In vitro, even in the presence of lymphatic metastatic GC cell-exosomes, reduced numbers of migrated and invaded AGS cells were shown in etomoxir treatment groups compared to the DMSO groups (Figures 3C, D). Similarly, etomoxir pretreatment resulted in decreased volume, weight and positive pancytokeratin-AE1/AE3 expression area of popliteal LNs formed by AGS cells in vivo (Figures 3E–G). FAO blocking significantly attenuated LNM capacity of AGS cells enhanced by lymphatic metastatic GC cell-exosomes, suggesting that lymphatic metastatic GC cells-exosomes transmit a metastatic phenotype to primary GC cells depending on FAO.




Figure 3 | Lymphatic metastatic GC cell-exosomes conferred LNM capacity on primary GC cells depending on FAO (A, B) FAO detection in AGS after treatment with different GC cell exosomes. (A) β-oxidation rate measurement; (B) CPT1 activity analysis; (C–G) Effect of etomoxir pretreatment on lymphatic metastatic GC cell-exosome increasing AGS LNM capacity. (C, D) In vitro migration and invasion assay. (C) Representative images of migrated and invaded cells (magnification, 200×; scale bars, 100 μm); (D) Number of migrated and invaded cells; (E–G) In vivo LNM capacity detection. (E) Images of popliteal LNs. Ruler unit, mm; (F) Weight of LNs; (G) Pancytokeratin AE1/AE3 staining in LNs (magnification, 100×; scale bars, 200 μm; magnification, 400×; scale bars, 50 μm); ex, exosomes. **P < 0.01; ***P < 0.001.





Exosomal CD44 Mediates Malignant Phenotype Transmission From Lymphatic Metastatic GC Cells to Primary GC Cells

To determine what kind of protein plays a critical role in such a malignant phenotype transmission, protein profiling in HGC-27-exosomes and AGS-exosomes was determined and compared using LC-MS/MS-based label-free quantification. One hundred and thirty-five and 175 proteins were separately identified in HGC-27-exosomes and AGS-exosomes (Figure 4A). Thirty-nine detectable proteins in both showed different contents between the two GC cell-exosomes. More importantly, 34 proteins were only detected in HGC-27-exosomes whereas 81 proteins were just detected in AGS-exosomes (Tables S3, S4). We focused on the detectable proteins in HGC-27-exosomes and found that CD44 was included in them. Western blotting analysis showed that CD44 protein was highly enriched in HGC-27-exosomes and HGC-27-L exosomes compared with AGS-exosomes. A higher level of CD44 protein was detected in HGC-27-L-exosomes relative to HGC-27-exosomes (Figure 4B and Supplementary Figure 1B). The differential CD44 protein levels in AGS, HGC-27 and HGC-27-L cells were similar to those in their derived exosomes (Figure 4C and Supplementary Figure 1C). Furthermore, CD44 protein levels were increased gradually in AGS cells after treatment with AGS-exosomes, HGC-27-exosomes and HGC-27-L-exosomes (Figure 4D and Supplementary Figure 1D). CHX pretreatment failed to block an increase of CD44 protein by HGC-27-exosomes (Figure 4E and Supplementary Figure 1E), which suggests that CD44 might be directly delivered into AGS cells by HGC-27-exosomes.




Figure 4 | Identification of CD44 was a critical protein mediating exosome- transmission of LNM phenotype (A) A flow chart shows the identification of differential protein profile between HGC-27-exosomes and AGS-exosomes by label-free quantitation; (B) CD44 protein detection in different GC cell-exosomes; (C) Comparison of CD44 protein in GC cells; (D) Change of CD44 protein levels in AGS after treatment with exosomes; (E) Effect of CHX pretreatment on CD44 protein in AGS incubation with HGC-27-exosomes; (F) Screening for the most efficient si-CD44 in HGC-27 and HGC-27-L; (G–J) Effect of CD44 knockdown on the migration and invasion capacity (G, H) and FAO (I, J) of HGC-27 and HGC-27-L; (K) CD44 protein detection in exosomes derived from HGC-27 and HGC-27-L with CD44 knockdown; (L–O) Effect of CD44-less exosomes on migration and invasion capacity (L, M) and FAO (N, O) of AGS; (P–R) Effect of CD44-less exosomes on LNM capacity of AGS in vivo. Ruler unit, mm. CHX, cycloheximide; ex, exosomes. *P < 0.05; **P < 0.01; ***P < 0.001.



To investigate whether CD44 is critical for lymphatic metastatic GC cell exosome increasing AGS FAO and LNM capacity, three pairs of si-CD44 were transfected into HGC-27 and HGC-27-L to screen for the most effective siRNA. NC was used as a control. siRNA#2 inhibited CD44 protein levels most significantly and was renamed and used as si-CD44 for the following studies (Figure 4F and Supplementary Figure 1F). CD44 knockdown by si-CD44 transfection reduced capacities of migration and invasion of HGC-27 and HGC-27-L cells, accompanied by a notably decreased β-oxidation rate and CPT1 activity (Figures 4G–J). CD44-less exosomes were separately obtained from HGC-27 and HGC-27-L with CD44 knockdown (Figure 4K and Supplementary Figure 1G). AGS treated with CD44-less exosomes exhibited reduced capacities of migration, invasion and FAO in vitro (Figures 4L–O). In vivo, the volume, weight and positive pancytokeratin-AE1/AE3 expression area of popliteal LNs were significantly reduced in AGS cells treated with CD44-less exosome groups relative to the control groups (Figures 4P–R). These results suggest that CD44 mediates lymphatic metastatic GC cell-exosomes regulating the LNM metastatic capacity of primary GC cells.



Exosomal CD44 Promotes FAO Possibly by Modulating the RhoA/YAP/Prox1/CPT1A Signaling Axis

CPT1A is a rate-limiting enzyme of FAO. Protein analysis showed that CPT1A was increased in lymphatic GC cells and their exosome-treated AGS, but was suppressed by si-CD44 transfection (Figures 5A–C and Supplementary Figures 1H–J). It has been proven that FAO metabolism reprogramming of melanoma cells is YAP activation-dependent (15). CD44 has been reported to regulate YAP expression and activation via RhoA (19). YAP activation has been found to maintain the expression of the transcription factor Prox1 (20), which has been shown to transcriptionally upregulate CPT1A expression (21). Based on these observations, we hypothesized that the CD44/RhoA/YAP/Prox1/CPT1A signaling axis was possibly involved in lymphatic metastatic GC cell exosomes regulating FAO in recipient cells. To confirm this hypothesis, we determined the other protein levels of this axis in GC cells, exosome-treated AGS cells and si-CD44 transfected-HGC-27 cells. As shown, the protein levels of RhoA, YAP and Prox1 were notably increased, and the phosphorylated YAP (p-YAP) levels were reduced in the two lymphatic metastatic GC cells and their exosome-treated AGS cells compared to the corresponding controls (Figures 5A, B and Supplementary Figures 1H, I). In contrast to NC-transfected HGC-27 cells, HGC-27 with CD44 knockdown displayed reduced protein levels of RhoA, YAP and Prox1 and increased levels of p-YAP (Figure 5C and Supplementary Figure 1J).




Figure 5 | Exosomal CD44 increased FAO possibly via regulating the RhoA/YAP/Prox1/CPT1A signaling axis (A–C) Western blotting of CPT1A, RhoA, YAP, phosphorylated-YAP (p-YAP) and Prox1 in GC cells (A), exosome-treated AGS (B) and si-CD44-transfected HGC-27(C); (D) Protein analysis in Verteporfin (VP) treated HGC-27; (E–H) Effect of VP treatment on FAO (E, F), migration and invasion capacity (G, H) of HGC-27 and HGC-27-L cells; (I–L) Effect of VP pretreatment on lymphatic GC cell-exosomes increasing FAO (I, J), migration and invasion capacity (K, L) of AGS; (M–O) Effect of VP pretreatment on HGC-27-exosome enhancing LNM capacity of AGS in vivo. Ruler unit, mm. ex, exosomes. *P < 0.05; **P < 0.01; ***P < 0.001.



Among this axis, YAP might be an important modulator. To elucidate the critical role of YAP in exosomal CD44 regulation, a small molecule inhibitor of YAP, Verteporfin (VP), was used to separately treat HGC-27 and HGC-27-L. As shown in HGC-27 cells, VP treatment successfully suppressed YAP expression and signaling, which were viewed by reduced connective tissue growth factor (CTGF) and cysteine-rich 61 (CYR61) and increased p-YAP. Meanwhile, the downstream Prox1 and CPT1A in this axis were consistently decreased (Figure 5D and Supplementary Figure 1K). VP treatment suppressed FAO, migration and invasion capacity of the two lymphatic metastatic GC cells (Figures 5E–H). AGS cells were then pretreated with VP before incubation with HGC-27 exosomes or HGC-27-L exosomes. In vitro, FAO, migration and invasion capacity of AGS cells enhanced by the two lymphatic metastatic SGC cell exosomes were eliminated by VP treatment (Figures 5I–L). In vivo, even though incubation with HGC-27-exosome, AGS cells formed reduced volume, weight and positive pancytokeratin-AE1/AE3 expression area of popliteal LNs in VP treatment groups relative to the control groups (Figures 5M–O). These results suggest that exosomal CD44 might regulate the RhoA/YAP/Prox1/CPT1A signaling axis to promote FAO in recipient cells and confer LNM capacity.



Clinical Significance of CD44/YAP/CPT1A in GC Tissues and Serum Exosomal CD44 Associates With LNM of GC

CD44, YAP and CPT1A are the critical molecules of the regulatory axis. To confirm their regulatory relationship and explore their clinical significance in GC, we used GEPIA to compare their expression levels between GC tissues and normal tissues and analyze their correlation. As shown, CD44, YAP and CPT1A RNA levels were all significantly increased in cancer tissues and were pairwise positively correlated (Figures 6A, B). Meanwhile, we downloaded clinical data and expression data of TCGA-STAD and analyzed their clinical significance. CD44 expression was associated with vital status, node metastasis status, stages and primary diagnosis. YAP expression was only correlated with invasion depth. CPT1A expression was associated with node metastasis status, stages and invasion depth (Table S5). Moreover, the Kaplan Meier plotter was used to evaluate the effect of the three molecules on the five-year survival of GC patients. With respect to overall survival (OS), first-progression survival (FP) or post-progression survival (PPS), GC patients with higher expression of the three molecules had shorter survival durations and lower survival rates compared to those with lower expression levels (Figure 6C). These data suggest that CD44, YAP and CPT1A RNA levels were correlated with each other, associated with metastatic pathological features and poor survival of GC patients.




Figure 6 | Clinical significance of CD44/YAP/CPT1A in GC tissues and the association of serum exosomal CD44 with LNM (A, B) GEPIA analysis of CD44, YAP and CPT1A expression between 408 GC tissues and 211 normal tissues (A) and their expression correlation (B); (C) Kaplan Meier plotter analysis of CD44, YAP and CPT1A association with a five-year survival of GC patients, including overall survival (OS), first-progression survival (FP) and post-progression survival (PPS); (D–F) IHC analysis of CD44, YAP and CPT1A protein levels in primary GC tissues from GC patients with or without LNM and corresponding metastatic LNs. (D) Representative images; (E) Comparison of CD44, YAP and CPT1A staining scores; (F) Correlation of staining scores among CD44, YAP and CPT1A; (G) Comparison of serum exosomal CD44 concentration between GC patients with or without LNM; (H) Serum exosomal CD44 concentration detection in different groups of tumor-bearing animal models. ex, exosomes. *P < 0.05; **P < 0.01; ***P < 0.001.



Furthermore, we detected CD44, YAP and CPT1A by IHC staining of primary GC tissues from five patients with or without LNM and the corresponding metastatic LN tissues (Figure 6D). The overall mean expression trends of CD44 and CPT1A were gradually increased in primary sites from patients without LNM, primary sites from patients with LNM and the metastatic LNs. YAP staining scores in metastatic LNs were stronger than those in primary sites, but it did not show a difference between primary sites from patients with LNM or not (Figure 6E). Furthermore, CD44, YAP and CPT1A staining scores were positively correlated with each other (Figure 6F). Moreover, we collected sera from GC patients and divided them into two groups: with LNM or without LNM. Exosomal CD44 concentration was remarkably increased in patients with LNM (Figure 6G). Meanwhile, serum exosomal CD44 was detected and compared in the prior different groups of tumor-bearing mice. Compared to the corresponding groups, serum exosomal CD44 concentration was increased in the lymphatic GC cell group and their exosome treated groups while it was reduced in the si-CD44 group and VP treated group (Figure 6H). Collectively, CD44 and CPT1A expression levels in primary GC tissues were associated with the LNM status of GC. Serum exosomal CD44 content might be explored as a potential biomarker for LNM detection and evaluation.




Discussion

Due to the difficulties of determining an early diagnosis of GC, most GC patients are commonly diagnosed with LNs invaded by cancer cells, thereby further facilitating systemic dissemination. To elucidate the underlying mechanism of LNM is very beneficial in developing a suitable therapeutic intervention to prevent the malignant progression of GC. Currently, exosomes as cellular communication mediators have been shown to be involved in modulating sequential metastatic processes (22). Most studies have shown the importance of lymphangiogenesis contributing to LNM and exosome-mediated lymphangiogenesis (23, 24) but the role of lymphangiogenesis in LNM is still controversial (25). Therefore, from a different perspective, we revealed a novel mechanism whereby lymphatic metastatic GC cell-exosomes directly conferred the LNM phenotype on primary GC cells depending on FAO reprogramming. CD44 was identified as a critical exosomal cargo protein mediating this process possibly by regulating the RhoA/YAP/Prox1/CPT1A signaling axis (Figure 7).




Figure 7 | Schematic overview showing lymphatic metastatic GC cell-exosomal CD44 increases FAO to confer LNM phenotype on primary GC cells via the RhoA/YAP/CPT1A signaling axis. Metastatic GC cells in LNs secrete CD44-rich exosomes, which are taken up by GC cells in primary GC tissues and upregulate its intracellular CD44 protein. CD44 then increases RhoA expression, stimulates YAP expression, de-phosphorylation and nuclear translocation. YAP and TAZ function as transcriptional co-factors to promote Prox1 transcription and protein generation. Prox1 further translocates into nuclei and increases CPT1A transcription. CPT1A protein upregulation promotes FAO reprogramming and increases cell migration and invasion, leading to acquiring LNM capacity by primary GC cells. CD44, YAP and CPT1A might be potential therapeutic targets to suppress exosome-mediated LNM phenotype transfer from lymphatic metastatic GC cells to primary GC cells. LNs, lymph nodes.



A different degree of malignancy is the main manifestation of tumor cell heterogeneity, which determines the notion that exosomes secreted by tumor cells are heterogeneous and have different impacts on tumor progression (26). Extensive studies have demonstrated that highly malignant tumor cell-exosomes are better able to create favorable niches by educating stromal cells in primary tumor and secondary metastatic sites (27, 28). More importantly, exosomes from highly metastatic cancer cells even directly transfer metastatic capacity to poorly metastatic ones (9, 10). Although there are few relevant studies, these studies at least suggest the importance of exosomes transmitting malignant phenotypes between tumor cells with different metastatic potentials. To fully reveal whether exosomes transfer the LNM phenotype from lymphatic metastatic GC cells to primary GC cells, we established the lymphatic highly metastatic GC cell line HGC-27-L and compared the role of exosome-mediated LNM phenotype transmission among HGC-27-L cells, parental HGC-27 cells and primary GC cells. We observed that the capacity of exosomes promoting primary GC cell migration, invasion and LNM was highly correlated with the LNM capacity of GC cells, which further validates that exosomes secreted from GC cells with different lymphatic metastatic capacities are heterogeneous. Our findings also suggest that once LNM occurs, sequential events will be elicited by exosomes secreted from lymphatic GC cells, especially directly enhancing the metastatic ability of GC cells by exosome transfer. This may explain why LNM associates with a poor prognosis to some extent.

LNs are lipid-rich tissues and cancer cells need to utilize lipids to colonize and survive in LNs. FAO is an important way for lipid utilization and is now gradually recognized as a critical driver of LNM (14). Previous studies have reported that increased FAO is involved in enhancing GC cell stemness, chemotherapy-resistance and anoikis resistance for omental metastasis (29–31). However, the role of FAO in LNM of GC is still unknown. We revealed that FAO was increased and positively correlated with the LNM capacity of GC cells. FAO reprogramming is indispensable for lymphatic metastatic GC cells sustaining their LNM capacity and exosome-mediated transmission of LNM phenotype between GC cells. CPT1A is a rate-limiting enzyme of FAO and is deregulated in many human malignancies (32). We observed that CPT1A was abnormally increased in lymphatic metastatic GC cells. Etomoxir treatments remarkably suppressed lymphatic metastatic GC cell FAO, migration and invasion. A previous study showed a consistent finding that CPT1A protein level was very low in AGS compared to the metastatic GC cells. The research team performed CPT1A overexpression study on AGS and found that CPT1A promoted AGS migration, invasion and FAO. Etomoxir treatment attenuated the role of CPT1A in AGS (17). These findings further explain why the capacity of migration, invasion and LNM was highly correlated with CPT1A protein levels in lymphatic metastatic GC cells and their exosome-treated AGS cells. Moreover, abnormal upregulation of CPT1A in GC tissues was highly associated with LNM status and stages (17). Through TCGA data analysis, we obtained similar findings and also found that CPT1A was positively associated with invasion depth of GC. From the perspective of clinical significance analysis, CPT1A is confirmed as a promoter of migration and invasion, which explains why FAO plays a crucial role in LNM of GC.

Exosomes from GC cells with different LNM potentials have different regulatory effects, which rely on specific cargo assembled in exosomes. Exploring the differences in exosome cargo between cancer cells with different metastatic propensities is probably an important way to clarify the underlying mechanism of metastasis. Initial important studies have revealed that pro-metastasis proteins were specifically sorted into metastatic cancer cell-exosomes, played crucial roles in pre-metastatic niche formation for organ-specific metastasis and were expected to be biomarkers for cancer diagnosis and prognosis prediction (33, 34). Therefore, it is particularly exciting to investigate the difference in exosomal protein cargo between cancer cells with different malignant phenotypes. Several studies have used high throughput proteomics to identify the different protein cargo loaded within metastatic cancer cell-exosomes and demonstrated that proteins involved in any steps contributing to metastasis tend to be enriched in metastatic cancer cell-exosomes (35–37). We believe that exosomal protein cargo must vary between GC cells with different LNM capacities. Label-free quantitative analysis confirmed the differential protein profile between exosomes derived from lymphatic metastatic and primary GC cells, and specifically showed 34 proteins that were only detectable in lymphatic GC cell-exosomes. This group of proteins might provide us with important candidate proteins for elucidating the underlying mechanism of exosome-transferred LNM phenotype. Among the list of proteins, standard CD44 was preferentially chosen because CD44 has been recognized as a critical regulator of cancer metastasis (38). More recently, it has been shown that the transfer of CD44 by tumor-derived extracellular vesicles is a possible gateway for cancer metastasis (39). In agreement with this observation, the following protein detection and loss-functional analysis proved that CD44 is a critical protein mediating the GC cell exosome-transferring LNM phenotype in an FAO-dependent manner.

Although metastatic cancer cell exosomal CD44 has been shown to promote migration and invasion of poorly metastatic cancer cells, the underlying regulatory mechanism is still elusive (40). CD44 could activate multiple intercellular signaling pathways to induce nuclear translocation of crucial transcriptional factors to promote downstream target expression, in turn accelerating oncogenic progression (38). Moreover, CPT1A expression and activation were highly positively correlated with CD44 expression, which indicates that CPT1A was probably the key node molecule of CD44 regulating FAO. To establish the regulatory link between CD44 and CPT1A, YAP was preferably considered because its activation promotes LNM of melanoma through induction of FAO (15) and it can be induced by CD44 to promote cancer metastasis (41, 42). As expected, in GC cells, CD44, YAP and CPT1A protein levels were positively correlated with each other. p-YAP expression was negatively correlated with the three proteins. CD44 knockdown and YAP inactivation in GC cells further suggest the regulatory link of CD44/YAP/CPT1A with LNM of GC, which was also validated by following tissue levels and clinical significance analysis.

CD44 can be directly delivered into primary GC cells, leading to increased intracellular protein levels. To clarify the possible regulatory mechanism of CD44-YAP-CPT1A, we focused on the regulatory molecule between CD44 and YAP and between YAP and CPT1A. RhoA was chosen based on the previous finding that intercellular CD44 induced YAP expression and nuclear translocation via RhoA (19, 43). Transcriptional factor Prox1 was focused on because YAP/TAZ was proven to regulate and maintain its expression (20), and it transcriptionally upregulates CPT1A via binding to two sites separately located at the promoter and in the intergenic regions of the CPT1A gene (21). Interestingly, RhoA expression was positively correlated with CD44 and YAP expression and activation. Prox1 expression showed a similar trend to that of RhoA and was positively associated with CPT1A expression. Consistent protein expression suggests that the CD44/RhoA/YAP/Prox1/CPT1A axis might be a novel regulatory signaling pathway contributing to the LNM of GC. However, in the present study, we only validated the possible regulatory mechanism of CD44 on YAP and CPT1A through relevant molecule detection. Due to the different cellular contexts and the controversial findings regarding the regulatory role of YAP on Prox1 (44), detailed regulatory modes of this axis requires further investigation in future studies.

CD44, YAP and CPT1A intervention suggests that they are the three critical molecules of the signaling axis and are potential therapeutic targets for preventing LNM continuous progression. TCGA database analysis confirmed their regulatory relationships and suggests that they might regulate different aspects contributing to GC metastasis. Although IHC detection showed that the expression of the three molecules in primary GC tissues and metastatic LNs were heterogenous, the correlation of the staining scores among the three molecules was further validated. An increasing trend in CD44 and CPT1A protein was observed in primary sites from patients with LNM relative to those from patients without LNM, but the YAP protein was not different, which may be caused by the transcriptional co-factor property of YAP and abnormal distribution and nuclear translocation of YAP in the invasive front as reported by Lee et al. (15). In future studies, additional primary GC tissues from patients should be assessed to comprehensively evaluate the protein expression pattern of the three molecules to exclude the possibility of sampling errors. Although the expression of these three proteins varies in tissues, the content of serum exosomal CD44 is upregulated in patients with LNM. In vivo, animal models show consistent results. Collectively, these findings suggest that serum exosomal CD44 may be a promising biomarker for GC patients with LNM detection.



Conclusions

In this study, we found that FAO is indispensable for lymphatic metastatic GC cells sustaining their LNM capacity. Lymphatic metastatic GC cell-exosomes transferred the LNM phenotype to primary GC cells in an FAO-dependent way. Furthermore, CD44 was identified as a critical exosomal cargo protein mediating exosome transmission possibly by regulating the RhoA/YAP/Prox1/CPT1A signaling axis. Our study reveals a novel mechanism underlying further malignant progression of LNM from the perspective of direct exosome transmission and provides potential therapeutic targets and non-invasive biomarkers for GC patients with LNM.
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Breast cancer is the most commonly diagnosed cancer in women. Metastasis is the primary cause of mortality for breast cancer patients. Multiple mechanisms underlie breast cancer metastatic dissemination, including the interleukin-6 (IL-6)-mediated signaling pathway. IL-6 is a pleiotropic cytokine that plays an important role in multiple physiological processes including cell proliferation, immune surveillance, acute inflammation, metabolism, and bone remodeling. IL-6 binds to the IL-6 receptor (IL-6Rα) which subsequently binds to the glycoprotein 130 (gp130) receptor creating a signal transducing hexameric receptor complex. Janus kinases (JAKs) are recruited and activated; activated JAKs, in turn, phosphorylate signal transducer and activator of transcription 3 (STAT3) for activation, leading to gene regulation. Constitutively active IL-6/JAK/STAT3 signaling drives cancer cell proliferation and invasiveness while suppressing apoptosis, and STAT3 enhances IL-6 signaling to promote a vicious inflammatory loop. Aberrant expression of IL-6 occurs in multiple cancer types and is associated with poor clinical prognosis and metastasis. In breast cancer, the IL-6 pathway is frequently activated, which can promote breast cancer metastasis while simultaneously suppressing the anti-tumor immune response. Given these important roles in human cancers, multiple components of the IL-6 pathway are promising targets for cancer therapeutics and are currently being evaluated preclinically and clinically for breast cancer. This review covers the current biological understanding of the IL-6 signaling pathway and its impact on breast cancer metastasis, as well as, therapeutic interventions that target components of the IL-6 pathway including: IL-6, IL-6Rα, gp130 receptor, JAKs, and STAT3.
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Introduction

Breast cancer affects 1 in 8 women in the United States and is the second leading cause of cancer-related deaths in women behind lung cancer (1). Breast cancers are diverse and often identified by molecular subtype via immunohistochemical (IHC) expression of prognostic markers: estrogen receptor (ER), progesterone receptor (PR), and the human epidermal growth factor receptor 2 (HER2). The molecular subtypes of breast cancer range in both receptor expression and prognoses: luminal A (ER and/or PR+/HER2-), luminal B (ER and/or PR+/HER+), HER2-enriched (ER-/PR-/HER2+), and triple negative (ER-/PR-/HER2-) (2). HER2-enriched breast cancer and triple-negative breast cancer (TNBC) are the most aggressive subtypes represented by a higher Ki67 staining, poorer patient survival, and the highest propensity to metastasize (3). Primary breast cancer patients have a 5-year survival rate of 99%; however, the development of metastases diminishes survival rates to 28% (1). 20-30% of breast cancer cases metastasize to distant organs, which accounts for 90% of breast cancer-related deaths (4). The most common sites of metastasis for breast cancer patients include the bone, lung, brain, and liver (5). The development of metastases is a complex process comprised of multiple steps including epithelial-mesenchymal transition (EMT), local invasion, migration, intravasation, extravasation, mesenchymal-epithelial transition, and colonization to a distant organ. During many of these steps, breast cancer cells secrete small soluble proteins, such as cytokines, to promote cancer cells (autocrine effect) and prime microenvironmental cells (paracrine effect) (6). Cytokines are secreted, pleiotropic proteins (15-20 kDa) that mediate a myriad of immunological and inflammatory responses that are often hijacked in cancer. Many cytokines can exhibit either pro- or anti-cancer properties, including interleukin-6 (IL-6). Under homeostatic conditions, IL-6 plays fundamental roles in immune response, inflammation, hematopoiesis, and bone homeostasis; however, dysregulation of IL-6 promotes the pathogenesis of multiple inflammatory and immune-mediated diseases, as well as, cancer (7, 8). The IL-6 signaling pathway is one of the most dysregulated pathways in cancer. For example, IL-6 is elevated in sera of ovarian, cervical, colorectal, esophageal, head-and-neck, pancreatic, prostate, liver, lung, gastric, and breast cancer patients (9–24). In breast cancer, IL-6 expression correlates with poor patient survival, promotes growth and invasion, and mediates metastatic progression, which identifies the IL-6 signaling axis as a potential therapeutic target (25, 26). Consequently, many IL-6-pathway-targeted therapies have been developed and evaluated for breast cancer. Herein, we summarize the biology of the IL-6 signaling pathway, its roles in breast cancer metastasis, and therapeutic advancements in targeting the IL-6/JAK/STAT3 signaling axis.



IL-6 Signaling

IL-6 was first identified as a 26 kDa T cell-secreted factor that stimulates B cells for antibody production. Since the cloning of IL-6 cDNA by the Hirano and Kishimoto group in 1986 (27, 28), it became evident that IL-6 function was not limited to the immune system as the cDNA sequence maintained homology to other identified proteins: B cell stimulatory factor-2, Hepatocyte-stimulating factor, Hybridoma plasmacytoma growth factor, and interferon β2 (28–32). IL-6 is a member of the IL-6 cytokine family, a four-α helical bundle cytokine, and is secreted by both immune and non-immune cells. The IL-6 cytokine family encompasses eight cytokines, namely, IL-6, IL-11, ciliary neurotrophic factor (CNTF), leukemia inhibitory factor (LIF), oncostatin M (OSM), cardiotrophin 1 (CT-1), cardiotrophin-like cytokine (CLC), and IL-27. These cytokines bind to their respective receptors, but all utilize the signal-transducing co-receptor, glycoprotein 130 (gp130, CD130, IL-6Rβ, IL6ST, 130 kDa). More recently, two additional cytokines were added to the IL-6 cytokine family, IL-35 and IL-39, which utilize gp130 for signal transduction (33, 34). Specifically, IL-6 requires both interleukin-6 receptor α (IL-6Rα, CD80, 80 kDa) and gp130 to activate the downstream pathways via classic signaling, trans-signaling, or trans-presentation (35–37).


Classic Signaling

Classic IL-6 signaling is mediated strictly through membrane-bound receptors, IL-6Rα and gp130 (Figure 1, left) (38). IL-6 first binds to IL-6Rα on the cell surface which creates a high affinity for transmembrane gp130. Two trimeric receptor complexes (IL-6/IL-6Rα/gp130) homodimerize; IL-6 of one trimeric complex binds to the D1 domain of gp130 of the second trimeric complex, forming a signal transducing hexameric receptor complex (39). The IL-6/IL-6Rα/gp130 receptor complex activates mitogen activated protein kinase (MAPK), phosphatidylinositide-3-kinase (PI3K), Janus kinases (JAKs), and signal transducer and activator of transcription (STATs) signaling cascades. Formation of the IL-6/IL-6Rα/gp130 hexameric complex recruits the JAK family of non-receptor tyrosine kinases (JAK1, JAK2, and TYK2) to the membrane which associate with and phosphorylate the cytoplasmic tail of gp130 at five tyrosine residues (Y759, Y767, Y814, Y905, and Y915) (40). Phosphorylated gp130 serves as a docking site for STAT1 and STAT3 transcription factors that are subsequently phosphorylated by JAKs at Y701 and Y705, respectively (41, 42). Notably, IL-6 activates STAT3 more potently when compared to STAT1 (43). Upon phosphorylation, STAT3 undergoes a conformational change, detaches from the receptor complex, and homodimerizes allowing for STAT3 translocation into the nucleus to promote transcriptional activation (44). STAT3 is negatively regulated by tyrosine phosphatases, disruption of JAKs and/or cytokine receptors by suppressors of cytokine signaling (SOCS), or direct protein inhibitors of activated STATs (PIAS) (45–47). Receptor availability can also become a limiting factor for IL-6 signaling since IL-6 must be complexed with IL-6Rα in order to bind to gp130 receptor for signal transduction (38). Interestingly, transmembrane gp130 expression is ubiquitously expressed on most cell types; however, expression of membrane-bound IL-6Rα is restricted, therefore, limiting classic signaling to a small subset of cells (48, 49). Since IL-6 modulates pleiotropic effects beyond immune cells, it quickly became evident that IL-6 signals via alternative mechanisms outside of membrane-bound receptors, termed trans-signaling.




Figure 1 | Overview of IL-6/JAK/STAT3 Classic, Trans-signaling, and Trans-presentation. Classic Signaling (left) occurs when IL-6 binds membrane-bound IL-6Rα leading to the subsequent formation of a trimeric receptor complex with signal-transducing subunit, gp130. Two trimeric IL-6/IL-6Rα/gp130 complexes bind through the D1 domain of gp130 to form a hexameric receptor complex for intracellular signaling through the JAK/STAT3 pathway. JAKs are recruited to the membrane and phosphorylate the cytoplasmic tail of gp130 and STAT3. pSTAT3 homodimerizes and translocates into the nucleus for activation of transcription. Trans-signaling (middle) occurs when IL-6Rα presents in a soluble form through mRNA alternative splicing or proteolysis by ADAM10/17. IL-6 binds sIL-6Rα to form a hexameric receptor complex through membrane-bound gp130 for signal transduction. Sgp130 antagonizes IL-6 signaling through sequestration of IL-6/sIL-6Rα. Trans-presentation (right), or “cluster signaling,” occurs between two different cells. A gp130 receptor complex on a receiving cell responds to a IL-6/IL-6Rα complex on a transmitting cell to induce downstream STAT3 signaling.





Trans-Signaling

IL-6 trans-signaling is mediated through a soluble form of IL-6Rα (sIL-6Rα) to potentiate IL-6 signaling in cells lacking sufficient expression of membrane-bound IL-6Rα (Figure 1, middle) (38, 50). Originally detected in serum and urine samples, sIL-6Rα functions as an agonist for IL-6 signaling. sIL-6Rα is produced either by proteolytic cleavage of the membrane-bound IL-6Rα or alternative splicing of pre-mRNA (50–54). Membrane-bound IL-6Rα undergoes proteolysis, or shedding, by disintegrin and metalloproteinase domain-containing proteins ADAM10 or ADAM17 to form sIL-6Rα (50, 55–57). Secreted IL-6 binds to sIL-6Rα which binds transmembrane gp130. Subsequently, two trimeric receptor complexes homodimerize to activate downstream signaling. Interestingly, gp130 can also present in a soluble form (sgp130) and sequesters IL-6/sIL6Rα, thus antagonizing IL-6 trans-signaling without impacting IL-6 classic signaling. However, sgp130 levels are almost negligible when compared to sIL-6Rα (52, 58). Trans-signaling regulates the IL-6 immune response and mediates pro-inflammatory responses through recruitment of mononuclear cells, stimulation of endothelial cells, T-cell survival, and inhibition of regulatory T-cell differentiation (59, 60). Administration of IL-6 and sIL-6Rα activates STAT3 in endothelial cells, solely expressing membrane-bound gp130, to recruit leukocytes for local inflammation in vitro and in vivo (61). Since trans-signaling mediates the pro-inflammatory responses induced by IL-6, trans-signaling is referred to as the primary mechanism by which IL-6 signaling promotes tumorigenesis in multiple cancers (59, 62, 63). In cancer, IL-6 trans-signaling induces therapeutic resistance, angiogenesis, and is associated with poor clinical outcome (64).



Cluster Signaling

More recently, a third mechanism of IL-6 signaling has been reported where IL-6 signals between two interacting cells termed, trans-presentation or “cluster signaling” (37). Originally discovered in 2017, Heink et al. discovered IL-6 binds membrane-bound IL-6Rα on one cell (transmitting cell) and is able to bind a gp130 receptor on another cell type (receiving cell) for signal transduction (Figure 1, right) (37). Co-culture experiments identified that gp130 receptors on T cells responded to IL-6/IL-6Rα complexes on the membrane of dendritic cells resulting in robust activation of STAT3. Functionally, IL-6 cluster signaling allowed dendritic cells to prime pathogenic T helper 17 cells. Since sgp130 is known to antagonize IL-6 trans-signaling, but not classic signaling, Heink et al. also investigated whether sgp130 is able to neutralize IL-6 cluster signaling. Although sgp130 did not show inhibitory effects in this model, Lamertz et al. reported sgp130 to neutralize IL-6 cluster signaling by directly binding to the IL-6/IL-6Rα complex on a transmitting cell (65). Given these contradictory findings, the IL-6 trans-presentation mechanism in addition to its biological and pathogenic roles remains to be characterized and elucidated.




IL-6 Signaling in Breast Cancer

Breast cancer is the most commonly diagnosed cancer in women. Despite recent advancements in targeted therapeutics, remission and survival in metastatic breast cancer patients remains poor (1). Metastatic dissemination can be regulated by multiple mechanisms including uncontrolled inflammation in the breast tumor microenvironment through the secretion of chemokines, growth factors, and cytokines to mediate immune evasion and promote tumor progression (66, 67). Importantly, the tumor microenvironment is comprised of a myriad of cell types, such as tumor-associated macrophages (TAMs), helper T cells, bone marrow-derived cells, adipocytes, fibroblasts, and cancer cells which secrete pro-inflammatory cytokines, such as IL-6. IL-6 can be secreted in an autocrine or paracrine manner by both immune and non-immune cells in the tumor microenvironment. The mechanisms by which IL-6 mediates crosstalk between the tumor microenvironment and tumor cells continues to be investigated to develop therapeutic targets in breast cancer. Specifically, IL-6 is of particular interest due to its increased levels in sera of breast cancer patients when compared to normal sera or tissue of healthy patients (68, 69). Increased IL-6 levels can be a result of single nucleotide polymorphisms (SNPs) in the promoter region of IL-6 gene, and have been demonstrated to predict poor prognoses in breast cancer patients. IL-6 SNPs are significantly associated with ER-positivity and results in a worse disease-free survival (70). Specifically, the rs1800795 SNP in IL-6 is associated with an increased risk of breast cancer metastasis, irrespective of ER status (71). Furthermore, IL-6 is upregulated in sera of patients with advanced stages of breast cancer and in patients presenting with metastases (68, 72). Notably, patients with metastases at two or more sites have increased IL-6 sera levels compared to patients presenting with one metastasis, and high levels of IL-6 correlates with significantly worse survival in metastatic breast cancer patients (72–74). In addition to IL-6, clinicopathological analyses have been conducted on IL-6’s corresponding receptor, IL-6R. Labovsky et al. identified IL-6 to positively correlate with IL-6R in breast cancer specimens, and that IL-6/IL-6R are co-overexpressed in breast carcinomas when compared to normal mammary tissues (75). Consequently, higher serum levels of sIL-6R predicts a shorter relapse-free survival in ER+ breast cancer patients (76). To complement above findings, stromal expression of IL-6Rα in primary breast carcinomas has been reported to be significantly correlated with metastatic occurrence, and a worse disease-free and overall patient survival (77). Moreover, IL-6 has also been reported to correlate with therapeutic resistance in breast cancer patients highlighting the IL-6/JAK/STAT3 pathway as an important prognostic marker in breast cancer progression, chemoresistance, and metastatic formation (78).


IL-6 Activation of STAT3

In pathophysiological states, IL-6 mediates inflammation while concurrently regulating MAPK, PI3K, and JAK/STAT oncogenic pathways (79). STAT3 is a primary downstream regulator of IL-6 signaling with its distinct role in regulating inflammation and neoplastic transformation (80, 81). Although STAT3 activation is tightly regulated under homeostatic conditions, overexpression of upstream effectors such as IL-6, IL-6Rα, or gp130 or loss of negative regulators (SOCS, PIAS, etc.) can lead to aberrantly activated STAT3 (82). IL-6 and phosphorylated-STAT3 (phospho-STAT3, pSTAT3) are co-overexpressed in primary breast cancer specimens (83). Upstream regulators that mediate STAT3 activation include canonical cytokines, growth factors, G-protein-coupled receptors, and microRNAs (miRNAs); however, IL-6 remains the primary activator of STAT3 signaling (84). For example, conditioned medium from IL-6-positive breast cancer cells stimulated STAT3 phosphorylation in IL-6-negative breast cancer and non-cancerous epithelial cells, while administration of anti-IL-6 antibodies abrogated these effects (85). Furthermore, homozygous STAT3 knockout tumors presented with decreased tumoral IL-6 expression and reduced systemic IL-6 levels in an orthotopic mammary fat pad (MFP) syngeneic mouse model (86). Functionally, the IL-6/JAK/STAT3 signaling axis promotes proliferation, angiogenesis, EMT, and the cancer stem cell (CSC) subpopulation, while concurrently suppressing the antitumor immune response (87–90). Secreted IL-6 induces expression of STAT3 target genes such as cyclin D1, Bcl-2, Bcl-xL, VEGF, VEGFR2, and matrix metalloproteinases (MMPs) (91–94). STAT3 is aberrantly active in breast cancer and promotes cancer growth through transcriptionally regulating target gene expression resulting in induction of G1 cell cycle progression, proliferation, anti-apoptosis, angiogenesis, and metastasis (95–97). Dysregulated STAT3 activates immunosuppressive tumor-infiltrating myeloid-derived suppressor cells (MDSCs), TAMs, and T regulatory cells; STAT3 further induces expression of upstream cytokines and growth factors creating a vicious autocrine and paracrine positive feedback loop (86, 98–101). In addition to STAT3, IL-6 can be further activated through nuclear factor kappa B (NF-κB) signaling in breast cancer. IL-6 is repressed by the let-7 miRNA, which targets the 3’-untranslated region (UTR) of IL-6 mRNA. Activation of NF-κB represses let-7 and results in super-activation of IL-6 and subsequent activation of STAT3 (102). OSM can also further activate IL-6/JAK/STAT3 signaling both in vitro and in vivo to promote breast cancer progression. More specifically, OSM synergizes with IL-1β to induce IL-6 secretion in ER+ and TNBC cells for further STAT3 activation (25). Because STAT3 is constitutively active in the majority of breast cancers and plays an important role in mediating breast cancer growth, migration, and metastasis, this review will focus on the IL-6/JAK/STAT3 signaling cascade (95, 103, 104).



IL-6/JAK/STAT3 Role in Breast Cancer EMT and CSCs

Whether IL-6 enhances or inhibits breast cancer cell proliferation in vitro remained controversial for several years. Early studies reported recombinant IL-6 to inhibit or have no significant effect on breast cancer cell proliferation (105–107). More recently, it has become widely accepted IL-6 mediates an oncogenic role in multiple cancers, including breast cancer, primarily through the activation of STAT3. Since IL-6Rα and gp130 are required for signal transduction, the previous contradictory results may have been attributed to a lack of receptor expression in tested breast cancer cell lines, or that IL-6’s pleiotropic effects may depend on JAK/STAT3 pathway activation. For example, gp130 suppresses cell-cycle progression by upregulating G1 cyclin/cyclin-dependent kinase (CDK) inhibitor, p21, independent of STAT3. In stark contrast, gp130-induced STAT3 signaling regulates cell cycle transition from G1 to S phase by upregulating cyclins D2, D3, A, and cell division cycle 25 A (CDC25A) while simultaneously downregulating CDK inhibitors, p21 and p27, indicating contradictory roles that may be regulated by the balance of STAT3 (108).

STAT3 is involved in proliferation and suppression of apoptosis of breast tumor cells through the upregulation of target genes cyclin D1, c-myc, Mcl-1, Bcl-2 and Bcl-xL (92, 109, 110). STAT3 also upregulates MMP2, MMP9, Twist, Snail, and vimentin expression to mediate an EMT phenotype (87, 95, 111, 112). To complement these findings, STAT3 knockdown resulted in a decrease in CD44+ subpopulation, mammosphere formation, and protein expression of stemness genes Oct-4 and Sox-2 in breast cancer cells (113). Sullivan et al. also reported IL-6 induces the EMT phenotype in breast cancer cells, and found IL-6 overexpressing breast cancer xenografts exhibited decreased E-cadherin and increased vimentin protein expression (114). More recently, Cho et al. utilized a microfluidic chip, which mimics the breast cancer microenvironment and breast metastatic phenotypes in vitro, and found that IL-6-treated breast cancer cells successfully invaded into blood and lymph vessels mimicking breast cancer lymphatic metastasis in vitro (115). Others have reported IL-6 to promote breast cancer cell proliferation, migration and invasion, and CSCs in breast cancer (116–118). Notably, breast CSCs are known to play a significant role in tumor recurrence and therapeutic resistance (119). Interestingly, mammospheres derived from node-positive breast carcinomas express higher levels of IL-6 when compared to their respective non-malignant matched mammary tissues indicating IL-6 may play a role in CSC renewal (120). Many studies have further validated IL-6 as a key regulator of breast CSCs. For example, IL-6 enriches the breast CSC subpopulation where administration of IL-6 stimulates spheroid growth in MCF-7 cells (120). To complement these findings, IL-6 enriches CD44+ cells as well as an EMT phenotype in breast cancer in vitro (114, 121). To determine if IL-6-mediated breast CSCs translates in vivo utilizing mouse metastasis models, Korkaya et al. demonstrated PTEN knockdown activates the IL-6 inflammatory loop which, in turn, promotes the breast CSC subpopulation in HER2+/trastuzumab-resistant cells, tumor growth, and secondary metastases in vivo (122).

In addition to breast CSCs, surrounding microenvironmental cells are known to communicate with and prime secondary organs for metastatic dissemination. Multiple mechanisms mediate IL-6-induced breast cancer progression, such as activation of autocrine/paracrine loops under inflammatory conditions and IL-6’s impact on the surrounding tumor microenvironment. For example, the oncogene Multiple Copies in T-cell Malignancy-1 (MCT-1), a recently identified prognostic biomarker in aggressive breast cancers, stimulates M2 macrophages in the tumor microenvironment through stimulation of IL-6. IL-6 promotes M2 macrophage polarization while concurrently stimulating TNBC stemness and tumor progression (123). IL-6 also functions in a paracrine manner to promote an invasive phenotype in breast cancer. For example, adipose stromal cells secrete IL-6 to promote breast cancer migration and invasion in vitro using the TNBC cell line, MDA-MB-231 (124). Further findings confirmed adipocyte-secreted IL-6 induces EMT in luminal A and TNBC cells through the activation of STAT3 (125). Additionally, isolated fibroblasts from breast tissue and breast cancer metastases secrete significantly more IL-6, enhance breast cancer cell growth, and induce pSTAT3 when compared to normal skin fibroblasts supporting IL-6’s role in priming the “soil” for organ-specific metastasis (126). Taken together, the IL-6/JAK/STAT3 pathway is a major regulator of breast cancer metastasis through promoting breast cancer cell proliferation, EMT, enriching the breast CSCs, and suppressing apoptosis.



IL-6/JAK/STAT3 in Metastatic Breast Cancer Mouse Models

Given that the IL-6/JAK/STAT3 signaling axis promotes metastatic phenotypes of breast cancer, researchers have investigated the role of IL-6/JAK/STAT3 in breast cancer metastasis in vivo to identify key drivers and therapeutic interventions. IL-6 has been demonstrated to prime distant sites for metastatic formation. For example, tumor secreted IL-6 has been recently reported to enhance metastatic potential through educating monocyte-dendritic progenitors to prime distant organs for breast cancer metastasis. Magidey-Klein et al. demonstrates IL-6 plays a functional role in mediating crosstalk between primary tumors and the bone marrow to promote monocyte-dendritic progenitors to give rise to immunosuppressive macrophages which, in turn, promotes metastasis in vivo (127). Whether IL-6 mediates organ-specific breast cancer metastasis remains to be conclusively elucidated. However, due to the prominent role of IL-6 in bone metabolism and homeostasis, it is accepted IL-6 is associated with bone metastases and osteoclastogenesis. Dysregulated IL-6 promotes a pro-tumorigenic role in the bone microenvironment allowing breast cancer cells to invade the bone. Consequently, breast tumor cells secrete IL-6 in a paracrine manner to activate osteolytic target genes, namely, PTHrP, RANKL, and DKK-1 (128). In addition to breast cancer bone metastases, recent functional studies have demonstrated IL-6 to promote lung metastases in breast cancer in vivo. Siersbæk et al. conducted an intraductal xenograft implantation of an ER+ breast cancer cell line overexpressing IL-6 and found a significant increase in pSTAT3 in the primary tumors, as well as, an increase in metastases in the lung in vivo (129). Moreover, another group investigated metastatic potential of IL-6 via an intravenous injection of a TNBC cell line overexpressing IL-6, and found tumors to significantly increase lung metastases (86). To complement these findings, Lin et al. reports CGI-99, or C14orf166, enhances IL-6 transcription resulting in hyperactivation of IL-6/STAT3 signaling to promote lung metastases (130). There are multiple downstream effectors under current mechanistic investigation for their role in mediating IL-6-induced metastatic phenotypes in breast cancer. For example, Nyati et al. identified a novel downstream long noncoding RNA, AU021063, which is induced by IL-6 to promote breast cancer metastasis in vivo (131). While multiple models are are currently under investigation, mechanistic mouse models expand beyond the scope of this review. The emerging role of IL-6/JAK/STAT3 in promoting the breast CSC subpopulation and breast cancer metastases in vivo underscores the therapeutic potential in exploiting the IL-6/JAK/STAT3 signaling axis in metastatic breast cancer.



IL-6/JAK/STAT3 in Therapeutic Resistance

Since IL-6/JAK/STAT3 signaling upregulates breast CSCs which are known to mediate metastasis and therapeutic resistance, it is to no surprise that IL-6 has been shown to play a role in chemoresistance. IL-6 secretion and expression is significantly elevated in therapeutically resistant breast cancer cells when compared to their respective parental lines. Furthermore, administration of recombinant IL-6 induced chemoresistance through upregulation of drug-resistant gene, mdr1, in breast cancer cells (132). Wang et al. identified STAT3 induces breast CSC renewal and chemoresistance through upregulation of fatty acid β-oxidation; administration of leptin resensitized breast tumors to chemotherapy in vivo (133). Furthermore, activation of the IL-6 inflammatory loop induces trastuzumab-resistance in HER2+ breast cancer cells indicating that IL-6’s pro-inflammatory role mediates breast cancer therapeutic resistance (122). Given these findings, studies have aimed to utilize IL-6/JAK/STAT3 signaling inhibition in combination with current standard-of-care (SOC) treatment (Tables 1, 2). Administration of Bcl-2 antagonist, sabutoclax, concurrently suppresses IL-6/STAT3 signaling to resensitize chemoresistant breast cancer cells to chemotherapeutic agents (175). Using a resistant ER+ patient-derived xenograft (PDX) mouse model, Siersbæk et al. reported a significant reduction in tumor growth with treatment of STAT3 inhibitor, ruxolitinib, but not fulvestrant alone, a SOC treatment for ER+ breast cancer (129). Clinically, cytoplasmic staining of IL-6Rα is significantly correlated with tamoxifen resistance in ER+ breast cancer patients suggesting IL-6/JAK/STAT3 is an actionable therapeutic target to sensitize tumor cells to current SOC treatment (78). To summarize, the IL-6/JAK/STAT3 signaling pathway mediates breast cancer progression, metastasis, and therapeutic resistance thus justifying investigations into IL-6/JAK/STAT3 as a targeted therapy for breast cancer patients.


Table 1 | Targeting IL-6/JAK/STAT3 Signaling in Preclinical Breast Cancer Models.




Table 2 | Clinical Studies Targeting IL-6/JAK/STAT3 in Breast Cancer.






Current Therapeutic Applications of IL-6 Signaling in Breast Cancer

Due to the heterogeneity of breast cancer, molecular classifications help determine which tumors may respond to targeted therapy. Each breast cancer subtype corresponds to a different prognosis and treatment regimen. Patients with luminal A and B breast cancer subtypes typically respond to targeted treatments such as tamoxifen, fulvestrant, or aromatase inhibitors; luminal patients have the most treatment options and better prognoses (196). HER2-enriched breast cancers initially respond to anti-HER2 antibodies such as Food and Drug Administration (FDA)-approved traustuzumab, lapatinib, pertuzumab, ado-trastuzumab emtansinse, and fam-trastuzumab (197–200), while TNBC patients have limited to no treatment options. Since TNBC tumors lack expression of ER, PR, and HER2, TNBC patients lack sensitivity to endocrine and molecular targeted treatments. Current SOC for TNBC patients includes systemic neoadjuvant chemotherapy and surgical resection (201). HER2-enriched breast cancer and TNBC are considered to be the most aggressive subtypes and maintain a higher propensity to metastasize (202). Metastatic HER2-enriched patients commonly acquire resistance to HER2-targeted therapies within one year, emphasizing the importance in developing novel therapeutics to treat or sensitize metastatic HER2-enriched tumors to current SOC treatment (203). Current findings elucidating the role of IL-6 in breast cancer progression, metastasis, and anti-cancer immunity, suggest the IL-6/JAK/STAT3 signaling pathway is an actionable target with preclinical and clinical studies demonstrating therapeutic potential in both primary and metastatic breast cancer. Notably, inhibiting the IL-6/JAK/STAT3 signaling axis has been investigated through directly targeting either IL-6, IL-6Rα, gp130 receptor, JAKs, or STAT3.


IL-6 Inhibitors

The FDA has yet to approve IL-6/JAK/STAT3 pathway inhibitors for breast cancer. However, monoclonal antibodies (mAb) and small molecule inhibitors are under preclinical (Table 1) and clinical (Table 2) investigation. Siltuximab is a chimeric IL-6 mAb which received FDA-approval for the treatment of multicentric Castlemans disease in 2014 (204). Morancho and others examined the efficacy of siltuximab in several PDX models, and found only two of the six lines responded to siltuximab treatment. Contradictory to previous findings, they did not find a significant reduction in pSTAT3 in all PDX cultures after inhibiting IL-6, indicating that identification of IL-6-dependent tumors is important for anti-IL-6 therapies to be efficacious (134). For example, serum IL-6 may be used as a biomarker for IL-6-mediated treatment. Casneuf et al. analyzed the IL-6 serum levels of ERα-positive breast cancer patients and found IL-6 sera levels to be significantly correlated with intratumoral pSTAT3 protein expression. Furthermore, pretreatment of siltuximab reduced tumor growth in an ERα-positive breast cancer xenograft mouse model. Casneuf et al. also investigated a combination treatment using siltuximab and fulvestrant, and found combination treatment to attenuate tumor growth suggesting that IL-6/JAK/STAT3 combination therapy may sensitize tumors to SOC treatment (135). MEDI5116 is a novel anti-IL-6 mAb which neutralizes IL-6, is efficacious against HER2+ trastuzumab-resistant tumors, suppresses NF-κB signaling, and lung metastases (136). NF-κB promotes an IL-6 feed-forward inflammatory loop, whereas interruption of IL-6/NF-κB signaling may counteract IL-6-induced breast cancer chemoresistance and requires further investigation (102).



IL-6Rα Inhibitors

Multiple anti-rheumatic agents targeting IL-6, IL-6Rα, and JAKs have gained FDA-approval and have transformed treatment outcomes for autoimmune and inflammatory diseases. In 2010, tocilizumab was the first approved in the United States for the treatment of rheumatoid arthritis (RA). Tocilizumab is a humanized anti-IL-6Rα mAb that competitively binds IL-6Rα and disrupts the IL-6/IL-6Rα complex in both classic and trans-signaling. Tociluzumab has a favorable safety and toxicity profile, and is now used for the treatment of juvenile idiopathic arthritis, adult-onset still’s disease, giant cell arthritis, chimeric antigen receptor T cell-induced cytokine release syndrome, and systemic associated-interstitial lung disease (205–207). In 2021, Tocilizumab received an emergency use authorization for the COVID-19 patients above the age of 2 years old (208).

Due to its diverse application, tocilizumab has been investigated in multiple cancers extensively, including breast cancer. Direct inhibition of IL-6Rα using tocilizumab effectively sensitizes resistant ER+ cells to tamoxifen in vitro and in vivo (78). HER2+ cells treated with tocilizumab or ruxolitinib, a JAK1/2 inhibitor, had reduced pSTAT3 protein expression, and increased cell apoptosis. Tocilizumab suppresses tumor volume, pSTAT3 protein expression, and cell proliferation (Ki67) in HER2+ orthotopic xenograft tumors (138). Administration of tocilizumab also reduces IL-6-mediated tumor growth, breast CSCs, and the development of secondary metastases in a PTEN-/HER2+/trastuzumab-resistant xenograft mouse model (122). Furthermore, tocilizumab inhibits TNBC mammosphere formation and suppresses mRNA expression of stemness markers: CD44, CD133, ALDH-1, EpCAM, Snail, Nanog, Oct-4, and Sox2 (123). Utilizing a TNBC intracardiac mouse model to model metastases, tocilizumab significantly suppresses bone metastases and osteoclast formation in vivo (137). Additionally, Jin et al. reported TNBC cells to secrete IL-6 in order to communicate with lymphatic endothelial cells to produce chemokine (C-C motif) ligand 5 (CCL5) to upregulate breast cancer lymph node metastasis. Combination treatment of tocilizumab and maraviroc, a CCR5 inhibitor, significantly reduces migratory and invasive phenotypes in TNBC cells in vitro, and breast cancer metastases in a TNBC xenograft mouse model in vivo (209). Given these results, tocilizumab proceeded to multiple clinical investigations (Table 2).

Tocilizumab was recently investigated in combination with trastuzumab and pertuzumab in metastatic trastuzumab-resistant HER2+ breast cancer patients in a Phase I clinical trial. This clinical study was completed March 20, 2020 and results are still under review (NCT03135171). Interestingly, tocilizumab is also under clinical investigation for severe COVID-19 treatment in breast cancer versus non-cancer patients where SOC chemotherapy may exacerbate severity of COVID-19 infection (NCT04871854). Tocilizumab in combination with atezolizumab and nab-paclitaxel is also under clinical investigation for safety of immunotherapy-based combination treatment in metastatic or inoperable locally advanced TNBC (NCT03424005). Sarilumab, an additional FDA-approved anti-IL-6Rα mAb for RA, which blocks both membrane-bound and soluble IL-6Rα, is under current Phase I and II clinical investigation in combination with capecitabine in stage I-III TNBC and metastatic TNBC patients (NCT04333706).

While IL-6Rα mAbs, tocilizumab and sarilumab, have made recent headway in clinical studies for breast cancer, drug repurposing remains an attractive therapeutic strategy to minimize the expensive, time-consuming drug development process (210). Diacerin, a non-steroidal anti-inflammatory drug used to treat osteoarthritis, directly interacts with IL-6Rα to suppress IL-6-induced phosphorylation of gp130, JAK1/2, STAT3, and MAPK in two TNBC cell lines. Furthermore, diacerin inhibits IL-6-induced STAT3 nuclear localization and transcriptional activity in TNBC cells, and significantly reduces tumor volume and induces apoptosis when compared to vehicle treated mice. Diacerin treatment reduces protein expression of IL-6Rα, pSTAT3, pMAPK, pAKT in TNBC tumor sections indicating diacerin could inhibit multiple IL-6-regulated oncogenic pathways (139).

Another strategy uses natural products as anti-cancer therapies. Aryappalli and colleagues report Manuka honey antagonizes IL-6Rα which inhibits downstream gp130, pJAK2, and pSTAT3; Manuka honey flavonoids, luteolin, chrysin, quercetin, and galangin disrupt IL-6 binding to IL-6Rα (141). Investigation of anti-cancer mechanisms of tubulosine, originally isolated from bark of Pogonopus tubulosus in 1964, identified tubulosine as a potent inhibitor of JAK2/STAT3 signaling through disruption of IL-6/IL-6Rα/gp130 complex formation (142). Furthermore, a triterpenoid saponin extracted from traditional Chinese medicine, Chikusetsusaponin IVa Butyl Ester (CS-IVa-Be), exhibits immunomodulatory effects by directly binding and antagonizing IL-6Rα. CS-Iva-Be reduces IL-6-induced STAT3 transactivation, TNBC cell viability, and synergizes with TRAIL to induce apoptosis in MDA-MB-231 cells (143). Overall, modulating IL-6/IL-6Rα interaction shows promising results in all subtypes of breast cancer mediated by IL-6/JAK/STAT3 signaling.



gp130 Inhibitors

The gp130 receptor has evolved as an attractive therapeutic target to prevent downstream IL-6 signaling. Interestingly, small molecules which are FDA-approved for other therapeutic implications have been identified to have gp130 inhibitory effects. Since gp130 is the signal-transducing subunit for all IL-6 family cytokines, few gp130 inhibitors are able to maintain selectivity against IL-6. Bazedoxifene, an FDA-approved selective estrogen receptor modulator (SERM) with conjugated estrogens, was previously identified to reduce breast cancer cell proliferation and downregulate ERα and cyclin D1; however, its antitumor mechanism was not elucidated until recently (211). Interestingly, since the IL-6 family of cytokines bind different regions on the surface of gp130, bazedoxifene is able to selectively inhibit IL-6-induced STAT3 in TNBC both in vitro and in vivo through direct binding of the gp130’s D1 domain (144, 145). Bazedoxifene was identified using a multiple-ligand simultaneous docking and drug repositioning approach in order to identify a small molecule that was able to directly bind into “hot-spot” residues on gp130 to prevent protein-protein interactions between IL-6 and gp130. Bazedoxifene inhibits STAT3-mediated transcriptional activity and, in turn, suppresses breast cancer colony formation, migration, and invasion. Bazedoxifene also reduces TNBC tumor volume suggesting the translational potential of the compound as an IL-6/JAK/STAT3 inhibitor (145). Whether bazedoxifene can inhibit IL-6-induced metastatic formation in TNBC is not known. Since bazedoxifene is FDA-approved with a favorable safety profile, bazedoxifene may provide clinical utility as a repurposed compound for the treatment of TNBC, but requires further investigation. Raloxifene, an additional FDA-approved SERM, has also been identified to directly bind to gp130 and suppress STAT3 activation in a TNBC cell line, SUM-159 (144). To further complement these findings, another group identified raloxifene to suppress breast cancer cell viability using another TNBC cell line, MDA-MB-231 (146). In 2007, raloxifene gained FDA-approval for the prevention of invasive breast cancer in postmenopausal women (212, 213). Currently, raloxifene is not approved for treatment of breast cancer. Of note, bazedoxifene and raloxifene are both FDA-approved for the prevention of postmenopausal osteoporosis, and have been reported to prevent bone loss and increase bone mineral density (214). Since the bone is a common distant site of metastasis in breast cancer, and breast cancer bone metastatic patients suffer from microfractures and severe pain, raloxifene and bazedoxifene may provide additional benefits in addition to treating primary breast tumors (215).



JAK Inhibitors

Another approach to targeting the IL-6/JAK/STAT3 signaling axis is through direct JAK inhibition of one or multiple JAK family of enzymes. Tofacitinib, ruxolitinib, baricitinib, and upadacitinib are all FDA-approved JAK inhibitors for implications other than breast cancer, e.g. RA, psoriatic arthritis, severe ulcerative colitis, polyarticular course juvenile idiopathic arthritis, myelofibrosis (216–220). Ruxolitinib is a bioavailable tyrosine kinase inhibitor of both JAK1 and JAK2, and was investigated in metastatic TNBC patients (NCT01562873). pSTAT3-positive metastatic TNBC patients were enrolled in a non-randomized Phase II study to examine ruxolitinib safety and efficacy. Although ruxolitinib was well-tolerated and exhibited on-target activity, this clinical study did not reach its primary efficacy endpoint indicating alternative mechanisms may mediate resistance (193). To potentially overcome this barrier, ruxolitinib is under current clinical investigations to examine combination treatments with paclitaxel, doxorubicin, cyclophosphamide, or pembrolizumab in TNBC patients (Table 2) (NCT03012230; NCT02928978). Furthermore, additional JAK inhibitors have been investigated preclinically and are demonstrated to be efficacious in vivo. Glyceryl trinitrate inhibits JAK2 through s-nitrosylation to suppress IL-6-induced migration and invasion in TNBC cells. Additionally, glyceryl trinitrate infusion decreases lung metastatic lesions in a TNBC syngeneic mouse model (147). Pentadecanoic acid suppresses the CSC subpopulation through inhibition of IL-6/JAK/STAT3 signaling and increases apoptosis in ER+ breast cancer cell line; however, the exact mechanism remains unknown (148). In vitro evidence identified a ferrocene derivative, 1- ferrocenyl-3-(4-methylsulfonylphenyl)propen-1-one (FMSP), that reduces IL-6-induced downstream effectors, CSC renewal, and downregulates stemness markers: Wnt1, Notch1, β-catenin, SOX2, CXCR4, and ALDH1A1 (149). Liu et al. investigated multiple derivatives of 2-phenyl-1,8-naphthyridin-4-one and identified LYF-11 which blocked IL-6-mediated EMT through the suppression of phosphorylated JAK2 (150). Direct mechanisms and efficacy in vivo of inhibitors listed above remain to be investigated. Other JAK inhibitors investigated preclinically in breast cancer include withaferin A, AG490, naphtho[1,2-b]furan-4,5-dione, 3-deoxy-2β,16-dihydroxynagilactone E, tagalide A, ganoderic acid A, methylseleninic acid, and 7β-(3-Ethyl-cis-crotonoyloxy)-1α-(2-methylbutyryloxy)-3,14-dehydro-Z-notonipetranone (Table 1). While JAK inhibition remains heavily studied in multiple cancers, the FDA has administered safety warnings against JAK inhibitors underscoring the need to investigate additional approaches to target the IL-6/JAK/STAT3 pathway (221).



STAT3 Inhibitors

STAT3 has gained significant attraction as an actionable anti-cancer therapeutic; however, there are currently no FDA-approved STAT3-targeted therapies for the treatment of cancer. Therefore, multiple studies have investigated novel small-molecule compounds which negatively regulate STAT3 activation in breast cancer (222) (Table 1). Strategies for STAT3 inhibition include disruption of STAT3 phosphorylation, dimerization, nuclear translocation, or prevention of DNA binding. In 2006, stattic was identified as a small-molecule that disrupts the src homology-2 (SH2) domain of STAT3, and thereby prevents STAT3 recruitment to gp130 on the cell membrane (158). Functionally, increasing doses of stattic was able to prevent STAT3 dimerization and nuclear translocation resulting in a subsequent decrease in IL-6-induced pSTAT3. Stattic induces apoptosis in TNBC cells (158). Since its discovery, others have identified stattic to be efficacious against breast CSCs through the downregulation of STAT3 stemness genes Oct-4, Sox-2, and Slug (113). Combination studies also reveal stattic is synergistic with SOC therapeutic, doxorubicin, and suppresses anti-apoptotic genes, Bcl-2 and Bcl-xL, to promote breast cancer cell apoptosis (159). Interestingly, another STAT3 inhibitor, STA-21, also directly binds to the SH2 domain of STAT3 to repress STAT3 transcriptional activity, and is efficacious in TNBC cells in vitro (160). Utilizing a structural-based computational screening approach, S3I-201 was identified to target the SH2 domain of STAT3 and suppress downstream signaling to induce breast cancer cell apoptosis and exhibit activity in vivo in a TNBC mouse model (172). Additionally, small molecule STAT3 inhibitors, FLLL31 and FLLL32, are derivatives of curcumin and selectively bind to the JAK2 and STAT3 SH2 domain. The JAK2 and STAT3 SH2 domain is essential for STAT3 phosphorylation, therefore, inhibition disrupts STAT3 dimerization and translocation required for activation of STAT3 transcriptional activity. Subsequently, downstream STAT3 target genes are significantly downregulated upon increasing doses of FLLL31 and FLLL32. FLLL31 exhibits efficacy in vivo where systemic administration reduced tumor growth and vascularity in a TNBC xenograft mouse model (161).

Other novel molecules have been identified to exhibit anti-STAT3 activity by inhibiting STAT3 phosphorylation. LLL12, prevents IL-6-induced STAT3 phosphorylation at Y705, and demonstrates efficacy in vivo in a TNBC MFP mouse model with a concomitant reduction in tumor volume and pSTAT3 expression (163). Interestingly, novel JAK2/STAT3 inhibitor, WP1066, can penetrate the blood-brain-barrier, suppress brain metastases in vivo, and prolong overall survival in mice inoculated with brain-trophic TNBC breast cancer cells via an intracardiac injection. WP1066 also reduces breast cancer cell viability and cell invasion in brain-trophic breast cancer cells through the reduction of STAT3 target genes, MMP-9 and VEGFR2 (94). Furthermore, Zinzalla and colleagues synthesized multiple pyrrolidinesulphonylaryl molecules and identified compound, 6a, to selectively inhibit IL-6-induced pSTAT3 in TNBC cells, and inhibit cell growth in STAT3-dependent but not STAT3-null cells demonstrating its dependency on STAT3 for inhibition (162). Additional novel STAT3 inhibitors that have been investigated preclinically for the treatment of breast cancer include: LLY17, 6Br-6a, napabucasin, and coumarin-benzo[b]thiophene 1, 1-dioxide conjugates (Table 1) (179, 181, 187, 188).

Interestingly, multiple natural compounds have been identified to suppress STAT3 activity and exhibit anti-cancer properties. For example, CDDO-Me is a triterpenoid with anti-inflammatory properties and suppresses activated STAT3 protein expression, nuclear translocation, and STAT3 anti-apoptotic genes in ovarian and breast cancer in vitro (164). Other natural compounds which have exhibited anti-cancer properties in breast cancer through modulation of STAT3 activity include: naringenin, ilamycin C, esculentoside A, catechol, dihydrotanshinone, DT-13, cucurbitacin E, galiellalactone, schisandrin A, pectolinarigenin, eupalinolide J, betulinic acid, deguelin, picrasidine G, and cantharidin (Table 1) (166–171, 173, 177, 180, 183, 185, 186, 190–192). Compounds have also been repositioned for the treatment of breast cancer due to their anti-cancer activity through inhibition of STAT3, and are under preclinical investigation. For example, niclosamide is currently FDA-approved as an anti-parasitic drug, yet treatment exhibited inhibition of IL-6-induced STAT3 activation resulting in suppression of adipocyte-induced EMT in breast cancer cells (176). Additionally, nifuroxazide, an antibiotic, exhibits anti-STAT3 activity and suppresses breast cancer tumor growth and lung metastases (178). Additional repurposed compounds under preclinical investigation for inhibition of STAT3 activity include pyrimethamine, flubendazole, and carfilzomib (Table 1) (182, 184, 189). While STAT3 inhibitors have been extensively investigated preclinically, only one compound is under current clinical investigation. TTI-101 is a novel small molecule STAT3 inhibitor, and is in a Phase I clinical trial examining pharmacokinetics and compound safety in advanced breast cancer patients as well as patients with unresectable solid tumors (NCT03195699).




Conclusions

Under normal conditions, IL-6 is an important regulator in acute phase immune responses and modulates both anti- and pro-inflammatory reactions. Breast cancer cells can hijack the IL-6/JAK/STAT3 signaling to evade normal immune responses and further promote tumor growth by activating surrounding microenvironmental cells. Therefore, it remains pertinent to maintain a homeostatic balance of IL-6/JAK/STAT3 as dysregulation creates a vicious autocrine and paracrine inflammatory loop which promotes breast cancer metastasis and therapeutic resistance. Recent reports extensively elaborate on IL-6’s pleiotropic effects and pro-metastatic role in breast cancer; however, current evidence on whether IL-6 promotes site-specific metastases requires further investigation. Due to recent evidence of IL-6 inducing the CSC subpopulation and mediating therapeutic resistance in breast cancer, preclinical investigations in metastatic breast cancer focus on targeting this pathway with either mAbs, novel small molecule compounds, or by repurposing current FDA-approved compounds. Multiple actionable therapeutic targets reside in the IL-6 pathway including inhibition of IL-6 directly, IL-6Rα, gp130 receptor, JAKs, or STAT3. While there remains a plethora of preclinical studies analyzing IL-6/JAK/STAT3 inhibitors on breast cancer growth, there remains an urgent gap analyzing compound efficacy against breast cancer metastases in vivo. Additionally, since IL-6 modulates multiple physiological processes and oncogenic pathways, elucidating effective biomarkers for breast cancer patients who could benefit from targeted IL-6/JAK/STAT3 inhibitors could aid in the development of therapeutics for metastatic breast cancer patients.
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Background

Glioma is the most common primary malignant tumor in the central nervous system. Myeloid differentiation protein 2 (MD2) acts as a coreceptor of toll-like receptor 4 (TLR4) to mediate innate immune response. However, the actual roles of MD2 in the regulation of progression and immune cell infiltration in gliomas remain largely unclear. This study aims to explore whether MD2 could be an independent prognostic factor through the mediation of immune cell infiltration in gliomas.



Methods

The mRNA expression and DNA methylation differential analyses of MD2 were performed using CGGA, TCGA and Rembrandt databases and survival analyses were performed using Kaplan-Meier plotter. Univariate and multivariate Cox regression was applied to analyze the prognostic value of MD2 and nomograms were constructed to evaluate the clinical value of MD2. Then, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) were utilized to analyze MD2-related signal pathways. Furthermore, correlations between MD2 and immune cell infiltration were calculated by TIMER and CIBERSOPT. The correlation between MD2 expression and the infiltrations of macrophages and neutrophils was experimentally verified by the knockdown of MD2 expression using small interfering RNA (siRNA) in glioma cells.



Results

We found that MD2 was overexpressed and associated with a poor prognosis in gliomas. Meanwhile, higher expression of MD2 could be a result of lower DNA methylation of MD2 gene in gliomas. In addition, univariate and multivariate Cox regression analysis indicated that MD2 could be an independent prognostic factor for gliomas. Further functional enrichment analysis revealed that the functions of MD2 were closely related to immune responses. Moreover, the expression level of MD2 was strongly correlated with the infiltration and polarization of pro-tumor phenotype of tumor-associated macrophages and tumor-associated neutrophils in gliomas.



Conclusions

These findings have provided strong evidence that MD2 could be served as a valuable immune-related biomarker to diagnose and predict the progression of gliomas.





Keywords: MD2, DNA methylation, glioma, biomarker, macrophage, neutrophil



Introduction

Gliomas are the most common primary intracranial tumor in the brain parenchyma, which originates from glial or precursor cells (1–3). According to the 2016 World Health Organization Classification of Tumors of the Central Nervous System classification criteria, gliomas are classified into low-grade glioma (LGG, WHO I-II) and high-grade glioma (HGG, WHO III-IV), and glioblastoma (GBM) is among WHO grade IV (4). Currently, the first-line treatment for gliomas is surgical resection and the combination with radiotherapy or chemotherapy with temozolomide (TMZ), which could improve the patients’ quality of life and lifespans (5–7). However, the majority of glioma patients develop inherent or acquired resistance to TMZ alone or combination therapy, leading to inevitable relapse or malignant progression eventually (8–10). In recent years, immunotherapy with immune checkpoint inhibitors has become an appealing innovative treatment to deal with the tolerance or relapse of glioma by traditional therapies (11, 12). Despite the fact that the FDA-approved nivolumab targeting programmed cell death protein 1 (PD-1) and Ipilimumab targeting CTLA-4 have displayed clinical therapeutic superiority compared to conventional therapies in multiple types of cancers (13–16), the combination of nivolumab and Ipilimumab shows no significant effects on recurrent glioblastoma (17, 18). In gliomas, the status and extent of tumor-infiltrating lymphocytes, such as tumor-associated macrophages (TAMs) and tumor-associated neutrophils (TANs), are highly associated with glioma grade, immune evasion and therapeutic resistances, due mainly to their switch capacity of selectively polarizing between pro-inflammatory subtype (M1 or N1) and immunosuppressive subtype (M2 or N2) under different activation conditions (19–24). In addition, the infiltration amounts of tumor-infiltrating immune cells in gliomas with isocitrate dehydrogenase (IDH) mutation and chromosome 1p/19q codeletion are lower than those with wild-type IDH or 1p/19q non-codeletion (25–27). Regardless of prior association of gliomas with immune cell infiltrations, there are very limited biomarkers that could actually reflect the extent of immune cell infiltration in the tumor microenvironment. Therefore, new immune-related biomarkers are important to the diagnosis and treatment for glioma patients, especially given the lack of reliable and practical biomarkers for gliomas.

Myeloid differentiation protein 2 (MD2) is a secreted glycoprotein, which acts as a coreceptor of toll-like receptor (TLR4) to mediate innate immune and inflammatory responses to bacterial lipopolysaccharide (LPS) (28–30), in which inflammation is suggested to be the major cause for tumorigenesis (31, 32). While previous studies have revealed that TLR4 expression is significantly associated with tumor progression, including colorectal cancer (33), head and neck cancer (34) and ovarian cancer (35). TLR4 has also been reported to be associated with stem cell maintenance and chemoresistance induced by TMZ in gliomas (36, 37). However, as a coreceptor of TLR4, the expression of MD2 in gliomas and the roles played in tumor immunity remain largely unknown. On the other hand, based on the nature of a coreceptor of TLR4 (27–29) and the relationship with drug-resistance (35, 36), we speculated that MD2 could be a potential biomarker for the diagnosis and treatment of gliomas.

In this study, after comprehensively analyzing the levels of mRNA expression and DNA methylation of MD2 in glioma tissues based on CGGA, TCGA and Rembrandt databases, we found that MD2 was significantly overexpressed in gliomas, which was negatively correlated with DNA methylation of MD2 gene. In addition, the levels of DNA methylation and mRNA expression of MD2 were closely related to clinical malignancy features of gliomas, indicating that MD2 exhibits important prognostic values for gliomas. Further functional enrichment analysis revealed that the functions of MD2 were associated with immune responses. Moreover, the expression level of MD2 was positively correlated with the infiltration of M2-type TAMs and N2-type TANs, whereas its DNA methylation displayed an opposite trend. Intriguingly, reduction of the expression level of MD2 by siRNA resulted in a significant decrease in the secreted factors to influence the infiltration of M2-type TAMs and N2-type TANs by glioma cells, verifying the definitive relationship between MD2 expression and immune cell infiltration.



Materials and Methods


Data Collection and Integration

The RNA-seq data and corresponding clinical information were downloaded from CGGA (www.cgga.org.cn) (38), TCGA (http://xena.ucsc.edu/) and Rembrandt (https://wiki.cancerimagingarchive.net/display/Public/REMBRANDT) database, including 713 samples from CGGA database (20 normal samples and 693 glioma samples), 1680 samples from TCGA database (895 normal samples and 685 glioma samples) and 364 samples from Rembrandt database (21 normal samples and 343 glioma samples). Clinical information of the glioma patients consisted of WHO grade, IDH1 status, 1p/19q status, age, gender and overall survival. Some samples with unavailable or unclear clinical information were removed. In addition, the DNA methylation data was also downloaded from TCGA database described above.



Analysis of Survival Data

All glioma samples were divided into high and low MD2 expression (high methylation or low methylation) groups by the median expression level of MD2 in each database. The association between MD2 expression level (or methylation level) and overall survival in glioma samples were assessed by Kaplan-Meier survival analysis with log-rank test.



Univariate and Multivariate Cox Regression Analysis

Univariate and multivariate Cox regression was used to examine whether MD2 expression, age, pathological grade, 1p/19q status and IDH mutation were independent prognostic factors in glioma patients based on CGGA and TCGA database. Hazard ratios (HR) and 95% confidence intervals (CI) were calculated in this study.



Construction of Nomogram

The nomogram was used to predict cancer prognosis individually by incorporating clinical characteristics and risk scores of the patients. The calibration curves were utilized to visualize the deviation of predicted probabilities from what actually happened. The concordance index (C-index) was applied to measure the predictive accuracy of the nomogram. Time-dependent Receiver operating characteristic (ROC) curve was generated using R package survival ROC.



Analysis of Immune Cell Infiltration

Tumor Immune Estimation Resource (TIMER 2.0) database (http://timer.cistrome.org/) was used to analyze the correlation between MD2 expression and the infiltration of six types of immune cells (B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages and dendritic cells) in LGG and GBM (39). In addition, CIBERSORT (http://cibersort.stanford.edu) was also applied to analyze the relationship between MD2 expression and 22 types of human immune cell subpopulations based on CGGA and TCGA datasets (40). The correlation between MD2 methylation and immune cell infiltration was analyzed by R package EpiDISH at cg13213009 and cg23732024 CpG sites. Estimation of stromal and immune cells in malignant tumor tissues using expression data (ESTIMATE) (https://bioinformatics.mdanderson.org/estimate) was employed to calculate the degree of immune cell infiltration.



MD2-Related Function Enrichment Analysis

KEGG and GO were applied to assess MD2 associated potential functions in gliomas based on TCGA database with R package ClusterProfiler (41). The correlation between MD2 expression level and immunomodulators was evaluated by TISIDB (http://cis.hku.hk/TISIDB) database in LGG and GBM respectively (42). The 50 interacting proteins with MD2 were collected from STRING (STRING: string-db.org) and top-100 MD2-related genes were obtained from GEPIA2 (gepia2.cancer-pku.cn) (43). The protein-protein interaction (PPI) network was visualized by Cytoscape software (44). Pearson’s correlation analysis was conducted between MD2 and the coincide of interaction and related genes using the GEPIA2 in LGG and GBM respectively.



Cell Cultures and MD2 Silencing

The glioma cell lines U87 and A172 were purchased from the Chinese Academy of Sciences Cell Bank (Shanghai, China) and cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS), penicillin (100 U/mL) and streptomycin (100 μg/mL) and cultured and humidified incubator which maintained at 5% CO2 and 37°C.

The glioma cell lines were transfected with 100 nM siRNA targeting MD2 (sense, 5’-GAAUCUUCCAAAGCGCAAATT-3’) or a non-coding scramble negative control siRNA (sense, 5’- TTCTCCGAACGTGTCACGTTT-3’) using 3 μL RNAi MAX reagent (Invitrogen, USA) in the opti-MEM medium. After 6 h incubation, the media was changed to normal DMEM and then cultured for 48 h.



Western Blot

Cells were lysed in NP-40 lysis buffer (150 mM NaCl, 100 mM NaF, 50 mM Tris-HCl (pH 7.6), and 0.5% NP-40) with protease inhibitor PMSF (1:100) at 4°C for 15 min. The protein concentration was measured using the BCA protein assay kit (Beyotime, Shanghai, China). The protein samples were subjected to 12% SDS-PAGE and then transferred to PVDF membrane and blocked in TBST with 5% no-fat milk at room temperature for 2 h. The membranes were incubated with primary antibodies at 4°C overnight. Then, the membranes were washed in TBST buffer and incubated with species-match HRP-linked secondary antibody at room temperature for 2 h. Afterwards, membranes were washed three times in TBST buffer, developed using the enhanced chemiluminescence (ECL) reagent (Fdbio science, Hangzhou, China), and captured by Tanon-5200Multi Imaging System (Tanon, Shanghai, China). Antibodies used in this study were as follows: rabbit polyclonal anti-MD2 (1178-1-AP; Proteintech, Chicago, USA), mouse monoclonal anti-β-Tubulin (2128; Cell Signaling Technology, Boston, USA), anti-mouse IgG, HRP-linked antibody (7076S; Cell Signaling Technology, Boston, USA) and anti-rabbit IgG, HRP-linked antibody (7074S; Cell Signaling Technology, Boston, USA).



Quantitative Reverse-Transcription Polymerase Chain Reaction

Total RNA was extracted from the cells using the TRIzol reagent (Accurate Biology Co. Ltd, Hunan, China) according to the manufacturer’s instruction. Then, cDNA was synthesized by using reverse transcriptase (Vazyme, Nanjing, China). qRT-PCR was carried out using SYBR green supermix (Vazyme, Nanjing, China) with gene-specific primers. β-Actin was used as an internal standard for normalization. The sequences of primers for qRT-PCR are provided in the Table 1. Each assay was performed in triplicate and the data were analyzed with the 2-△△Ct.


Table 1 | The primer sequences of indicated genes for qRT-PCR detection.





Statistical Analysis

The R software (Version 4.1.0), Graphad Prism 8 software (Version 8.0.2) and Adobe Illustrator software (Version 24.0.2) were used to perform statistical analysis and generate figures. Difference analysis between two groups was analyzed using Student’s t-test, and p < 0.05 was considered statistically significant. Continuous variable fitting a normal distribution was described as the mean with standard deviation.




Results


Differential Expression of MD2 in Glioma Patients

The expression level of MD2 in glioma tissues and normal brain tissues was analyzed using the data from CGGA databases. The analysis indicated that MD2 was significantly overexpressed in glioma patients in comparison to normal brain tissues (Figure 1A). Further analyses of other two databases of TCGA and Rembrandt obtained similar results (Figures 1B, C). Next, to analyze the association between the expression level of MD2 and overall survival of glioma patients, Kaplan-Meier plotter analysis was performed with the datasets from CGGA, TCGA and Rembrandt. According to the median expression of MD2 in each dataset, the expression level of MD2 in glioma patients was separated into two groups with high and low expression. The Kaplan-Meier curves showed that high expression level of MD2 was remarkably related to the poor overall survival of glioma patients in CGGA (Figure 1D, p < 0.0001), TCGA (Figure 1E, p < 0.0001) and Rembrandt (Figure 1E, p < 0.0001), respectively. These results indicated that MD2 could function as an oncogene, and its high expression may portend a worse prognosis in gliomas.




Figure 1 | The MD2 expression and survival analysis in gliomas. The mRNA expression differential analysis of MD2 in glioma patients in CGGA (A), TCGA (B) and Rembrandt (C) databases. Kaplan-Meier survival plots of the associations of MD2 expression with glioma patient overall survival in CGGA (D), TCGA (E) and Rembrandt (F) databases. * and **** indicate p < 0.05 and p < 0.0001, respectively.





The Association Between MD2 Expression and Clinicopathologic Features

To elucidate potential roles of MD2 in the malignant progression of gliomas, we analyzed its expression levels in different grades of glioma in the datasets of CGGA and TCGA. Although there was no significant difference of MD2 expression between grade II and III in the dataset of CGGA, MD2 expression level was significantly increased along with the progression of gliomas from grade II to grade IV in both datasets (Figure 2A). Since IDH1 mutation is recognized as a principal driver in low grade gliomas, with an incidence of more than 70% (45, 46), we therefore examined the relationship between MD2 expression and the status of IDH1. In both databases from CGGA and TCGA, patients with higher MD2 expression level were synchronized with wild-type IDH1, whereas most of those with lower MD2 expression was associated with IDH1 mutation (Figure 2B). In parallel, 1p/19q codeletion is an important clinicopathologic characteristic for gliomas progression, and codeleted patients usually survive longer than non-codeleted patients (46, 47). Thus, we assessed the potential clinical association between MD2 expression and the status of 1p/19q in both databases of CGGA and TCGA. The analyses indicated that MD2 expression was significantly upregulated in 1p/19q non-codeleted group compared to the patients with 1p/19q codeleted (Figure 2C). We further analyzed the expression of MD2 in glioma patients with different ages in the databases of CGGA and TCGA. According to the median ages of patients, the glioma patients were separated into high-age (> 43 or > 46 years) and low-age (≤ 42 or ≤ 46 years) groups. The results indicated that the expression level of MD2 was significantly lower in the low-age group than that in the high-age group (Figure 2D). In addition, we found that the expression level of MD2 was increased after chemotherapy and radiotherapy, suggesting that the expression of MD2 may be related to therapeutic resistance (Figures 2E, F). These results indicated that high expression of MD2 was correlated with faster progression of gliomas.




Figure 2 | The association between MD2 expression and clinicopathologic characteristics. (A) The correlation analysis between MD2 expression level and WHO grade in CGGA and TCGA datasets. (B) The relationship analysis between MD2 expression level and IDH1 status in CGGA and TCGA datasets. (C) The association analysis between MD2 expression level and 1p/19q status in CGGA and TCGA datasets. (D) The correlation analysis between MD2 expression level and glioma patients’ age in CGGA and TCGA datasets. (E) The association analysis between MD2 expression level and chemotherapy in CGGA and TCGA datasets. (F) The relationship analysis between MD2 expression level and radiotherapy in CGGA and TCGA datasets. WT, Wildtype; Mut, Mutant. ** and **** indicate p < 0.01 and p < 0.0001, respectively; ns, not statistically significant.





The Association Between MD2 Gene Methylation and Clinicopathologic Features

To investigate the causes of abnormal expression of MD2 in gliomas, we detected MD2 expression level and its DNA methylation status. As shown in Figure 3A, we observed an obviously negative correlation between MD2 expression and its DNA methylation at two CpG sites including cg13213009 (R = -0.4903, p < 0.0001) and cg23732024 (R = -0.4499, p < 0.0001), while the methylation at cg17503786 did no correlate with MD2 expression. Subsequently, we selected the sites of cg13213009 and cg23732024 CpG to further examine the prognostic values of MD2 methylation in glioma patients. Consequently, MD2 methylation levels at both CpG sites significantly decreased in accordance with the progression of gliomas from grade II to grade IV (Figure 3B). Next, we established the relationship between MD2 methylation level and the status of IDH1. The results showed that higher methylation levels at both CpG sites tend to be associated with IDH1 mutation (Figure 3C). Moreover, Kaplan-Meier plots indicated that lower DNA methylation of MD2 gene correlates with shorter overall survival of glioma patients (p < 0.001) based on the analyses of CGGA and TCGA databases (Figure 3D). Collectively, these analyses demonstrated that MD2 gene methylation was also associated with the progression of glioma and the increased expression level of MD2 in glioma was induced by its reduction of DNA methylation.




Figure 3 | The association between MD2 methylation and clinicopathologic characteristics. (A) The correlation between MD2 expression level and its DNA methylation at cg13213009, cg23732024 and cg17503786 CpG sites. (B) The relationship of MD2 DNA methylation level at cg13213009 or cg23732024 CpG sites with WHO grade. (C) The association of MD2 DNA methylation level at cg13213009 or cg23732024 CpG sites with IDH status. (D) Kaplan-Meier curves of low and high MD2 DNA methylation at cg13213009 or cg23732024 CpG sites. WT, Wildtype; Mut, Mutant. *** indicates p < 0.001.





The Roles of MD2 as an Independent Risk Factor

To explore whether MD2 is an independent and significant factor for the prognosis of gliomas, we carried out univariate and multivariate Cox regression analyses using the data from CGGA and TCGA. The results indicated that MD2 expression (univariate hazard ratio (HR): 0.6, p = 1.4e-07; multivariate HR: 0.8, p = 4.2e-02), 1p/19q codeletion (univariate HR:0.3, p = 1.2e-12; multivariate HR: 0.4, p = 1.4e-05) and IDH1 mutation (univariate HR:0.3, p < 2e-16; multivariate HR: 0.5, p = 5.2e-07) could serve as independent protectable variances for gliomas, and WHO grade (univariate HR:2.8, p < 2.6e-16; multivariate HR: 2.8, p = 2.1e-34) and age (univariate HR:1.7, p = 1.2e-06; multivariate HR: 1.4, p = 8.4e-03) could be risk factors (Figure 4A). Similar results were also obtained by using the data from TCGA (Figure 4B). Next, we constructed the nomograms with these independent prognosis factors (Age, WHO grade, IDH1 status, 1p/19q status and MD2 expression) to predict 1-, 3- and 5-year survival probability of each glioma patient (Figure 5A). The calibration plot for the probability of survival revelated that the nomogram-predicated survival probability was very close to the ideal reference line in the databases of CGGA and TCGA, and the C-index were 0.75 in CGGA dataset and 0.86 in TCGA dataset, respectively (Figure 5B). In addition, the areas under ROC curve (AUC) of MD2 expression is 0.643 in 1-year survival, 0.675 in 3-year survival and 0.668 in 5-year survival in CGGA database and is 0.781 in 1-year survival, 0.762 in 3-year survival and 0.687 in 5-year survival in TCGA database (Figure 5C). Since WHO grade, IDH mutant status and 1p/19q codeletion are important clinicopathologic characteristics for glioma progression, we further performed ROC analysis combining MD2 expression with these parameters. As a result, the AUC of 1-, 3-, and 5-year survival rates in CGGA database were 0.643, 0.675 and 0.668, respectively. Similar results were also obtained in TCGA database (Figure 5C). These results suggested that MD2 is an independent factor for the prognosis of glioma.




Figure 4 | Univariate and multivariate Cox regression analysis. (A) Univariate and multivariate Cox regression analyses risk score of MD2 expression level and several related clinical variables in CGGA database. Red color indicates disadvantageous factors, HR>1, Green color indicates protective factors, HR < 1. (B) Univariate and multivariate Cox regression analyses risk score of MD2 expression level and several related clinical variables in TCGA database. Red color indicates disadvantageous factors, HR>1, green color indicates protective factors, HR<1.






Figure 5 | MD2 acted as an independent risk factor of poor prognosis in glioma patients. (A) The nomogram was developed by integrating the MD2 expression with clinicopathologic features, age, grade, IDH status and 1p/19q status in the CGGA (left) and TCGA (right) databases. (B) The calibration plot of the nomogram for predicting overall survival at 1-year (red), 3-year (green) and 5-year (orange), ideal line as control (grey) in the CGGA (left) and TCGA (right) databases. (C) ROC curves analysis for the 1-. 3-, and 5-year survival base on the CGGA (left) and TCGA (right) databases.





The Predicted Functions of MD2 in Gliomas

To dissect the biological functions of MD2 in gliomas, we performed GO and KEGG enrichment analyses based on MD2 expression. The GO functional analyses indicated that a variety of functions are associated with MD2, among which the major functions are linked to T-cell costimulation, innate immune responses and inflammatory responses (Figure 6A). Meanwhile, KEGG pathway analyses showed that MD2-related pathways involve neuroactive ligand-receptor interaction, phagosome, infection and leishmaniasis (Figure 6B). To clarify these results, we firstly examined MD2-related immune-inhibitors and immune-stimulators using TISIDB database. We found that 8 immunoinhibitors (CD96, CSF1R, HAVCR2, IL10, IL10RB, LGALS9, PDCD1LG2, and TGFBR1, R > 0.5) and 6 immunostimulators (CD28, CD40, CD48, CD86, IL2RA, TMEM173, R > 0.5) were significantly associated with MD2 in gliomas (Figure 6C). Then, we detected the association between MD2 expression and nine immune checkpoints (PD1, PDL1, PDL2, LAG3, CTLA4, TIGIT, IDO1, CD276, CD47), which are promising immunotherapeutic targets for gliomas (48, 49). The analysis revealed that MD2 is positively associated with PDL1, PDL2 and CD276 (Figure 6D). To further analyze the potential roles of MD2 in glioma progression, MD2-binding proteins and genes correlated with MD2 expression were identified using the databases of STRING and GEPIA2. Fifty MD2-binding proteins and top 100 genes correlated with MD2 were obtained and the PPI network of those genes was mapped as shown in Figure 6E. The Venn diagram indicated that four common members, including CD14, LY86, TLR1 and TLR4, occur in both groups (Figure 6F), suggesting their regulatory roles in mediating the innate immune responses and inflammatory responses. The subsequent correlation analyses also indicated MD2 was strongly correlated with CD14, LY86, TLR1 and TLR4 in gliomas (Figure 6G). Through these functional and pathway enrichments, we found that MD2 strongly correlates with immunological responses in gliomas.




Figure 6 | Functional enrichment analysis of MD2. (A) Bubble plot of GO enrichment analysis of MD2-related signal pathway. (B) Bubble plot of KEGG enrichment analysis of MD2-related signal pathway. Node size indicates the number of contained in the corresponding GO/KEGG term, and the color of the node indicates the p-value. (C) The heatmap of correlation between the immunoinhibitors and MD2 expression in LGG and GBM (left); the heatmap of correlation between the immunostimulators and MD2 expression in LGG and GBM (right). (D) Correlation analysis of MD2 expression and nine immune-related checkpoints. (E) Protein-protein interaction network based on MD2-binding proteins and top 100 genes correlated with MD2 expression. (F) Interactive Venn diagram to analyze the overlapping genes between MD2-binding proteins and top 100 genes correlated with MD2 expression. (G) The correlation between the expression of MD2 and CD14, LY86, TRL1 and TRL4 in LGG and GBM.





The Correlation Between MD2 and Immune Cell Infiltration in Gliomas

Given the involvement of MD2 in immunomodulatory signaling pathways in gliomas, we explored the association between MD2 expression and immune cell infiltration. The TIMER algorithm was used to examine the correlation between MD2 expression and six types of immune cell infiltration in LGG and GBM, respectively. MD2 showed a significantly positive correlation with the infiltrations of macrophages, neutrophils and NK cells in both LGG and GBM (Figure 7A). Meanwhile, the immune scores were calculated by ESTIMATE database, showing that immune scores were positively related with MD2 expression (p < 0.0001) (Figure 7B). Additionally, the correlation between MD2 and 22 types of infiltrating immune cells was calculated by CIBERSORT algorithm using the data from CGGA and TCGA databases. Different from the analysis results by TIMER, in addition to macrophages and neutrophils, three other immune infiltrating populations, including B cells, CD4+ T cells and CD8+ T cells, were also significantly and positively correlated with MD2 expression (Figure 7C and Table 2). Furthermore, we found that DNA methylation of MD2 gene was negatively correlated with the infiltration of neutrophils, which is consistent with our analysis (Figure 7D). The correlation between MD2 expression and classical phenotypes of macrophages and neutrophils were analyzed in the databases of CGGA and TCGA, and we discovered that MD2 possesses an exceptionally positive correlation with M0 and M2 markers of TAMs (M2-type macrophages promote tumor progression) instead of M1 marker (M1-type macrophages inhibit tumor progression) (Figure 7E). Similarly, MD2 also showed a positive correlation with N2 phenotype marker of TANs (Figure 7F). The correlations between MD2 expression and the expression of other immune cell-specific markers were further confirmed by analyzing the database of TIMER as shown in Table 3.




Figure 7 | Correlation analysis between MD2 expression and immune cells filtration. (A) The correlation of MD2 with the six types of immune cells filtration level in LGG and GBM based on the TIMER algorithm. (B) Comparison of MD2 expression between the high and low immune score groups of gliomas. (C) The correlation between MD2 and eight types of immune cells and subpopulations filtration level in CGGA and TCGA datasets based on CIBERSORT algorithm. (D) The correlation between the MD2 DNA methylation and nine types of immune cells filtration levels. (E) The correlation between MD2 and classical phenotype markers of M0, M1 and M2 in CGGA and TCGA databases. Color depth and circle square represent the degrees of correlation. (F) The correlation between MD2 and classical phenotype markers of N1 and N2 in CGGA and TCGA databases. Color depth and circle square represent the degrees of correlation. (G) qRT-PCR analysis of the cytokine mRNA expression after MD2 knockdown in U87 and A172 cells. *, **, *** and **** indicate p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, respectively.




Table 2 | Correlation between MD2 and immune cell subtype in glioma.




Table 3 | Correlation between MD2 and immune cell-specific markers in glioma.



To ensure the correlation between MD2 expression and the infiltrations of macrophages and neutrophils, MD2 was knocked-down using siRNA in U87 and A172 glioma cells, resulting in remarkable decrease of the expression of MD2 at mRNA and protein levels (Figure 7G). Subsequently, we detected the changes of mRNA expression of the cytokines secreted by glioma cells. Both M2-type TAMs-related polarization factors (CSF-1, CCL-2, IL-10 and TGF-β) and N2-type TANs-related polarization factors (CXCL-2, CXCL-5, G-CSF and GM-CSF) were markedly decreased after the knockdown of MD2 in A172 and U87 cells (Figure 7G). At the same time, mRNA level of TLR4 was also dramatically reduced by silencing MD2 in A172 and U87 cells (Figure 7G). Collectively, these data revealed that MD2 expression is significantly associated with macrophage and neutrophil infiltration to promote their polarization toward M2-TAMs or N2-type TANs.




Discussion

Gliomas are the most common primary brain tumors and possess high heterogeneity and invasiveness. Conventional chemotherapeutic strategies are unable to completely eliminate residual tumor tissue and further generate inevitable recurrence and drug-resistance (50, 51). To overcome the limitations of current standard therapy for gliomas, newer therapeutic strategies have been developed over the past decades. Immunotherapy has emerged as an alternative therapy to deal with the intolerance or relapse of glioma to traditional therapies (11, 12). Although it has been well-known that tumor-infiltrating immune cells (TIICs) in the tumor microenvironment could regulate the invasion and immune evasion of tumor cells and affect the therapeutic effect of cancer (20, 52, 53), there is still a lack of reliable biomarkers for early diagnosis and the prediction of therapeutic effectiveness. Consequently, the therapeutic outcomes and overall survivals for glioma patients remain unsatisfactory, and the discovery of novel biomarkers could monitor the situation of immune cell infiltration for the guidance of immunotherapy.

In the present study, we found that MD2 was significantly upregulated in gliomas and its mRNA expression was negatively regulated by its DNA methylation. Further functional studies unveiled that MD2 was closely related to the infiltrations of TAMs and TANs. In addition, we further confirmed that MD2 was able to promote the polarization of TAMs and TANs to their immunosuppressive subtypes (M2 or N2) by elevating the secretion of related cytokines in glioma cancer cells.

With the compelling evidence on the association between inflammation and cancer (31, 54), the involvement of TLR4 in tumor progression has been well recognized, such as in breast cancer (55), colorectal cancer (33) and ovarian cancer (56). By contrast, the roles of the coreceptor of TLR4, MD2, in tumor progression remain poorly understood. Although MD2 has been reported to be overexpressed in breast cancer and colon cancer cells to promote proliferation, migration and invasion of tumor cells in recent years (57–59), the expression of MD2, its association with tumor progression and its functional roles in gliomas are unclear. In the present study, MD2 was proved to serve as an independent prognostic factor to predict overall survivals of glioma patients. Although WHO grade, IDH status and 1p/19q status are the most commonly used clinical prognostic parameters, several new prognostic indicators for gliomas have been identified in the past few years (60, 61). For example, upregulation of Piezo1 was reported as an independent prognostic factor to adversely affect the prognosis of patients (62). Similar to other parameters, MD2 expression was positively associated with these clinicopathologic characteristics in gliomas, which provides additional biomarker for more accurate prognosis prediction. Different from the other new prognostic models, the mechanism of action for our model was preliminarily established. ROC analysis further verified that MD2 could serve as a sensitive indicator to predict the 1-year, 3-year, and 5-year survival rates of the patients, indicating the value of MD2 as a prognostic biomarker for gliomas.

Abnormal DNA methylation plays an important role in various types of tumorigenesis (63, 64). In gliomas, the methylation status of the promoter for O6-methylguanine-DNA methyltransferase has been identified to associate with the progression of disease and to correlate with the sensitivity of glioma patients for TMZ treatment (65, 66). In addition, other genes have also been reported as DNA-methylation-based biomarkers of gliomas, such as CXCR4, ST6Gal1, SFRP1 (67–69). In the present study, we found that mRNA expression level of MD2 was negatively correlated with its DNA methylation, which may explain, at least in part, the high expression of MD2 in glioma tissues. Additional analysis also showed that lower DNA methylation level of MD2 correlates with worse overall survival and more malignant clinicopathological phenotypes. Taken together, MD2 can be used as an independent prognostic biomarker for gliomas.

The tumor microenvironment is a complex system consisting of tumor cells, infiltrating lymphocytes, immune cells, fibroblasts and endothelial cells, which is closely related to tumor initiation, malignant progression and metastasis (20, 52). Macrophages and neutrophils are the main components of tumor infiltrating cells (70). In the tumor microenvironment, macrophages could be polarized to either anti-tumor (M1) or pro-tumor (M2) phenotype in response to different stimuli (71). Similarly, neutrophils can also polarize to anti-tumor (N1) or pro-tumor (N2) phenotypes in the tumor microenvironment (72). Due to the fact that the extent of macrophages and neutrophils infiltration is significantly correlated with the grade and clinical prognosis of gliomas (21, 73, 74), we were quite interested in clarifying the relationship of MD2 expression and immune cell infiltration. When KEGG and GO enrichment analysis was performed, the major biological functions of MD2 were clustered to immune-related pathways. Given that several molecules positively correlated with immune cell infiltration, such as, APOBEC3B and TNFSF13, have been reported as potential biomarkers in gliomas (75, 76), to ensure our findings, we utilized the TIMER, ESTIMATE and CIBERSORT algorithms to further assess the association between MD2 expression and immune cells infiltration. The strong correlation between MD2 expression and macrophage and neutrophil infiltration implied that MD2 not only was a prognostic biomarker, but also a potential player in the tumor microenvironment. Furthermore, the positive correlation between MD2 expression and specific markers of M2-type TAMs and N2-type TANs provided additional evidence to support the involvement of MD2 in the microenvironment of gliomas. Moreover, in glioma U87 and A172 cells, the reduction of the expression of related cytokines secreted by glioma cells from the silencing of MD2 strongly confirmed the capability of MD2 on the promotion of polarizing to M2 and N2 phenotypes with respect to macrophages and neutrophils, in which detailed molecular mechanisms and events require future investigations.

The discovery of the correlation between mRNA level of MD2 and the resistance to chemotherapy and radiotherapy may promote further investigations on the mechanism of drug-resistance in glioma patients, which could better direct clinical practice. Meanwhile, based on comprehensive nomogram predictive model analysis, MD2 exhibits great potential in clinical application. Given that glioma patients are usually immunosuppressed, and the infiltration and polarization of macrophage and neutrophils are the major cause for glioma resistance to chemotherapy and radiotherapy (21, 77), it was reasonable to predict that MD2 may be involved in the process of drug resistance by regulating immune response in glioma. To evaluate the potential of MD2 as a potential treatment target, the prediction of drugs that may target or bind MD2 was conducted using BindingDB database (78). Although 34 small molecules were identified to be able to interact with MD2 (data not shown), none of them has been reported in the treatment of glioma. Therefore, the therapeutic utility of these small molecules requires further investigation.

In summary, we have revealed that MD2 was upregulated in gliomas patients, and the expression of MD2 was negatively regulated by the level of DNA methylation. The strong correlation between MD2 expression and glioma progression and the close association with immune cell infiltration have warranted that MD2 can be used as a novel biomarker for clinical prognosis of gliomas.
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Bromodomain-containing protein 4 (BRD4), a member of the bromodomain and extraterminal (BET) family, is considered to be a major driver of cancer cell growth and a new target for cancer therapy. Over 30 targeted inhibitors currently in preclinical and clinical trials have significant inhibitory effects on various tumors, including acute myelogenous leukemia (AML), diffuse large B cell lymphoma, prostate cancer, breast cancer and so on. However, resistance frequently occurs, revealing the limitations of BET inhibitor (BETi) therapy and the complexity of the BRD4 expression mechanism and action pathway. Current studies believe that when the internal and external environmental conditions of cells change, tumor cells can directly modify proteins by posttranslational modifications (PTMs) without changing the original DNA sequence to change their functions, and epigenetic modifications can also be activated to form new heritable phenotypes in response to various environmental stresses. In fact, research is constantly being supplemented with regards to that the regulatory role of BRD4 in tumors is closely related to PTMs. At present, the PTMs of BRD4 mainly include ubiquitination and phosphorylation; the former mainly regulates the stability of the BRD4 protein and mediates BETi resistance, while the latter is related to the biological functions of BRD4, such as transcriptional regulation, cofactor recruitment, chromatin binding and so on. At the same time, other PTMs, such as hydroxylation, acetylation and methylation, also play various roles in BRD4 regulation. The diversity, complexity and reversibility of posttranslational modifications affect the structure, stability and biological function of the BRD4 protein and participate in the occurrence and development of tumors by regulating the expression of tumor-related genes and even become the core and undeniable mechanism. Therefore, targeting BRD4-related modification sites or enzymes may be an effective strategy for cancer prevention and treatment. This review summarizes the role of different BRD4 modification types, elucidates the pathogenesis in the corresponding cancers, provides a theoretical reference for identifying new targets and effective combination therapy strategies, and discusses the opportunities, barriers, and limitations of PTM-based therapies for future cancer treatment.
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Introduction

BRD4 is widely involved in normal cell function or body development and the occurrence and development of diseases such as fibrosis, chronic inflammation, viral infectious diseases and tumors under pathological conditions (1–6). Therefore, BRD4 is the most studied member of the BET family with two tandem N-terminal bromodomains (BD1 and BD2) and an extra C-terminal domain (ET), where BDs are used to recognize acetylated lysine residues and anchor to the corresponding sites, then acting as frame molecules that recruit transcriptional coactivators to promoters and superenhancers that drive downstream gene transcription to function (7, 8). BRD4 regulates downstream gene expression by combining its bromodomains with acetylated histone and lysine residues at histone H3 and H4 sites on chromatin and actively recruits positive transcription extension factor b (P-TEFb) to promote the transcriptional activation of RNA polymerase II (RNAPII) (9). In addition, BRD4 can regulate transcription initiation and extension by occupying the distal enhancer RNA (eRNA) region and can also recognize acetylated lysine residues on nonhistones (such as rela) and play a more complex and finer regulatory role (10, 11). In addition to regulating transcription, BRD4 also activates the repair and assembly of damaged DNA, promotes telomere extension, and maintains the self-renewal and pluripotency of embryonic stem cells (ESCs) (10, 12). Since BRD4 plays many important roles in cell life, its functional regulation is obviously crucial. Almost all proteins in cells undergo PTMs during their life cycle, and the self-expression and stabilization of proteins is believed to be mainly dependent on PTMs (13, 14). PTMs are a group of reversible protein modifications that affect the charge state, hydrophobicity, conformation or stability of a protein, and ultimately its function. The PTMs include the addition of functional groups, such as phosphorylation, acetylation (15, 16). Because proteins can be modified in different ways, they have different roles in different modification states. In addition, different sites with the same modification may have different effects on protein function. Therefore, the combination of different modifications and site changes lead to the diversity and complexity of protein functions (15, 17, 18). According to reports, multiple PTMs can also act in concert or compete for the same position (15, 17), for example, ubiquitination and acetylation of the tumor suppressor p53 can block each other at some specific sites, and phosphorylation can promote or inhibit acetylation, which is determined by different sites (19). Crosstalks among ubiquitination, phosphorylation, and acetylation of P53 greatly affect p53 protein stability and function, regulate p53-related signal transduction pathways, and participate in disease-related processes, especially cancer (19). PTMs of target proteins have been implicated in the regulation of tumorigenesis, suggesting that PTMs of target proteins are closely related to the development of cancer and suggesting the future of targeted PTM therapy (20, 21). At present, the PTMs of BRD4 mainly include ubiquitination, phosphorylation, methylation, hydroxylation, acetylation, etc. (Figure 1). The basic working mechanism of these modifications affects the stability, expression, localization and functional implementation of BRD4, causes protein conformational changes, and mediates the recruitment of binding partners and the activation of oncogenes. In addition, the basic working mechanism of these modifications also plays a signal transduction role in a series of processes, such as tumor occurrence and development and therapeutic drug resistance. This review introduces some typical examples of each modification type and discusses the therapeutic potential of targeting BRD4 modification.




Figure 1 | Overview of BRD4 PTMs: The major sites for BRD4 modifications (phosphorylation, ubiquitination, acetylation, methylation, hydroxylation) are plotted. Different colors are used to differentiate distinct modification types. The representative functions of some modifications are pointed out.





Ubiquitination

Ubiquitination and deubiquitination are common types of PTMs involving several different cellular processes, such as signal transduction, stress response, DNA repair, and apoptosis, thus, the disorder of these PTMs is involved in the occurrence and progression of cancer (22–26). Ubiquitination is the covalent binding of the polypeptide ubiquitin and target protein, which is completed by three enzymes: ubiquitin activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and ubiquitin ligase (E3) (25). In short, E1 activates a single free ubiquitin, then E1 delivers the activated ubiquitin to E2, and finally E3 recruits a specific substrate and ubiquitin-conjugated E2 and mediates the transfer of ubiquitin from E2 to the target protein, the target protein modified by ubiquitination will be recognized by the proteasome and then degraded (25, 27). This process is reversed by deubiquitinase (DUB), which promotes protein stability by antagonizing E3 ubiquitin ligase-mediated protein polyubiquitination and proteasome degradation and removing the ubiquitin modification of target proteins (26). Dysregulation of ubiquitination and deubiquitination is often happened in tumors, and to regulate the formation and abundance of major signaling complexes and regulate tumor inhibition and tumor promotion signaling pathways in an environment-dependent manner (25, 28, 29). Therefore, a better understanding of the mechanism of ubiquitination regulation and function in tumorigenesis is conducive to the identification of new anticancer therapeutic targets. At present, targeted ubiquitin proteasome system (UPS) therapy has been proven to be effective in a variety of tumors (Table 1).


Table 1 | Summary of targeted ubiquitin proteasome system therapy.



E3 Ubiquitin ligase adaptor protein SPOP (Speckle-Typepoz protein) binds the target protein and triggers ubiquitination and proteasome degradation, while BRD4, as a polyubiquitination target, can be ubiquitinated and degraded by SPOP (41–43). It has been reported that SPOP is the most common mutant gene in prostate cancer (44). Further studies have proven that SPOP-mediated BRD4 protein degradation disorder mainly promotes the occurrence of prostate cancer, resists treatment targeting BRD4, and activates the AKT-mTORC1 signaling pathway to regulate tumor cell proliferation, differentiation and apoptosis by increasing the level of BRD4 protein (45). However, studies have shown that SPOP mutations in endometrial cancer promote the accelerated degradation and reduction of BRD4 protein, thus making cancer cells sensitive to BETis (42). The results of BRD4 protein degradation mediated by SPOP mutation in the two cancers are different, and the specific mechanism is not clear, but these findings emphasize that the accumulation of BRD4 protein is the key determinant of the development of BETi resistance as well as a condition for tumor development (41–43). Ubiquitination regulates the stability of BRD4, and mutation or inactivation of its modification enzyme mediates BRD4 to activate certain signaling pathways or recruit oncofactors.

DUB3, also known as ubiquitin specific processing protease 17 (USP17), belongs to the DUB/USP family and is highly expressed in a variety of tumors, such as lung, colon, esophageal and cervical cancer (46–48). DUB3 not only stabilizes anti-apoptotic protein MCL1 by deubiquitination, inhibits apoptosis of ovarian cancer cells and drives drug resistance, but also stabilizes oncoproteins (such as CDC25A and Snail) by deubiquitination, promoting breast cancer progression (46, 49), which indicates that inhibition of DUB3 can inhibit the occurrence and invasion of cancer cells. A recent study reported that DUB3 binds to and promotes the deubiquitination and stabilization of BRD4 and protects prostate cancer cells from BETis by promoting BRD4 deubiquitination (43) (Figure 2). Other studies have shown that DUB3 is overexpressed in oral squamous cell carcinoma (OSCC) tissues and cell lines and is negatively correlated with patient survival time (50, 51). By inhibiting BRD4 degradation, DUB3 enhanced the expression of EZH2 in OSCC, promoted cell growth and inhibited apoptosis. This indicates that decreasing DUB3 could inhibit OSCC cell proliferation and promote cell apoptosis (50, 51). Overall, DUB3 stabilizes BRD4 through deubiquitination and promotes cancer progression, suggesting that DUB3 may be an effective anticancer target for cancer therapy. Surprisingly, DUB3-mediated deubiquitination and the stability of BRD4 are regulated by CDK4/6, which phosphorylates and activates DUB3 activity (43, 52). CDK4/6 inhibitors(palbociclib)can inhibit DUB3-mediated protein deubiquitination and accelerate BRD4 degradation (43, 52) (Figure 2). Therefore, the CDK4/6-DUB3 axis acts as an important regulatory mechanism for cancer metastasis and provides a potential therapeutic approach.




Figure 2 | Regulation of BRD4 stability by ubiquitination and deubiquitination: The stability of BRD4 is mediated by SPOP and DUB3. CDK4/6 phosphorylates and activates DUB3, leading to the imbalance between ubiquitination and deubiquitination, and stabilizes BRD4 by antagonizing SPOP mediated ubiquitination, resulting in BETi resistance. Inhibitors of CDK4/6 or targeted inhibition of DUB3 will lead to ubiquitination degradation of BRD4 and overcome BETi resistance. Therefore, PROTACs targeting BRD4 degradation have been developed. Black arrows indicate positive effects. Red perpendicular bars indicate negative effects. Ub , ubiquitin; P, phosphorylation.



In general, the balance between ubiquitination and deubiquitination is crucial for maintaining the stability of the intracellular environment, and dysregulation may be a carcinogenic factor. Therefore, the combination of targeted modification enzymes or inhibitors of related signaling pathways with BRD4 inhibitors to treat cancer may solve the current problems of poor single-drug toxicity and specificity. However, different tumors may have different key enzymes regulating ubiquitination, which requires further research and exploration. At present, the key enzymes regulating the ubiquitination of BRD4 in prostate cancer and oral squamous cell carcinoma have been reported, indicating that the downregulation of BRD4 expression abundance by targeting the imbalance of the ubiquitination regulation system can effectively control the development of tumors.



Phosphorylation

Phosphorylation refers to the attachment of a phosphorylated group to a protein, primarily to serine, threonine and tyrosine, which is catalyzed by kinases (18, 53). Dephosphorylation refers to the removal of phosphate groups, and this process is regulated by protein phosphatases (18). In human cells, 518 protein kinases have been reported to phosphorylate, while approximately 226 protein phosphatases remove phosphate groups (54). In recent years, many studies have revealed the role of dysregulated protein phosphorylation in cancer manifestations, which may lead to tumorigenesis when dysregulated (55). Phosphorylation and dephosphorylation of BRD4 are regulated by a balance between casein kinase II (CK2) and protein phosphatase 2A (PP2A), which regulates its function in chromatin targeting, factor recruitment, and cancer progression (56, 57)(Figure 3).




Figure 3 | Schematic representation of BRD4 phosphorylation and dephosphorylation: BRD4 intramolecular phosphorylation switch is triggered by CK2 and PP2A, which regulates its function in chromatin targeting, factor recruitment and cancer progression through CK2 phosphorylation and PP2A dephosphorylation. Phosphorylation of Y97/98 at the bromodomain BD1 of BRD4 leads to reduced binding to BETi, resulting in drug resistance. Phosphorylation of (NPS) is the key to BRD4 binding to acetylated chromatin and recruitment of transcription factors to target gene sequences. BETi inhibitors compete with acetylated chromatin, transcription factors to bind to the bromodomain. DC-1/2 was developed for targeting phospho NPS, mediating specific transcription and factor recruitment. Protein kinase inhibitors inhibit the phosphorylation of BRD4. Small molecule activators of PP2A enzyme activity promote the dephosphorylation of BRD4 and prevent BRD4 from binding to acetylated nucleosomes and possibly acetylated transcription factors. Black arrows indicate positive effects. Red perpendicular bars indicate negative effects.



BRD4 has multiple highly conserved common CK2 phosphorylation sites located in two main clusters: one is the downstream N-terminal phosphorylation site (NPS) of BD2, and the other is the C-terminal phosphorylation site (CPS) (57, 58). NPS is the key to BRD4 binding to acetylated chromatin and recruitment of transcription factors to target gene sequences, and it mediates the binding of BD2 to acetylated chromatin through phosphorylation regulation (52, 56, 59). Recent studies have reported that the stability and nuclear localization of BRD4 increase with the phosphorylation of CK2 (57). In addition, BRD4 is hyperphosphorylated in cancer, and this hyperphosphorylation may be the general mechanism supporting its oncogenic activity (57, 60, 61).

In colorectal cancer (CRC), interleukin-6/8 (IL-6/8-JAK2), the matrix signal activated by cancer-associated fibroblasts (CAFs), induces phosphorylation of BRD4 at tyrosine 97/98 (Y97/98), which is stable due to its interaction with the deubiquitinase UCHL3 (62). BRD4 phosphorylation at the Y97/98 site promoted increased binding to chromatin but decreased binding to BETi, resulting in resistance to BETi (Figure 3) (62). Further research shows that under the stimulation of inflammatory signals in the tumor microenvironment, the phosphorylation of BRD4 at Y97/98 promotes the interaction with STAT3 and regulates carcinogenic enhancers such as MYC, CXCL1 and CXCL2 to induce chromatin remodeling and promote the transcriptional program (62). These findings suggest that inhibition of the IL6/IL8-JAK2 signaling pathway can eliminate the phosphorylation of BRD4 and sensitization of BETis. This provides a theoretical basis for more effective treatment of CRC.

In the JQ1-resistant lung adenocarcinoma (LAC) cell line, the phosphorylation of BRD4 was increased, and CK2 was identified as its kinase (63). This suggests that CK2 phosphorylation of BRD4 may be related to the JQ1-resistant lung adenocarcinoma (LAC) cell line (63). Further studies showed that JQ1 combined with CK2 inhibitor (CX-4945) could effectively induce the death of lung adenocarcinoma cells and determined the CK2 phosphorylation of BRD4 as a potential target to overcome this cancer resistance (63, 64).

Unlike CK2, which phosphorylates BRD4, cyclin-dependent kinase 9 (CDK9) binds BRD4 through its C-terminal domain (CTM) (61). In addition, since P-TEFb is a heterodimer of CDK9 and cyclin T1 (CCNT1), CDK9 phosphorylation of BRD4 increases with the recruitment of P-TEFb by BRD4 (61, 65). In midline carcinoma of NUT (NMC), BRD4 is hyperphosphorylated, and CDK9 was identified as the potential kinase that mediates BRD4 hyperphosphorylation (61). Blocking the hyperphosphorylation of BRD4 results in the inhibition of downstream BRD4 oncogenes and termination of cell transformation; therefore, compounds that block BRD4 hyperphosphorylation may be an effective therapeutic strategy for NMC (61). At present, many studies have shown that the CDK9 inhibitor flavopiridol (FP) can kill the NUT cell line (66, 67). Therefore, the combination of FP and BETi may have a synergistic effect in the treatment of NMC patients.

A recent study showed that BRD4 was phosphorylated by cyclin-dependent kinase 9 (CDK1) during mitosis and identified four phosphorylation sites, T249, S1045, S1117 and S1126 (68). This phosphorylation can lead to the resistance of cancer cells to BETis. In BETi-resistant cancer cells, CDK1 upregulation and BRD4 hyperphosphorylation were observed, including triple-negative breast cancer (TNBC) (68). Further studies have shown that the combined inhibition of CDK1 and BRD4 can overcome the resistance of cancer to BETis to more effectively kill cancer cells related to BRD4-dependent survival (68).

Based on the above discussion, posttranslational modification of BRD4 phosphorylation is closely related to tumor development and BETi resistance. Although the mechanisms regulating p-BRD4 levels may vary by cancer type, targeting this critical event may provide a feasible treatment for these cancers.

Interestingly, BRD4 is an atypical kinase with eight regions with homology to kinase subdomain motifs scattered across its N-terminal region that can phosphorylate serine 2 in the carboxyl terminal region of RNA polymerase II and transcription factors to regulate the transcription process (69, 70). BRD4 can also phosphorylate myc, leading to its ubiquitination and degradation (69). According to the current research results, we have to ask the following questions: what type of relationship exists between BRD4 phosphorylated by relevant kinases and BRD4 that phosphorylates other factors as atypical kinases, do the two regulate each other and what is the significance of kinase inhibitors inhibiting the atypical kinase activity of BRD4 in the future treatment of BRD4 related cancer? These questions are poorly understood and should be further studied in the future.

Phosphorylation modification and dephosphorylation are in dynamic balance. There are differences in specific functions and modification processes, which are not simple additions and subtractions (71). PP2A, a key enzyme that regulates the dephosphorylation of BRD4, plays an important role in many cellular functions (72). The decreased activity of PP2A leads to the hyperphosphorylation of BRD4 (73). Since the phosphorylation of NPS is necessary for intramolecular contact with BD1 and the intermolecular interaction between BRD4 and some transcription factors, BD2 is masked by NPS when dephosphorylated (56). NPS also functionally damages the chromatin binding activity of BD1 by regulating the BD2-BD1 interaction, which prevents BRD4 from binding to acetylated nucleosomes and possibly acetylated transcription factors (56) (Figure 3). Inactivation of the PP2A phosphatase tumor suppressor gene also occurs frequently in breast cancer (74–76). Hyperphosphorylation of BRD4 caused by downregulation of PP2A can restore BCL2L1/BCL-XL gene transcription, resulting in drug resistance to BRD4 inhibitors (73). Studies have shown that in TNBC, p-BRD4 is increased significantly in BETi-resistant cells, and p-BRD4 has been proven to be more efficient in combination with Mediator Subunit 1 (MED1) (73, 77, 78). MED1, as an estrogen receptor (ER) coactivator, mediates breast cancer metastasis and treatment resistance (79). The p-BRD4 and MED1 complex can reactivate Myc expression, leading to BETi resistance, which provides an alternative method to reactivate the anticancer target of BRD4 (73, 77). These studies suggest that the PP2A/BRD4 axis, as a novel molecular target, has potential clinical and therapeutic value in overcoming resistance to BRD4-inhibitor-based therapies (73, 77).



Hydroxylation

Proline hydroxylation (Hyp) is a key oxygen-sensitive posttranslational modification that is irreversible and catalyzed by proline hydroxylase with oxygen as the substrate and iron, α-ketoglutarate, and ascorbic acid as cofactors (80–84). These modifications affect the structure, activity and characteristics of protein interactions within cells and play a key role in cancer development and disease progression (84, 85). Proline hydroxylase domain (PHD) protein is one of the main enzyme families regulating proline hydroxylation in cells, including three main proteins, PHD-1, PHD-2, and PHD-3 (86, 87). BRD4 is a proline hydroxylated substrate in cancer cells, PHD2 is a key regulatory enzyme for the proline hydroxylation of BRD4, and the hydroxylation site (P536) on BRD4 is located at the junction between the phosphorylation-rich NPS domain and the lysine-rich BID domain (88). BRD4 proline hydroxylation not only regulates the interaction between BRD4 and specific binding proteins, such as CDK9, CCNT1, but also affects BRD4-mediated gene transcription by recruiting P-TEFb to the promoter and activating RNA polymerase II (RNAPII)-mediated transcriptional activity (88). In general, inhibition of site-specific proline hydroxylation can reduce the interaction between BRD4 and other proteins and BRD4-mediated transcriptional activation (88). The PHD2-BRD4 regulatory axis is an important functional pathway for BRD4-dependent gene activation and cell proliferation (88).

PHD2 was significantly overexpressed in AML patients, which shows that PHD2-mediated proline hydroxylation is a potential oncogenic pathway in AML, driving BRD4-mediated gene expression and cancer cell proliferation (88). In addition, studies have shown that the inhibition of proline hydroxylase activity significantly reduced the abundance of proline hydroxylase on BRD4 and the proliferation of leukemia cells (89). In general, the carcinogenic proline hydroxylation-dependent pathway may become a new target for the development of leukemia treatment strategies.



Other Modifications

Lysine acetylation, like phosphorylation, is a reversible posttranslational modification that is regulated by lysine acetyltransferase (KAT) and lysine deacetylation enzyme (KDAC) (90). Most of the research focuses on histone acetylation; however, in recent years, nonhistone acetylation has gradually become a hot topic (91, 92). PCAF (P300/CBP-associated factor) is a member of the GCN5 (general control nonderepressible 5)-related N-acetyltransferase family protein acetyltransferases, which not only acetylates histones to promote gene transcription but also acetylates nonhistones to directly promote its transcriptional activity and is involved in coordinating many carcinogenic and tumor suppressive processes, such as cell cycle progression, DNA damage reaction and apoptosis (92–94).

In LAC, BRD4 interacts with the transcription factor intestine-specific homeobox (ISX) through its BD2 bromodomain to form the ISX-BRD4 complex (92). It is worth noting that PCAF-mediated ISX acetylation further enhances the ISX-BRD4 interaction by recruiting BRD4, mediates EMT signaling and regulates tumorigenesis and metastasis, further research demonstrated that the acetylation of BRD4 lysine residue 332 (K332) induced by PCAF is very important for the EMT characteristics induced by the ISX-BRD4 complex, which mediates cell migration and invasion by regulating the expression of Twist and Snail transcription factors induced by the expression of the ISX-BRD4 complex (92). Therefore, acetylated BRD4 plays an important role in the metastasis and invasion of LAC, highlighting its potential as a therapeutic target (92). Whether inhibiting the acetylation of BRD4 combined with BETi can increase the efficacy in patients with LAC requires much research and clinical trials.

At present, research mainly focuses on BRD4 as an epigenetic reader that recognizes and binds to acetylated histones to regulate related gene transcription (10). However, the effect of BRD4 acetylation on its function remains to be further studied.

Lysine methylation, a key, dynamic posttranslational modification that regulates protein stability and function, is regulated by lysine methyltransferase and lysine demethylase (95–98). The abnormal expression of methyltransferase in many tumor types has been proven to be related to tumorigenesis and development, which has become the focus of anticancer research (98–100). These enzymes are now considered potential therapeutic targets, and they may be used as potential anticancer drugs in the clinic (100, 101).

BRD4 was methylated by lysine methyltransferase SETD6 on lysine-99 (K99), and further studies proved that the methylation of BRD4 at K99 inhibited the selective recruitment of translation-related target genes by transcription factor E2F1, resulting in overall translation inhibition (102) (Figure 4). That is, SETD6, as a molecular switch, determines the methylation state of BRD4, thus affecting the recruitment of E2F1 to genes involved in mRNA translation. The molecular mechanism of BRD4 methylation may provide a new direction for the development of therapeutic applications (95, 102). Whether there are other sites on BRD4 that can be methylated remains to be explored.




Figure 4 | Schematic representation of BRD4 methylation: BRD4 methylation mediated by KMT (SETD6) inhibits the selective recruitment of transcription factor E2F1 to translation related target genes, resulting in global translation inhibition. Black arrows indicate positive effects. Red perpendicular bars indicate negative effects. Tans-active, Translation active; Trans-repress, Translation repress.



There are one other ubiquitin-like proteins, Small ubiquitin-related modifiers (SUMOs), which are involved in a variety of cellular processes, and sumoylation disorders have been implicated in the pathogenesis of human disease (103–106). In recent years, more and more attention has been paid to the role of SUMOylation in protein modification, but there is no clear research report on the SUMOylation of BRD4. We are looking forward to explore whether there is SUMOylation of BRD4. Interestingly, studies have shown that phosphorylation of Yy1 (YY1 transcription factor) in neuronal cells can bind to Senp1 (SUMO-Specific Protease 1) and recruit BRD4, which in turn binds with Senp1, therefore opening the transcription of Senp1, a major de-sumoylase whose upregulation inhibits SUMOylation of proteins in neuronal cells (107). This suggests that in neuronal cells, BRD4 cooperates with Yy1 to inhibit SUMOylation of the protein (107). In tumor cells, whether BRD4 can also regulate the SUMOylation level of the protein by regulating the expression of Senp1, this will be a direction worth exploring.



Targeting BRD4 Modification Pathway for Disease Treatment

As we discussed above, PTMs of BRD4 can affect BRD4 function in many ways, and now there are some achievements in targeting BRD4 modification in cancer therapy. In recent years, the degradation of BRD4 protein has emerged as a powerful anticancer therapy strategy and could enable this type of treatment called protein proteolysis-targeting chimeras (PROTACs) (108, 109), which consists of three components: the E3 ligase recruiter, link chain, and ligand (mostly small-molecule inhibitor) of the protein of interest (POI) (108–110). PROTACs can induce the ubiquitination and degradation of POI by recruiting E3 ligase to POI in a proteasome-dependent manner, and E3 ligase remains at the heart of the process (111). In this context, the small molecule inhibitor JQ1 has become a versatile and powerful ligand for the development of PROTACs. In recent years, some degraders have been developed for the degradation of BRD4, such as A1874, ARV-825, dBET1, and ARV-771 (112, 113). BRD4 is degraded by PROTACs to overcome BETi resistance caused by BRD4 stability (114, 115) (Figure 2). It has been confirmed that PROTACs can effectively induce the degradation of BRD4 and are more effective than corresponding BRD4 inhibitors in inhibiting the growth of tumor cells and promoting cell apoptosis (116, 117).

However, PROTACs, similar to BETis, lack the specificity, selectivity and targets to degrade and inhibit BRD4 in cancer cells and normal cells, which may affect the function of BRD4 in normal cells, leading to unexpected consequences. Therefore, further research on selective and specific targeting drugs is necessary.

Studies have shown that dual BRD4 and cyclin-dependent kinase inhibitors have synergistic effects in cancer treatment (118), for example, the combination of a BRD4 inhibitor (JQ1) and a CDK7 inhibitor (THZ1) had a synergistic effect on head and neck squamous cell carcinoma (HNSCC) (119). In addition, protein and protein interaction (PPI) inhibitors that block the interaction between BRD4 and other proteins are also being developed. For example, N-substituted oligoglycine DC-1 and DC-2, isolated from a combinatorial compound library of approximately 38500 peptides, can specifically bind to phosphorylated PDID/NPS in BRD4, providing an effective strategy to inhibit the phosphorylation-dependent gene-specific function and factor-regulated transcription program of BRD4 (120, 121) (Figure 3). Targeting the surface on which phospho-NPS interacts with specific transcription factors highlights the selective suppression of BRD4-regulated transcription processes, unlike BETis, which nonselectively shut down the universal chromatin binding activity of BRD4 (56, 121). Currently, dual kinase/BET inhibitors are in clinical trials for leukemia (122, 123), and the combination of JQ1 and a CK2 inhibitor (CX-4945) can improve the efficacy in the treatment of patients with acute lymphoblastic leukemia (ALL) (124). Obviously, targeting phosphorylation pathways provide optimistic prospects for the development of a new generation of antitumor drugs. In addition, PP2A agonists such as SMAP and phenothiazine have been developed for cancer treatment (72, 73) (Figure 3).

At present, not only our understanding of the types of BRD4 modifications is limited, but also the development of modified BRD4-targeted drugs is difficult. Further research in this area may show clinical prospects. We look forward to the development and clinical application of more drugs targeting BRD4 modification.



Conclusion

BRD4 disorders have been implicated in the pathogenesis of many cancers, such as AML, multiple myeloma, Burkitt’s lymphoma, diffuse large B-cell lymphoma, and breast, colon, and ovarian cancers (117, 125–130). BETis have been developed for BRD4-targeted inhibition; however, to date, their efficacy as a single drug is limited. As with most established cancer therapies, primary and acquired tumor resistance may limit the clinical application of the drug and reduce its efficiency. In addition, BETis can inhibit BRD4 in cancer cells and normal cells, which may have an adverse effect on the function of BRD4 in normal cells. Studies have shown that the cross-linking of BRD4 function and kinase signaling is one of the main mechanisms of BETi drug resistance (43, 45, 73, 131). Therefore, further study on the function and specific regulatory mechanism of BRD4 may provide a new idea for the treatment of targeted BRD4 in the future, which is likely to solve the problems of BETi resistance and toxic side effects of monotherapy and improve antitumor activity. Here, we review several specific PTMs of BRD4 and show how these modifications can modulate BRD4 to produce different results, pointing to potential targets that could not only help design more effective anticancer treatment strategies but also selectively turn off the carcinogenic activity of BRD4 in cancer cells. At present, BETis combined with other drugs (such as targeted drugs and/or other epigenetic drugs) have been used in preclinical and clinical trials to treat various cancers. In addition, more efficient PROTACs are also being developed to degrade BRD4. We expect specific and multitarget BETis to continue to develop rapidly as candidate drugs for cancer treatment. However, to date, the understanding of BRD4 modification sites, modification types and related enzymes is limited, and further exploration of various modification types of enzymes and associated sites will help to better understand the function, mechanisms, regulatory and therapeutic applications of BRD4. Although PTM-based therapies are promising for future cancer treatment, the following issues still need to be addressed: will different modifications of BRD4 regulate each other or even compete for the same modification site and what is the significance of the interaction network among different modifications in tumorigenesis, development and treatment? Little is known about these areas, and future research should guide further testing of these assumptions.
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Lung squamous cell carcinoma (LUSC) remains as a major cause of cancer-associated mortality with few therapeutic options. Continued research on new driver genes is particularly important. FGF19, a fibroblast growth factor, is frequently observed as amplified in human LUSC, which is also associated with multiple genomic gains and losses. However, the importance of these associated changes is largely unknown. In this study, we aimed to clarify a novel mechanism that link neighboring oncogene co-amplification in the development of LUSC. We found that FGF19 was co-amplified and co-expressed with its neighboring gene CCND1 in a subset of LUSC patients and associated with poor prognosis. Moreover, FGF19 combined with CCND1 promoted the cell cycle progression of LUSC cells. Mechanistically, FGF19 also enhanced CCND1 expression by activating FGFR4-ERK1/2 signaling and strengthening CCND1-induced phosphorylation and inactivation of retinoblastoma (RB). In a murine model of lung orthotopic cancer, knockdown of CCND1 was found to prolong survival by attenuating FGF19-induced cell proliferation. Furthermore, the combination treatment of the FGFR4 inhibitor BLU9931 and the CDK4/6 inhibitor palbociclib potentiated the growth inhibition and arrested cells in G1 phase. In vivo, co-targeting FGFR4 and CDK4/6 also showed marked inhibition of tumor growth than single agent treatment. These findings further elucidate the oncogenic role of FGF19 in LUSC and provide insights into how the co-amplification of neighboring genes synergistically function to promote cancer growth, and combined inhibition against both FGF19 and CCND1 is more effective.
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Introduction

Lung cancer is the leading cause of cancer-related death around the world (1, 2). The therapy of lung adenocarcinoma (LUAD), especially the targeted therapy against driver genes, has made significant progress, but patients with lung squamous cell carcinoma (LUSC) have benefited little from targeted therapy (3, 4). Thus, it is essential to search for potential driving factors/genes in LUSC and identify the effectiveness of targeted therapy and propose more effective treatment schemes.

Amplification of chromosomal regions can play important roles in carcinogenesis. Amplification of specific chromosomal sites not only affect individual genes, but also cause the overexpression of neighboring genes (5). The amplified neighboring genes may cooperate to promote tumor initiation and progression, and the relevant mechanism depends on the molecular relationship between the neighboring genes themselves (6, 7). Understanding the cooperative mechanism of co-amplified genes may help formulate new therapeutic strategies for lung cancer. Our previous studies have found that the amplified region 11q13.3 containing fibroblast growth factor 19 (FGF19) and cyclin D1 (CCND1) in smoking-LUSC patients appear frequently. However, whether they have a synergistic interaction has not been further explored (8).

FGF signals regulate various biological processes during development and adulthood through FGF receptor (FGFR) tyrosine kinases (9). The FGF19 subfamily, particularly, FGF19, FGF21, and FGF23, acts as hormones or endocrine factors that bind to specific receptors (10). Under normal circumstances, FGF19 is secreted from the intestinal tract, and binds to FGFR4 on liver cells through the hepatoenteral circulation to regulate a variety of metabolic processes, namely, the metabolism of glucose, lipid, and bile acid, and gallbladder filling (11–13). In disease states, FGF19 is crucial for the development and progression of several cancers such as head and neck squamous cell carcinoma (14), hepatocellular carcinoma (15), and lung cancer (16). The beginning of cell division integrates a large amount of intracellular and extracellular inputs. Cyclin D connects these inputs to the start of DNA replication (17). Under the stimulation of extracellular signals like mitogens, cytokines, cell–cell contacts and differentiation inducers, cyclin D promotes cell division by activating CDK4/6, which in turn phosphorylates the retinoblastoma (RB) tumor suppressor leading to unrestrained E2F transcription factors, E2F-dependent transcription activation and progression through G1 to S phase (18, 19). Therefore, the increase in the level and activity of the cyclin D-CDK4/6 complex is closely related to uninhibited cell proliferation and cancer (20, 21). CCND1, a crucial member of the CCND family, is an established human oncogene. There has been a substantial evidence that CCND1 involves in a variety of cancers, namely, breast cancer, lung cancer, melanoma, and oral squamous cell carcinoma (22).

Here, we demonstrated with more extensive and sufficient data that FGF19 frequently co-amplified with its neighboring gene CCND1 in LUSC. CCND1 expression was also upregulated by FGF19 through the FGF19–FGFR4–ERK1/2 signaling pathway. FGF19 enhanced CCND1-induced RB phosphorylation and promoted cell cycle progression. Knockdown of CCND1 was found to prolong survival by attenuating FGF19-induced cell proliferation in a murine lung cancer model. In addition, co-targeting FGFR4 and CDK4/6 could significantly inhibit FGF19-driven LUSC proliferation and tumor growth in vitro and in mouse models. Thus, these findings further elucidate the oncogenic role of FGF19 in LUSC and provide insights into how the co-amplification of neighboring genes synergistically function to promote cancer growth, and combined inhibition against both genes is more effective.



Materials and Methods


Clinical Tissue Samples

Sixteen human LUSC tissue samples were obtained from the Shanghai Chest Hospital from January 2017 to November 2017. Our previous work had summarized all the clinical pathological characteristics of the samples (23). The study is approved by the Research Ethics Committee of the School of Biomedical Engineering, Shanghai Jiao Tong University.



Cell Culture and Reagents

H520, SK-MES-1, HCC95, and H1703 were purchased from the American Type Culture Collection (ATCC). H520, HCC95, and H1703 cultured using 1640 (HyClone) and SK-MES-1 cultured using MEM (HyClone) with non-essential amino acids solution (Gibco, 11140050) and Sodium Pyruvate (Gibco, 11360070). All medium supplemented with 10% fetal bovine serum (Lonsera, S711-001S), 100 U/ml penicillin, and 100 μg/ml streptomycin (Hyclone, SV30010). All cell lines were grown at 37°C with a humidified 5% CO2 atmosphere. Recombinant human FGF19 protein (R&D SYSTEMS, 969-FG) was used to activate FGFR4. All inhibitor were purchased from the MedChemExpress and dissolved in DMSO, and then, were aliquoted and stored as 10 mM stocks at −80°C for in vitro studies.



Lentivirus Transduction and Generation of Stable Cell Lines

Human full-length FGF19 gene was amplified from ORF plasmids (OriGene, #RC203750) and cloned into pCDH-CMV-MCS-EF1-copGFP backbone (Addgene plasmid, #72265) to construct plasmid for lentivirus production. HEK293T cells were transfected with FGF19-overexpression plasmid or empty vector, accompanied by pCMV-VSV-G/pCMV-dR8.2 plasmids. Mature FGF19 overexpression lentivirus and control lentivirus were obtained by ultracentrifugation. FGF19 shRNA lentiviruses and CCND1 shRNA were constructed by the GENECHEM Biotechnology Co. Ltd. (Shanghai, China). Cells were transfected with lentivirus in 24-well plate at 50% confluency, and then stably transfected cells were sorted by flow cytometry.



Western Blot, RNA Extraction, cDNA Synthesis, and Quantitative Real-Rime PCR (qRT-PCR) Analysis

Cells were lysed for protein or RNA extraction, and subjected to western blot or cDNA synthesis and qRT-PCR was as previously described (24). Antibodies for western blot were as follows: β-Actin (Proteintech,66009-1-Ig), β-Tubulin (Proteintech, 66240-1-Ig), FGF19 (R&D System, AF969), FGFR4 (R&D System, MAB6852), FRS2 (Abcam, ab10425), pFRS2 (R&D System, AF5126), goat anti-mouse IgG-HRP (Jackson ImmunoResearch, 115-035-003), goat anti-rabbit IgG-HRP (Jackson ImmunoResearch, 111-035-003), donkey anti-Goat IgG-HRP (Sangon Biotech, D110115) and other antibodies were obtained from the Cell Signaling Technology. Primers for qPCR were as following: CCND1, forward 5′-GTCCTACTTCAAATGTGTGCAG-3′, reverse 5′-GGGATGGTCTCCTTCATCTTAG-3′; GAPDH forward 5′-GGAGCGAGATCCCTCCAAAAT-3′, reverse 5′-GGCTGTTGTCATACTTCTCATGG-3′.



Cell Cycle Analysis

Cells were grown to a density of 90% in a 6-well plate and collected by trypsinization. Then, the cells were fixed with 70% cold ethanol at −20°C overnight. The fixed cells were washed with PBS and treated with 100 μg/mL RNase A for 30 min at 37°C, and stained with propidium iodide (PI) at 50 μg/mL in the dark for 10 min at room temperature. Subsequently, at least 10,000 cells in each sample were analyzed by flow cytometry (BD FACS Calibur). Finally, the Modfit LT 4.0 software (BD Biosciences) was used to quantify cell populations in G0/G1, S and G2/M phases.



mRNA-seq Analysis

LUSC cell line H520 was treated with BLU9931 (1 μM), palbociclib (1 μM) or their combination for 72 h and total RNA was extracted using an RNAiso reagent (Takara, 9109) according to the onstructions of the manufacturer, followed by treatment with RNase-free DNase I to remove genomic DNA contamination. A Qubit® RNA Assay Kit in Qubit®2.0 Flurometer (Life Technologies, CA, USA) was used to assess the quality and quantity of RNA. RNA-seq libraries were prepared using the Hieff NGS™ MaxUp Dual-mode mRNA Library Prep Kit for Illumina® (YEASEN, 12301ES96) and sequenced on the HiSeq XTen sequencers (Illumina, San Diego, CA). FastQC (version 0.11.2) was used to evaluate the quality of sequenced data. The gene expression value of the transcript was calculated by StringTie (version 1.3.3b). DESeq2 (version 1.12.4) was used to determine differential gene expression and gene was considered to be significant differentially expressed if |FoldChange| >2 and q-value <0.001.



Immunofluorescence (IF) and Immunohistochemistry Microscopy (IHC)

For IF, cells were seeded on coverslips (WHB, WHB-24-CS) in a 24-well plate. Then, immunofluorescence experiment was conducted as previously described (24). The primary antibody is Ki-67 (Abcam, ab92742). The secondary antibody is donkey anti-rabbit IgG (H + L) highly cross-adsorbed, Alexa Fluor 594 (ThermoFisher, A-21207). Stained cells were observed and photographed with a laser scanning confocal microscopy (Leica TCS SP8). IHC experiment was performed as previously described (24). The stained sections were photographed and the software Image J was used in result analysis.



Cell Counting Kit-8 (CCK-8) Assay

Cells (2,500 in 100 μl medium) were seeded into each well (N = 5) of a 96-well plate, and changed to medium with different concentrations of BLU9931 or palbociclib on the second day. After 72 h, 10 μl CCK8 reagent (YEASEN, #40203) was added and the optical density was measured at OD450 nm with a microplate reader (BioTek) after 1–4 h incubation.



Colony Formation Assay

Cells transfected with lentivirus were seeded in 6-well plates about 1,000–2,000 cells per well and cultured for 1–2 weeks to measure clonogenic ability. The cells were fixed with 4% PFA for 10 min and stained with 0.1% crystal violet for 20 min, and then washed with water and followed by air drying. The colonies were photographed and then quantified based on percentage of colony area per well using ImageJ software.



Intracellular Lactate Dehydrogenase (LDH) Assay

The intracellular LDH assay was performed to measure the levels of cell survival. LDH assay was modified from Wang′s previous studies (25). In brief, cells were lysed for 15 min in lysing buffer containing 2 mM HEPES, 0.04% Triton X-100 and 0.01% BSA (pH 7.5). Then 50 μl cell lysate was mixed with 150 μl 500 mM potassium phosphate buffer (pH 7.5) containing 2.5 mM sodium pyruvate and 0.34 mM NADH. The A340 nm changes were monitored over 90 s. The cell survival rate was calculated by LDH value of the samples normalized with control culture wells.



Flow Cytometry Analysis

Cell apoptosis was measured by flow cytometry assay. Cells were treated with media containing 10% FBS ± inhibitors for 24 h. The ApoScreen Annexin V kit (Southern Biotech, Birmingham, AL, USA) was used for flow cytometry (FACS Aria II, BD Biosciences) to detect the level of apoptosis according to the protocol of the manufacturer and the data were analyzed by FlowJo software.



β-Galactosidase Staining

Cell senescence was quantified by measuring the β-galactosidase staining assay. Cells (3 × 105/well) were plated in 6-well plates in media containing 10% FBS and then treated with DMSO or 1 µM BLU9931 or 1 µM palbociclib or 1 µM BLU9931 plus 1 µM Palbociclib; and drugs were replenished every 3 days. After 7 days, cells were stained with β-galactosidase (Beyotime, RG0039) following the protocol of the manufacturer’. The cells were photographed under a light-field microscope, and β-galactosidase-positive cells were manually counted.



In Vivo Subcutaneous Lung Cancer Model

All mice were raised in the specific pathogen free (SPF) animal room of the Shanghai Jiao Tong University. Cell suspension of SK-MES-1 (2 × 106 cells) or H520 (1 × 106 cells) were injected subcutaneously into the right flanks of BALB/C nude mice in a volume of 50 μl. Mice body weights and tumor volumes were measured every 3 days. Tumor volumes were calculated as 0.5 × length × width2. After the tumor volume reached 100–200 mm3, the mice were randomly grouped (N = 5, per group) and enrolled into treatment groups. BLU9931 (MedChemExpress, HY-12823), diluted in a 1% (v/v) solution of Tween-80 (Sigma, P1754), was given to mice at 30 mg/kg body weight orally twice a day, and Palbociclib (MedChemExpress, HY-50767), diluted in 50 nM sodium D-lactate (TargetMol, T5220) was administered daily by oral gavage at 100 mg/kg body weight. After 3 weeks of treatment, tumors were collected and photographed. The tumor was divided into 3 parts: the first was directly fixed in 4% PFA and embedded in paraffin; the second part was dissociated into single cells and resuspended in 70% ice ethanol and placed in a storage at −20°C; and the last part was were lysed for protein and placed in a storage at −80°C. All animal experiments were performed following the regulations and internal biosafety and bioethics guidelines of the MED-X Research Institute, Shanghai Jiao Tong University (Shanghai, China).



In Vivo Orthotopic Lung Cancer Model and Bioluminescence Imaging (BLI)

An orthotopic lung cancer model construction method was modified from our and Peng′s previous studies (26, 27). In brief, 5-week-old male BALB/C nude mice were anesthetized by 3% tribromoethanol in sterile PBS, 100 μl per 10 g weight, and intraperitoneal injection. A 3 mm incision was sheared on the dorsal side over left lung, 0.5 cm below the scapula on mice (N = 15 per group). After separating the subcutaneous tissues and muscles, the movement of the lungs can be observed. Cell suspension of SK-MES-1 LV-FGF19 (2 × 106 cells) in a total volume of 50 μl (Matrigel: PBS = 1:4) were injected directly into the left lateral lung with insulin injection syringes (29 G ∗ 12.7 mm, BD, 328421). Mice that do not die after 3 days were considered to be successful in model construction, and then the body weight and survival period of the mice were recorded. After 25 days, 3 mice from each group were randomly selected for bioluminescent analysis. Bioluminescent signal was induced by intraperitoneal injection with 150 mg/kg D-luciferin (Meilunbio, MB1834) and imaged by the IVIS Lumina III Spectrum System (Perkin-Elmer, Waltham, MA, USA) after 10 min. Then, lungs were excised and photographed, followed by HE and PCNA staining. All the above animal experiments were performed in accordance with the protocol approved by the Institutional Ethics Committee of the Shanghai Jiao Tong University.



Analysis of Public Data Sets From the TCGA, Oncomine and Kaplan–Meier Plotter

Relative copy number and mRNA levels of FGF19 and CCND1 of the TCGA provisional LUSC were downloaded from the Oncomine database (https://www.oncomine.org) and the cBioPortal (http://www.cbioportal.org/index.do). Linear regression and Spearman correlations between mRNA levels of FGF19 and CCND1 were conducted.

Prognostic values of FGF19 and CCND1 mRNA levels were analyzed by Kaplan–Meier survival curves of NSCLC patients, using a Kaplan–Meier Plotter (www.kmplot.com/analysis) (28).



Gene Set Enrichment Analysis (GSEA)

Gene Set Enrichment Analysis was performed using the GSEA software and the LUSC RNA-seq datasets were downloaded from the cBioPortal database (http://www.cbioportal.org/datasets), in which LUSC dataset (TCGA, Firehose Legacy) was used. The signaling pathway of the GO and KEGG datasets were ranked by the expression of FGF19 following the official user guide of the GSEA.



Statistical Analysis

All statistical analyses were performed using the GraphPad Prism 8 software. All data were presented as mean ± SD, and the paired or unpaired Student’s t-test or ANOVA were used to analyze the statistical significance between two groups. P-values less than 0.05 was considered statistically significant.




Results


FGF19 and CCND1 Are Co-Amplified and Co-Expressed in Human LUSC

We previously reported that FGF19 was frequently amplified (9/37, 24.3%) in smoking LUSC patients (8, 16). The oncogene CCND1, which is neighboring to FGF19 on the chromosome, was also highly amplified (7/37, 18.9%) in smoking LUSC and exhibited significant co-amplification with FGF19 (5/37, 13.5%) (Figure 1A). We also analyzed the copy number amplification of FGF19 and CCND1 in LUSC from the Oncomine database and the co-amplification of these two genes in the cBioPortal database. Consistently, copy numbers of FGF19 and CCND1 were increased compared with the normal lung tissues in the TCGA Lung 2 datasets and the Weiss Lung datasets (Figure 1B). In addition, FGF19 and CCND1 showed significant co-amplification in the TCGA datasets (Nature 2012, Firehose Legacy, PanCancer Atlas) (Figure 1C). This co-amplification could play an important role in the tumorigenesis of LUSC. We further examined whether FGF19 and CCND1 gene amplification promoted their own expression in LUSC. Indeed, the increased expression of FGF19 and CCND1 mRNA in LUSC corresponded to the amplification (Figure 1D), and these two genes showed significant co-expression (Figure 1E). To further confirm the correlation between gene amplification and expression, we performed statistical analysis on the individual level in the dataset (Figure 1F). We observed that the expression of FGF19 and CCND1 was significantly correlated with the amplification of the two genes at the individual level (Figure 1Fa) and the ratios of mRNA high for FGF19 and CCND1 given gene amplifications were significantly higher than those calculated in the global view [FGF19: 10.16% (= 8.47% + 1.69%) vs. 3.86% (= 1.50% + 2.36%), CCND1: 66.1% (= 8.47% + 57.63%) vs. 13.52% (= 1.50% + 12.02%)] (Figure 1Fc vs. Figure 1Fb). Furthermore, we noticed that under the background of FGF19 mRNA high, the CCND1 mRNA high rate was 83.3% (5/6) (Figure 1Fc). We assumed that the increased expression of CCND1 in LUSC was related to its amplification, and might also be related to high FGF19 expression. Immunohistochemical staining of 16 LUSC clinical samples also showed that the expression of CCND1 was significantly correlated with the expression of FGF19 (Figure 1G). Together, these findings have indicated that FGF19 and CCND1 are co-amplified and co-expressed in human LUSC.




Figure 1 | Co-amplification and co-overexpression of FGF19 and CCND1 in human LUSC. (A) Copy number amplification distribution of FGF19 and CCND1 in our LUSC cohort # (n = 37). Co-amplification of CCND1 is common in FGF19-amplified LUSC patient in our LUSC cohort (5/9, 55.6%). #Our previous work had summarized all the clinical pathological characteristics of the samples (23). (B) Amplification of FGF19 and CCND1 is common in TCGA provisional LUSC cohort. Data were shown as mean ± SD bars and compared by unpaired t-test. **p <0.01 and ****p <0.0001. (C) Co-amplification of CCND1 is common in LUSC patients in the TCGA provisional LUSC cohort, that is, 12.7% in Nature 2012, 14.0% Firehose Legacy, 12.4% PanCancer Atlas. (D) FGF19 and CCND1 gene amplification were significantly correlated with their respective expressions. (E) Linear regression and Pearson correlation of mRNA levels between FGF19 and CCND1 in the TCGA provisional LUSC cohort. Positive correlation between expression of FGF19 and CCND1 was observed. (F) Statistical analysis on the individual level based on the TCGA database (http://www.cbioportal.org). (a) Amplification and mRNA expression distribution of FGF19 and CCND1. (b, c) A 2 × 4 contingency table was generated for 2 categorical variables, FGF19 and CCND1, in 2 observation states, mRNA high and mRNA no alteration (NA); (b) Each entry represents the number of observations for a given gene in 1 observation state; (c) Entry number of observations of FGF19 and CCND1 in 1 observation state under the premise of co-amplification. (G) Positive correlation between FGF19 and CCND1 protein expression levels in the 16 LUSC tissue samples. Pearson χ2 test, P <0.001. Scale bar: 100 µm.





FGF19 Enhances the Expression of CCND1 via FGF19–FGFR4–ERK1/2 Axis in LUSC

A number of growth factors are known to regulate CCND1 protein production (29, 30), and our analysis of TCGA database also found that under the background of FGF19 mRNA high expression, the frequency of CCND1 mRNA high expression was elevated (Figure 1Fc). We investigated the effect of FGF19 on CCND1 expression in LUSC cells by treating with recombinant human FGF19 (rhFGF19). rhFGF19 significantly increased the protein levels of CCND1 in a time-dependent manner, and the highest expression of CCND1 was at the 12-hour time point (Figure 2A). Meanwhile, we also verified that rhFGF19 could significantly upregulate the CCND1 mRNA level (Figure 2B). Furthermore, FGF19 stably overexpressed LUSC cell line showed increased CCND1 expression (Figure 2C). Correspondingly, in the H520 cell line with a high basal level of FGF19, CCND1 expression decreased after FGF19 was knocked down (Figure 2D). Together these data confirmed that FGF19 could significantly promote the expression of CCND1.




Figure 2 | FGF19 enhances CCND1 expression by FGF19-FGFR4-ERK1/2 axis in LUSC cells. (A) Recombinant human FGF19 (rhFGF19) (25 ng/ml) promoted expression of CCND1 in SK-MES-1 and H520 cells (serum starved for 12 h before treatment) in a time-dependent manner. (B) CCND1 mRNA expression levels in LUSC cell lines after treatment with rhFGF2 for 12 h. (C) Expression of CCND1 in FGF19 overexpression LUSC cell line. (D) Expression of CCND1 in FGF19 knockdown LUSC cell line. (E) A panel of inhibitors against a number of signaling pathways was used to dissect the leading factors of regulated by FGF19. (F) Western blot and (G) qPCR analysis of CCND1 expression in H520 and HCC95 LUSC cells after treatment of FGF19, FGF19 and SCH772984, FGF19 & BLU9931, or DMSO as control. (H) Effects of the FGF19/FGFR4 pathway on protein levels of CCND1, p-FGFR4, and p-ERK1/2 by western blot analysis. H520, SK-MES-1 and HCC95 cells were treated with FGF19 (25 ng/ml, 0/0.5/6/12 h) to activate the FGF19/FGFR4 signaling pathway. Data were shown as mean ± SD bars and compared by unpaired t-test. **p <0.01; ****p <0.0001; ns, not significant.



To further reveal the regulatory mechanism of CCND1 by FGF19, we referred to the classic pathways regulated by FGF19 in the previous research (31) and used a panel of inhibitors against a number of signaling pathways to dissect the leading factors. The ERK1/2 inhibitor SCH772984 completely eliminated the expression of CCND1 even in the presence of rhFGF19 while and the FGFR4 inhibitor BLU9931was also effective to a lesser extent (Figure 2E). Because FGF19 is a specific ligand of FGFR4 (32, 33), these results suggested a FGF19–FGFR4–ERK1/2 axis in regulating CCND1. This is also supported by the KEGG database analysis (https://www.kegg.jp/), in which growth factors such as EGF, TGF, and HGF promote the expression of CCND1 through Ras–MEK–ERK axis in non-small cell lung cancer (NSCLC) (Supplementary Figure 1). For further verification, two other LUSC cell lines (H520 and HCC95) were used. FGFR4 inhibitor BLU9931 and ERK1/2 inhibitor SCH772984 could markedly inhibit the increase of CCND1 mRNA (Figure 2G) and protein (Figure 2F) expression caused by FGF19. The experiment with the addition of rhFGF19 also showed that FGF19 could significantly upregulate p-FGFR4, p-ERK1/2, and CCND1 levels, in a clear chronological relationship (Figure 2H). To summarize, these observations indicated that the FGF19–FGFR4–ERK1/2 axis significantly promoted the expression of CCND1 in LUSC.



FGF19 Promotes CCND1-Induced Inactivation of RB

CCND1, as an important oncogene, has been reported in a variety of cancers (22, 29). It forms a complex with CDK4/6 to promote the phosphorylation of retinoblastoma (RB) gene, which leads to unrestrained E2F transcription factors and promotes cell cycle progression and the malignant proliferation of tumor cells (18–21). To verify whether FGF19 induces the phosphorylation of RB, we treated LUSC cells with rhFGF19 for different durations and examined the level of pRB. Indeed, FGF19 could significantly increase the phosphorylation level of RB (Figure 3A). Moreover, the FGF19 stably overexpressed cell line also had a higher level of pRB compared to the control cell line (Figure 3B). To verify whether FGF19 regulates the pRB level by CCND1, we knocked down CCND1 in SK-MES-1 LV-FGF19 (SK-MES-1 LV-FGF19-shCCND1) (Figure 3C), and found that the pRB expression level of SK-MES-1 LV-FGF19-shCCND1 significantly decreased (Figure 3D). Consistently, when CCND1 was knocked down in H520, the level of pRB also decreased (Figure 3E). Additionally, in H520 LV-shRNA-NC cells, both FGFR4 inhibitor BLU9931 and CDK4/6 inhibitor palbociclib could significantly inhibit pRB level showing a synergistic effect while in H520 LV-shFGF19 cells, BLU9931 had almost no inhibitory effect on the pRB expression. However, palbociclib could still inhibit the pRB level and the inhibitory level was equivalent to the combined action of these two inhibitors (Figure 3F). Collectively, the above data indicated that FGF19 could increase the phosphorylation level of RB by enhancing the expression of CCND1.




Figure 3 | FGF19 enhances CCND1-induced inactivation of RB. (A) rhFGF19 phosphorylated RB and promoted expression of CCND1 in SK-MES-1 and H520 cells in a time-dependent manner. (B) pRB and CCND1levels in FGF19 overexpression (SK-MES-1 LV-FGF19) and control (LV-NC) LUSC cells. (C) SK-MES-1 LV-FGF19 cells was transduced with CCND1-knockdown lentivirus (LV-shCCND1), or control lentivirus (LV-shRNA-NC) to construct stable cell lines and quantification of CCND1 in forms as cellular protein and mRNA. (D) pRB and CCND1 levels in FGF19 overexpression and CCND1-knockdown cells (SK-MES-1 LV-FGF19-shCCND1) and control (SK-MES-1 LV-NC-shRNA-NC) LUSC cells. (E) pRB and CCND1 levels in CCND1 knockdown cells (H520-shCCND1) and control (H520-shRNA-NC) LUSC cells. (F) pRB levels in FGF19-knockdown cells (H520-shFGF19) and control (H520-shRNA-NC) LUSC cells, treated with BLU9931, palbociclib, BLU9931 & palbociclib, or DMSO. Right panel: quantifications of pRB. All the data were shown as the mean ± SD. *P <0.05; **P <0.01; ***p <0.001; ****p <0.0001; ns, not significant.





FGF19 Functions in Synergy With CCND1 to Promote Cell Cycle Progression

The abnormal progression of the cell cycle plays a key role in the occurrence and development of cancer (34, 35). Our analysis indicated that the amplification of CCND1 was significantly related to its expression, and FGF19 could further promote the expression of CCND1. High expression of CCND1 promotes the loss of RB, and the inactivation of RB is closely related to cell cycle disorders (29). We thus propose that abnormal expression of FGF19 and CCND1 could significantly promote the progression of the cell cycle, leading to the malignant proliferation of LUSC cells. First, we treated LUSC cells with rhFGF19, and rhFGF19 promoted the cell cycle from G1 to S phase (Figure 4A). We then performed a Gene Set Enrichment analysis (GSEA) enrichment analysis in the LUSC dataset. GSEA plots for FGF19 in the LUSC cohort revealed that the regulation of transcription involved in G1/S transition of mitotic cell cycle and E2F targets were enriched in “FGF19 Up” genes (Figure 4B), accompanied by other cell cycle-related pathways such as cell cycle checkpoint, cell cycle G2/M phase transition, cell cycle metaphase/anaphase transition, and cell cycle DNA replication (Figure 4C). In the profile of the running ES score & positions of geneset members on the rank ordered list, we also observed that CCND1 played a core enrichment position in FGF19 promoting the cell cycle transition of LUSC cells (Supplementary Figure 2). Through the STRING database analysis, we found that the co-expression of FGF19 and CCND1 could affect the expression of other cell cycle-related proteins, such as CDK2/4/6, which were also essential for cell cycle regulation (Supplementary Figure 3A). Such observations suggested that FGF19 might regulate these proteins in LUSC. Through experiments, we observed that FGF19 upregulated the expression of CDK2, CDK4, and cyclin E while downregulated cell cycle progression inhibitory proteins P21 and P27 (Supplementary Figure 3B). Conversely, we demonstrated that both the FGFR4 inhibitor BLU9931 and the CDK4/6 inhibitor palbociclib could significantly arrest the cycle of LUSC cells from G1 to S phase (Figure 4D). To evaluate the synergy of FGF19 and CCND1 on cell cycle progression, we performed sequencing analysis of H520 cells following treatment of 1 μM BLU9931 and 1 μM palbociclib (either alone or in combination) for 3 days. GSEA identified that HALLMARK E2F TARGETS were consistently downregulated in both mono-drug treatment and combination treatments (Figure 4Ea). Our gene expression analysis also revealed that the combination therapy resulted in stronger repression of the RB-E2F target genes than either single agent treatment consistent with a role of cooperative cell cycle inhibition (Figure 4Eb). Overall, these data highlight the existence of crosstalk between FGF19 and cyclin D1-CDK4/6 signaling in LUSC.




Figure 4 | FGF19 combined with CCND1 promotes cell cycle progression. (A) rhFGF19 promoted the cell cycle of LUSC cells from G1 to S phase. (B) Enrichment plots of regulation of transcription involved in G1/S transition of mitotic cell cycle and E2F targets signatures according to FGF19 expression levels in an LUSC cohort. (C) GO analysis of cell cycle-related pathways significantly regulated by high expression of FGF19 in LUSC cohort. (D) Representative histograms depicting cell cycle profiles of SK-MES-1 LV-FGF19 and H520 cells with or without BLU9931 and palbociclib. Right panel: quantifications of the histograms. (E) H520 was treated with DMSO, 1 μM BLU9931, 1 μM palbociclib or their combination. (a) Enrichment plot showing HALLMARK_E2F_TARGETS signatures and (b) Heatmap showing the expression of common E2F target genes according to the drug treatment. All the data were shown as the mean ± SD. ***p <0.001; ****p <0.0001.





CCND1 Is Required for FGF19-Induced Proliferation

As observed, FGF19 upregulated PCNA (a marker of cell proliferation) expression (Figure 5A), increased cell viability (Supplementary Figures 4A, B), promoted colony formation (Figure 5B and Supplementary Figure 4C) and enhanced Ki67 expression (Supplementary Figure 4D) in LUSCs. To determine whether CCND1 was required for FGF19-induced cell proliferation, we investigated the activity of SK-MES-1 LV-FGF19-shCCND1. Knockdown of CCND1 significantly reduced SK-MES-1 LV-FGF19 cells activity (Figure 5C). In contrast, overexpression of CCND1 in SK-MES-1 significantly increased cell viability (Supplementary Figure 4E). These results indicated that the CCND1 played a critical role during FGF19-induced LUSC cell proliferation. Further, FGF19 overexpression promoted the proliferation of LUSC cells while CCND1 knockdown rescued this process by colony formation assay (Figure 5D).




Figure 5 | CCND1 is essential for FGF19 signaling-mediated LUSC proliferation. (A) Western blot analysis showing protein levels of FGF19 and PCNA in SK-MES-1, H520 and H1703 cells after lentivirus transfection. (B) Clone formation assay of SK-MES-1 cells with or without FGF19 overexpression. (C) Cell proliferation was measured by CCK8 assay in SK-MES-1 LV-FGF19 cells with or without CCND1 knockdown. (D) Clone formation assay of SK-MES-1 LV-FGF19 cells with or without CCND1 knockdown; cultures were stained with crystal violet. (E–J) Data of orthotopic lung cancer model. Cell suspension of SK-MES-1 LV-NC/LV-FGF19/LV-FGF19-shRNA-NC/LV-FGF19-shCCND1 (2 × 106 cells) in a total volume of 50 μL mixed with Matrigel (Matrigel: PBS = 1: 4) were injected into the left lung of 5-week-old male BALB/C nude mice (N = 13 mice per group). (E) Experimental timeline for the animal experiment. (F) Representative bioluminescent images (BLI) of the different groups are shown 25 days after orthotopic implantation. Right panel: quantifications of the total flux. (G) Comparison of orthotopic lung cancer models. Tumor was indicated by the arrow. (H) Representative H&E and PCNA staining images of lung samples from each group. (I) Body weight change and (J) overall survival time of indicated groups of nude mice were showed. (K) Higher FGF19 and lower CCND1 mRNA levels are associated with longer overall survival. Data were showed as the mean ± SD. *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001. H&E, hematoxylin and eosin.



Next, experiments using in vivo orthotopic lung cancer model showed that the nude mice implanted with SK-MES-1 LV-FGF19 cells presented increased bioluminescent imaging (BLI) signals, augmented tumor volume in the lung, and significantly increased PCNA expression, resulting in a shorter overall survival time. However, downregulation of CCND1 abrogated the enhanced proliferation ability of SK-MES-1 LV-FGF19 xenograft group, showing reduced BLI signals, lung tumor volume and PCNA expression, resulting in an extended survival time (Figures 5E–J). Additionally, higher FGF19 and CCND1 mRNA levels (top 25%) were associated with shorter progression free survival. However, there was no significant difference in progression-free survival statistics for higher FGF19 and lower CCND1 mRNA levels (Figure 5K). Together, these results suggested that CCND1 was essential for FGF19-mediated LUSC proliferation.



BLU9931 Synergizes With Palbociclib to Suppress Tumor Growth in LUSC Cells

Based on the co-expression feature of these two genes, dual targeting are expected to be more effective. The combination of BLU9931 and palbociclib significantly reduced the viability and clonogenic potential of H520 and SK-MES-1 LV-FGF19 cells compared with single agent alone (Figures 6A, B). To determine whether the anti-tumor effects obtained with different doses of BLU9931 and palbociclib were synergistic or not, we evaluated the combination index. After treatment with various concentrations (1, 5, and 10 μM) of BLU9931, palbociclib, and their combination, the combination index was measured for each cell line. We observed that different doses of inhibitors had a synergistic effect, and the inhibitory effect increased significantly with the increase of the dose (Figure 6C). An analysis of apoptosis was also performed, and when compared with the single agent, the combination treatment for 48 h significantly increased the cell apoptosis rate (Figure 6D). It has been reported that decreased cell proliferation coupled with cell cycle arrest was associated with senescence induction (36). Therefore, we investigated the senescence-associated SA-β-gal activity after the inhibitors treatment in LUSC cells. SA-β-gal-positive cells increased more markedly in combination treatment when compared to those under single drug treatment or control cells (Figure 6E). Moreover, the combination of the two inhibitors showed a stronger inhibitory effect on the expression of RB-E2F target genes than single-drug treatment (Figure 4E). Overall, these results suggested that the combination of BLU9931 and palbociclib exerted a synergistic therapeutic effect on FGF19-driven LUSC in vitro.




Figure 6 | Enhanced effects of combined BLU9931 and palbociclib in LUSC cells in vitro. (A) Cells were plated at a low density in 6-well plates, treated with DMSO, BLU9931, palbociclib, or a combination of the two compounds for 7–10 days. (B) CCK8 cell viability assay, (C) Intracellular lactate dehydrogenase (LDH) assay, (D) flow cytometry analysis and (E) β-galactosidase staining assay of H520 and SK-MES-1 LV-FGF19 cells treated with a single agent (BLU9931 or palbociclib) or a combination of both compounds at a fixed ratio (1:1). *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001; 100 µm.





BLU9931 Synergizes With Palbociclib to Suppress Tumor Growth In Vivo

Since combination treatment showed synergistically inhibitory effect in LUSC cell lines, we investigated whether this similar effect could be recapitulated in the subcutaneous lung cancer mice model. Two cell lines (exogenous or endogenous FGF19 highly expressed LUSC cells) were used to construct animal models. In the mice model of LUSC with exogenous or endogenous overexpression of FGF19, we observed a significant suppression in tumor growth with combination treatment (Figure 7A). In the combination group, the median tumor weight of LUSC xenografts was lower when compared to BLU9931, palbociclib and vehicle control (Supplementary Figures 5A, B). The inhibitors did not cause a significant decrease in the body weight of the nude mice, and it indicated that the administered dose was within the tolerance range of the nude mice (Supplementary Figures 5C, D). BLU9931 and palbociclib monotherapy arrested tumor cells in G1 phase, but the two-drug combination therapy had a stronger response (Figure 7B). Meanwhile, the combination therapy had a better inhibitory effect on the levels of phosphorylated RB and PCNA in tumor tissues (Figure 7C). Immunohistochemical staining showed that the levels of p-RB (Ser807/811) and of Ki67 in the combined treatment group were significantly lower than those in the control group or single drug treatment group, and a marker of apoptosis, cleaved caspase-3, was increased in the combination treatment tumors (Figure 7D). Collectively, these findings demonstrated the enhanced antitumor efficacy in two subcutaneous lung cancer model by co-targeting FGFR4 and cyclin D1-CDK4/6 signaling.




Figure 7 | Enhanced effects of combined BLU9931 and palbociclib in the animal model of LUSC cells with endogenously or exogenously high expression of FGF19. SK-MES-1 LV-FGF19 (exogenous FGF19 highly expressed LUSC cells) cells or H520 (endogenous FGF19 highly expressed LUSC cells) cells in a volume of 50 μl were subcutaneously injected into the right flanks of BALB/c nude mice. When the tumor reached a volume of 100–200 mm3, mice were randomly grouped and orally treated with vehicle, BLU9931 (30 mg/kg, twice a day), palbociclib (100 mg/kg/d), or both drugs in combination for 3 weeks. Tumor volumes were measured every 3 days after the onset of treatment. (A) The tumors were dissected from the mice. (a) SK-MES-1 LV-FGF19 xenograft tumors and (b) H520 xenograft tumors. Growth curve for (c) SK-MES-1 LV-FGF19 and (d) H520 xenograft tumors. (B) Representative histograms depicting cell cycle profiles of tumor cells and quantifications of the histograms. (a) SK-MES-1 LV-FGF19 xenograft tumors; (b) H520 xenograft tumors. (C) The expression of pRB and PCNA in (a) SK-MES-1 LV-FGF19 xenograft tumors and (b) H520 xenograft tumors were detected by western blot. (D) HE and immunofluorescence staining with pRbSer807/811, cleaved caspase 3 (Cl. Cas3) and Ki67 of tumor sections. (a) SK-MES-1 LV-FGF19 xenograft tumors; (b) H520 xenograft tumors. Data were shown as mean ± SD and *p <0.05, **p <0.01, ***p <0.001 and ****p <0.0001 as calculated by the two-way ANOVA test. Scale bar: 50 µm.






Discussion

Significant progress has been made in identifying targets and developing therapeutics in advanced LUAD patients, but not for LUSC. While the most substantial impact on the treatment of LUSC patients comes from the histological agnosticism method of immune checkpoint inhibition. A main reason is the failure to find effective molecular targets in LUSC. In this study, we showed that FGF19, which has been well studied in several cancers, was involved in promoting LUSC. Our previous research has demonstrated that FGF19 was upregulated in LUSC tissues and contributed to LUSC progression through the mTOR pathway (16). It was also reported that FGF19 amplification and expression were upregulated in a subset of LUSC patients, and further proved that FGF19 signal activation was necessary for the growth and survival of FGF19-amplified LUSC cells (37). These studies established the important role of FGF19 in the tumorigenesis of LUSC.

In the present study, we have provided more data indicating that FGF19 acts as a tumor promoter in LUSC. Through more in-depth analysis of the previous sequencing data on tumor-promoting amplified genes, in combination with further TCGA data analysis and clinical sample staining verification, we observed that FGF19 expression was positively correlated with CCND1 expression at both the mRNA and protein levels. The expression of the two genes was significantly correlated with their co-amplification on chromosome 11q13.3. Interestingly, our subsequent findings suggested that not only was this co-expression caused by co-amplification, but also FGF19 could regulate the expression of CCND1 at the mRNA and protein expression levels. Gene co-amplification leads to the overexpression of many neighboring genes, some of which can work together and promote the tumor genesis and progression. However, the mechanism of co-amplification gene cooperation varies under different circumstances. It is reported that CDK4 and Phosphoinositide 3-kinase enhancer (PIKE-A) are co-localized on chromosomal 12q13.1-14 and co-amplified in glioblastoma and form a protein complex with each other to promote tumorigenesis (38). Similar mechanism was found for ACTL6A and p63 in head and neck squamous cell carcinoma (7), PRL-3 and FAK in hepatocellular carcinoma (39). Differently, S100A7, S100A8 and S100A9 are co-amplified on chromosome 1q21.3 in breast cancer, have similar functions and cooperate with each other to induce target protein phosphorylation leading to tumor recurrence and chemoresistance (6). There are also some similar reports on non-coding genes (40, 41). Therefore, the role of co-amplification genes related to the tumor promotion process involves different mechanisms. In our data, we identified CCND1 as a significant component of the FGF19 signaling pathway. Mechanistically, our data indicated that the main reasons for the overexpression of CCND1 could be caused by its own amplification or the regulation of FGF19, and likely by the action of compounded effects of these two genes.

The overexpressed CCND1 forms a complex with CDK4/6 to promote phosphorylation and inactivation of RB, which facilitates a release of E2F necessary for cell cycle S phase entry (42). Therefore, targeting RB is considered to be a viable strategy against tumor growth. Palbociclib is the first CDK4/6 selective inhibitor for breast cancer treatment approved by the FDA. Preclinical studies have shown that increased expression of RB and cyclin D1 and deletion of p16 are associated with the effects of palbociclib on breast cancer, lymphoma, sarcoma, and other tumors including lung cancer (43). Our results showed that palbociclib could significantly inhibit the cell cycle progression of FGF19-driven LUSC cells. BLU9931 could decrease the CCND1 expression by inhibiting FGFR4/ERK1/2 signaling and resulting in G1 phase arrest. The two drugs could also inhibit the target gene expression of transcription factor E2F and showed a superior inhibiting effect on the proliferation of tumor cells.

However, it is undeniable that the way in which an oncogene contributes to tumor cell malignancy is often not single. This is also an important reason for drug resistance in the monotherapy. As one of the important growth factors, FGF19 also regulates some other cancer-related pathways. For instance, FGF19-mediated activation of the MAPK, PI3K/AKT, STAT3 and epithelial–mesenchymal transition pathways might take part in the malignancy (44, 45). Our GSEA analysis also revealed that FGF19 enriched many pathways related to cell cycle progression except for positive regulation of G1 to S phase transition. Moreover, the amplification of CCND1 itself could also promote its abnormal expression leading to tumorigenesis. Of note, Lung-MAP (SWOG S1400), a master platform trial for assessing LUSC targeted therapies, showed palbociclib, as a monotherapy for patients with cyclin D (CCND1, CCND2, and CCND3) and CDK4 alterations, failed to prove the prespecified criteria for entering the phase III trial. Despite the results of this study, CCND1 amplification was observed in a subset of responding patients (46). As mentioned previously, palbociclib had little activity as a single drug in the treatment of breast cancer, but it was obviously beneficial to combine it with other drugs (47, 48). In addition, evidence from other tests has indicated that additional evaluation of this pathway might be beneficial to some LUSC patients. Thus, in such condition, dual targeting is a better scenario. Sequencing data analysis has also shown that the combination of these two drugs acted better in the inhibition of the target gene expression of E2F, and in the cell cycle progression arrest. Compared with single-agent therapy, the co-targeting of FGFR4 and CDK4/6 could significantly inhibit the clonal formation of LUSC cells, reduce cell viability, and promote cell death. Apoptosis analysis also showed a synergistic effect of the two drugs. Treatment-induced senescence is a novel method to induce tumor cell cytostasis. BLU9931 and palbociclib significantly increased the number of SA β-galactosidase positive cells. These effects were further enhanced when used in combination indicating dual targeting effectiveness. Our data also showed that co-targeting FGFR4 and CDK4/6 could significantly inhibit tumor growth in both the mouse models.

It is worth mentioning that chromosome region 11q13.3 also contains several other genes, such as CTTN, ORAOV1, MYEOV, etc. Amplification and overexpression of CTTN contribute to the metastasis of cancer cell by promoting cell migration and anoikis resistance (49). ORAOV1 enhances tumorigenicity and is associated with tumor histology through proline metabolism and reactive oxygen species production. Previous studies have shown that ORAOV1 amplification or overexpression is associated with poor prognosis (50, 51). MYEOV is overexpressed in some cancers and contributes to tumorigenesis, metastasis and poor prognosis, including NSCLC (52, 53). It is likely that these genes could also be co-amplified and overexpressed with FGF19 in LUSC, and contribute to the cancer phenotype. However, the impact of these genes could also be different, as several studies have implicated in other cancer types (54, 55). Therefore, whether these genes do play a role in LUSC and whether FGF19 signals interacts with these genes requires further investigation.

In conclusion, our study provides an example of how co-amplified genes work together in malignant cancer. FGF19 is commonly amplified and overexpressed in LUSC and that CCND1 is co-expressed with FGF19 due to co-amplification on chromosome 11q13.3 in LUSC. FGF19 enhances CCND1 expression, promotes CCND1-induced phosphorylates, and inactivates RB leading to proliferation of LUSC cells, via the FGF19–FGFR4–ERK1/2 signaling pathway. Furthermore, combination of BLU9931 with palbociclib potentiated antitumor activities in FGF19-driven LUSC preclinical models. These findings warrant further clinical investigations and patients with advanced LUSC harboring FGF19-CCND1 co-overexpression may therefore benefit from such combination therapy (Figure 8).




Figure 8 | The schematic model of this study: underlying mechanism that link neighboring oncogene FGF19 & CCND1 co-amplification in the development of LUSC. FGF19 was co-amplified and co-expressed with its neighboring gene CCND1 in a subset of LUSC. Overexpression of FGF19 activates FGFR4 and leads to phosphorylation of FRS2 and ERK1/2, which further strengthens the increase in CCND1 expression caused by amplification. These lead to the phosphorylation of RB by CCND1-CDK4/6 complex, causing unrestrained transcription factor E2F, which promotes cell cycle progression and lead to the malignant proliferation of LUSC. While co-targeting FGFR4 and CDK4/6 by BLU9931 and palbociclib potentiated the growth inhibition and arrested cells in G1 phase.
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Introduction

MicroRNAs (miRNAs) are small noncoding RNA molecules that regulate genetic expression and are also vital for tumor initiation and development. MiR-29b-3p was found to be involved in regulating various biological processes of tumors, including tumor cell proliferation, metastasis, and apoptosis inhibition; however, the biofunction and molecule-level mechanisms of miR-29b-3p inpapillary thyroid carcinoma (PTC) remain unclear.



Methods

The expression of miR-29b-3p in PTC samples was tested via qRT-PCR. Cellular proliferation was analyzed by CCK-8 and EdU assays, and cellular migratory and invasive abilities were assessed utilizing wound-healing and Transwell assays. In addition, protein expressions of COL1A1, COL5A1, E-cadherin, N-cadherin, Snail, and Vimentin were identified via Western blot (WB) assay. Bioinformatics, qRT-PCR, WB, and dual luciferase reporter assays were completed to identify whether miR-29b-3p targeted COL1A1 and COL5A1. In addition, our team explored the treatment effects of miR-29b-3p on a murine heterograft model.



Results

Our findings revealed that miR-29b-3p proved much more regulated downward in PTC tissue specimens than in adjacent non-cancerous tissues. Meanwhile, decreased expression of miR-29b-3p was strongly related to the TNM stage of PTC patients (p<0.001), while overexpression of miR-29b-3p in PTC cells suppressed cellular migration, invasion, proliferation, and EMT. Conversely, silencing miR-29b-3p yielded the opposite effect. COL1A1 and COL5A1 were affirmed as the target of miR-29b-3p. Additionally, the COL1A1 and COL5A1 were highly expressed in PTC tumor samples than in contrast to neighboring healthy samples. Functional assays revealed that overexpression of COL1A1 or COL5A1 reversed the suppressive role of miR-29b-3p in migration, invasion, and EMT of PTC cells. Finally, miR-29b-3p agomir treatment dramatically inhibited Xenograft tumor growth in the animal model.



Conclusions

These findings document that miR-29b-3p inhibited PTC cells invasion and metastasis by targeting COL1A1 and COL5A1; this study also sparks new ideas for risk assessment and miRNA replacement therapy in PTC.





Keywords: microRNAs, miR-29b-3p, papillary thyroid carcinoma, downregulation, COL1A1, COL5A1, gene expression



Introduction

Papillary thyroid carcinoma (PTC) is the most common primary malignancy of the endocrine system, with the incidence increasing year by year worldwide (1, 2). Its prevalence among female individuals across the world is 10.2 per 100,000 individuals, which constitutes threefold that of male individuals; however, PTC patients demonstrate excellent long-term prognosis (3, 4). About 30%–65% of PTC cases feature performed lymph node metastasis, and <10% of PTC cases have shown distant metastasis in the bones and lungs (5). Although surgical resection remains the most effective treatment for PTC, and active surveillance is suggested for select low-risk PTC patients, according to the 2015 ATA guidelines, a reluctance to offer it continues due to lack of robust evidence or protocols (6). On the other hand, the clinical outcomes of PTC patients attended by high invasion and proliferation remain poor (7). Approximately 5%–10% of PTC sufferers encounter relapse in 5 years of primary treatment, which reduces patient survival (8). For that reason, it remains vital to expose the potential causal link between PTC development and etiopathogenesis, which might deliver us additional PTC regimens.

MiRNAs are endogenetic single-stranded non-coding RNA molecules that bind to protein-coding genes by means of 3′-untranslated region (3′-UTR) of target messenger RNA mediating post-transcriptional gene expression (9, 10). An ever-growing number of proofs demonstrate that miRNAs participate in the biological processes of cancer (11, 12). Studies have revealed that miR-29b-3p is involved in the initiation and progress of various cancers, including pulmonary carcinoma, prostate cancer, cholangiocarcinoma, pancreatic cancer, and bladder cancer (13–17). Dysregulation of miR-29b-3p expression has been implicated in cell promotion, migration, and invasion in these tumors. Nevertheless, the effects of miR-29b-3p on thyroid carcinoma remain elusive.

Extra-cellular matrix (ECM) is closely correlated with tumor progression (18). Collagens, the main protein component of ECM, exhibit a variety of effects, demonstrating proliferative, migratory, and differentiative cellular activities in vivo (19). In turn, miR-29b-3p is a major regulator of the collagen family, which has been studied in a plurality of basic studies in the context of a range of diseases (20–22). Nevertheless, no studies regarding the regulation of collagen by miR-29b-3p in PTC are found in the literature.

The present research demonstrated that miR-29b-3p was low expressed in PTC samples, which was negatively associated with the proliferative and metastatic abilities of PTC cells. Furthermore, we confirmed that COL1A1 and COL5A1 are two immediate targets of miR-29b-3p and participated in the effects of miR-29b-3p on the biological capacity of PTC cells.

Finally, we contended that miR-29b-3p may serve as an underlying target for PTC treatment and exert pivotal effects on progression.



Materials and Methods


Bioinformatics Analysis

MicroRNA expression data retrieved from the Gene Expression Omnibus (GEO) database were collected to compare miR-29b-3p expression between human PTC samples and their adjacent normal, benign thyroid tissues. The GEO database (GSE15740) was adopted in order to analyze the expression of genes. Subsequently, differential analysis was carried out on differentially expressed genes with R language in the “limma” R package of Bioconductor, by screening criteria, viz., |logFC| > 1.8 and p-value < 0.05. Furthermore, heatmaps were generated in R, with the “ggplots” R package.

mRNA expression (mRNA SeqV2) data of human PTC were extracted from The Cancer Genome Atlas (TCGA) database. Furthermore, we predicted the downstream target gene of miR-29b-3p through the online prediction software miRmap, microTissue, miRanda, PicTar, and TargetScan to determine the downstream target gene of miR-29b-3p. Thereafter, a protein–protein interaction (PPI) net was established via the STRING (https://string-db.org/) database. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) assays were conducted employing the GO database (http://geneontology.org) and the KEGG database (http://www.genome.jp/kegg/), respectively.



Patients and Tissue Samples

From January 2020 to November 2020, fresh tissue samples (PTC tumor and neighboring healthy samples) were harvested from PTC sufferers from The First Affiliated Hospital of GuangXi Medical University, none of whom had received any adjuvant treatment before surgery, with respect to which, it bears noting that the present research was accepted by the Ethical Board of The First Affiliated Hospital of GuangXi Medical University (Nanning, China). A total of 48 pairs of tissue samples were collected; the specimens were maintained in liquid nitrogen for long-term preservation and stored at −80°C for short-term assays.



Cell Culture and Transfection

Human PTC (K1, TPC-1, KTC-1, and B-CPAP) and immortalized thyroid lineage cells (Nthyori3-1) purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) were cultivated in Roswell Park Memorial Institute (RPMI) intermediary 1640 basic (RPMI 1640) (Thermo Fisher Scientific, MA, USA) and DMEM (Gibco, CA, USA) mixed with 100 mg/L streptomycins, 100 kU/L penicillin, and 10% fetal bovine serum (FBS) (HyClone, Logan, UT, USA) and kept in a 37°C incubator at 5% carbon dioxide.

The mimics/inhibitors of miR-29b-3p (miR-29b-3p mimic/miR-29b-3p inhibitor) and negative control (NC mimic/NC inhibitor) were purchased from Ribobio (RiboBio, Guangzhou, China). The small interfering RNAs of COL1A1 (si-COL1A1), COL5A1 (si-COL5A1), and negative control (NC) (GenePharma, Shanghai, China) were adopted to transfect the PTC cells with Lipofectamine 8000 reagent (Invitrogen, CA, USA). Overexpression of COL5A1 and COL1A1 was achieved by transfecting pcDNA 3.1 vector-cloned with gene sequences of COL5A1 and COL1A1 into PTC cells with Lipofectamine 3000 reagent (Thermo Fisher Scientific, MA, USA). Subsequently, these transfected PTC cells were cultivated for 24–48h before all the experiments herein were conducted.



qRT-PCR

This study adopted a Fastpure Cell/Tissue Overall RNA Separation tool V2 (Vazyme, Nanjing, China) to extract all the RNAs and a reverse transcriptase tool (Vazyme, Nanjing, China) to prepare the cDNAs of COL5A1 and COL1A1 and miR-29b-3p; qRT-PCR was completed via the real-time fluorescent quantitation PCR equipment (ABI7500, America) with the SYBR qPCR Master Mix tool kit (Vazyme, Nanjing, China). The relative miR-29b-3p, COL1A1, and COL5A1 were identified via applying the 2−ΔΔCt formula, where U6 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were regarded as the internal references. The sequences of the entire primers herein are shown in Table 1.


Table 1 | The sequences of the primers used for this study.





Western Blot

Initially, a radio-immunoprecipitation assay (RIPA) lysis buffering solution (Beyotime, Shanghai, China) was applied to abstract proteins. Following the separation of proteins by sodium salt-polyacrylamide gel electrophoresis, target proteins were electrophoretically moved to nitrocellulose films, blocked via 5% milk-TBST for 2 h under room temperature. Subsequently, they were washed three times in TBST buffering solution and cultivated with the first anti-substances, viz., COL5A1, COL1A1, E-cadherin, N-cadherin, snail, GADPH rabbit polyclonal antibody (Proteintech, USA), vimentin, and vinculin mouse polyclonal antibody (Proteintech, USA) at 4°C overnight. Subsequently, the films were washed three times in TBST again, each for 10 min. Goat anti-rabbit IgG H&L (HRP) and goat anti-mouse IgG H&L (HRP) (Abcam, USA) were added then for cultivation. Afterwards, the membranes were cleaned in TBST as per the steps mentioned above to analyze relative protein expression with Image-Pro Plus software 6.0.



Wound-Healing Assay

When the confluency of cells reached 80%–90%, a 200-μl pipet was employed to scratch along the central axis of the culture dish, which was then washed twice with PBS. Subsequently, the cells were cultivated in an intermediary without serum. Furthermore, wound-healing pictures were harvested under a microscope at 0 and 24 h after the wound occurrence. We measured the migration rate with NIH ImageJ software.



Transwell Assay

Transwell assay included migration and invasion assays. The migrating cells (4 × 105) were inoculated into a 24-transwell chamber with an 8-µm Matrigel-coated aperture film, and the invading cells (5 × 105) were uniformly inoculated in a 24-well plate containing matrix glue. The upper chamber contained RPMI 1640 intermediary without serum, whereas the lower chamber was filled with RPMI 1640 medium mixed with 10% FBS. Subsequent to the incubation under 37°C for 24 h, the cells on the superficial region of the film were discarded via a cotton swab, and those on the lower surface of the membrane were dyed with gentian violet dye after fixation with 75% alcohol. Later, the cells were imaged via a microscopic device in order to obtain the images for analysis with NIH ImageJ software.



CCK-8 Assay

Cells in the log-growth stage (200 µl) were seeded in a 96-well plate at a concentration of 1×105 cells per well and incubated for 24 h. Thereafter, 10 µl of CCK8 reagent was supplemented to all wells, followed by cultivation in a dark incubator for 120 min. Thereafter, the optical density (OD) results of this mixture (cells + reagent) were identified via ELISA with a wavelength of 450 nm. The proliferation rate of cells was determined by comparing the OD values of the mixture after inoculation for 6, 24, 48, 72, and 96 h.



EdU Assay

An EdU assay kit (RiboBio, Guangzhou, China) was adopted for carrying out the EdU assay. Initially, 2 ml of cells were plated into a 96-well dish with a concentration of 4 × 104 cells/well, cultivated with EdU reaction fluid (50 µM) for 2 h, followed by permeabilization with 0.3% TritonX-100 (Jiayan Biotech, Guangzhou, China) for 10 min, and fixation in 4% paraformaldehyde (Leagene, Beijing, China) for 0.5 h. Subsequently, 3% bovine serum albumin (BSA) (Solarbio, Beijing, China) was applied to wash the cells three times, each for 5 min, after which the cells were treated with an Apollo reaction mixture for 0.5 h, before being cleaned three times in 3% BSA, each for 5 min. Subsequently, the nuclei of cells were dyed in DAPI (Solarbio, Beijing, China) for 10 min and examined under the microscope.



Immunofluorescence

After being cultured, the cells were subjected to fixation in 4% paraformaldehyde (Leagene, China) for 15 min and permeabilization in 0.3% Triton (Jiayan Biotech, China) and finally blocked with 3% BSA (Solarbio, China) for 30 min. Cells were afterwards cultivated with primary antibodies, viz., E-cadherin rabbit polyclonal anti-substance 1:100 and vimentin mouse polyclonal antibody 1:200 under 4°C overnight. Subsequent to cleaning, the cells were cultivated with anti-mouse IgG fluorescence-conjugated secondary anti-substance, anti-rabbit IgG fluorescence-conjugated secondary anti-substance (goat anti-mouse IgG H&L, 1:2,000), and goat antirabbit IgG H&L, 1:2,000 (Proteintech, USA) under room temperature for 60 min. Then, the nuclei of cells were stained via DAPI (1 µg/ml) (Solarbio, China), which were observed under a fluorescent microscope (DM6 B; Leica Microsystems) at 63× magnification, to analyze the captured images with Fiji software.



Animal Experiments

All the animal assays were accepted by the GuangXi Medical University Ethical Board on Animal Research. Nude mice with a BAL/c background (6-week-old females with a bodyweight of 16–18 g) from Junke Bioengineering Co., Ltd. (Nanjing, China) were raised and monitored according to requirements for a specific pathogen-free (SPF) status. For the cancer-growth assays, 1 × 106 K1 cells were introduced into BALB/c nude mice via injection. The tumorous volume was observed and measured every 3 days throughout the experimental period with Vernier calipers. One week later, tumorous volume was computed via the equation: volume = 0.5 × length × width2.

Approximately 21 days later, when the cancers reached a mean volume of 100 mm3, the animals were stochastically separated into two groups (five mice/group) and were delivered an intratumoral injection containing 20 mg/kg miR-29b-3p agomir or control agomir (Guangzhou, China) every 3 days for 12 days (four injections in total), which was repeated four times. After 33 days, the tumors were collected from the sacrificed mice and weighed; the growth of these xenografts was evaluated after the tumors were removed, weighed, and photographed, with tissues fixed with 4% paraformaldehyde and paraffin-embedded for immunohistochemistry (IHC) analyses.



Immunohistochemistry

Immunohistochemistry of mouse tumors was performed according to the following standard procedures: tumor tissue embedding, specimen sectioning, dewaxing, rehydration, and antigen recovery. After serum occlusion, sections were incubated with COL1A1 or COL5A1 antibody (1:100, desaturated in PBS with 1% standard goat serum) under 4°C for a single night and afterwards were incubated with second anti-substances under RT for 60 min. The staining procedure was performed following the DAB detection kit protocol with DAB (DAB-0031; Fuzhou Maixin Biotech Company, Fuzhou, China).



Dual-Luciferase Reporter Assay

In order to examine the straight binding of miR-29b-3p to target genes, COL1A1 and COL5A1, a luciferase reporter assay was completed as previously described. Reporter vectors, namely, Luc-COL1A1 and Luc-COL5A1, or mutation vectors with miR-29b-3p-binding spot mutations, were cotransfected with miR-29b-3p mimetic substances (RiboBio, China) into HEK-293 T cells. Firefly luciferase and Renilla fluorescein enzyme activity were identified following transfection for 48 h with the Dual-Luciferase Reporter Assay System as per the supplier’s specification. Moreover, the miR-29b-3p promotor-reporter construct with wild type was introduced into HEK-293 T cells via transfection, and the pTK-Club vector was considered the control, all of which were treated with hypoxic or normoxic conditions for 48 h.



Quantification and Statistical Analysis

Statistical analyses and the construction of graphs were conducted with statistical packages, namely, GraphPad Prism 5 (USA) and SPSS 21.0 (IBM, USA). The data collected in the experiments are described as x ± SD. A t-test was used for cell testing of intergroup contrast, and Mann–Whitney U-test was utilized for clinical data analysis. A Kruskal–Wallis test was applied when comparing three or more groups. p < 0.05 indicates a remarkable diversity.




Results


Downregulation of miR-29b-3p Is Associated With Disease Development in Human PTC

The expression of miR-29b-3p was much more downregulated in PTC tissues than adjacent normal tissues in GEO databases (GSE15740) (filtered by p < 0.05, Figures 1A, B). This result was validated in our 48 pairs of tissue samples by qRT-PCR (Figure 1C). Specifically, miR-29b-3p expression was downregulated in 62.5% of samples, while no significant difference was demonstrated in 27.08% of samples and was upregulated in 10.42% of samples (Figure 1D). Subsequently, we investigated the association of miR-29b-3p with clinicopathological features, which demonstrated an obvious decrease in miR-29b-3p expression in N1 vs. N0 PTCs, in T3/T4 vs. T1/T2 PTCs, in TNM stage II/III vs. I PTCs, and in age ≥55 years vs. <55 years PTCs (Figures 1E–H; Table 2).




Figure 1 | Downregulation of miR-29b-3p is associated with disease progression in PTC. (A) Heatmap of differentially expressed genes in GEO dataset coloring the samples groups. (B) Expression level of miR-29b-3p in PTC based on data retrieved from the GEO database and the ArrayExpress database. (C, D) The expression of miR-29b-3p was evaluated by qRT-PCR in 48 paired human PTC tissues and their matched adjacent non-tumor thyroid tissues. MiR-29b-3p expression was significantly downregulated in PTC tumor tissues compared with the corresponding non-tumor thyroid tissues (U6 was used as an internal control). (E–H) Relationships between miR-29b-3p expression and TMN stage of PTC. In the figure, **p < 0.01, ***p < 0.001, ****p < 0.0001.




Table 2 | The relationship between the relative expression of miR-29b-3p and clinicopathological characteristics in thyroid cancer patients.





miR-29b-3p Inhibits PTC Cell Proliferation and Metastasis In Vitro

To understand the mechanism involved in the downregulation of miR-29b-3p in PTC, its expression levels of miR-29b-3p were examined, employing qRT-PCR in the normal thyroid cell line (Nthyori3-1) and 4 PTC cell lines (TPC-1, KTC-1, K1, and B-CPAP). Among these PTC cell lines, the K1 and the B-CPAP cells showed the lowest expression of miR-29b-3p. Thus, these two cell lines were therefore selected for the follow-up experiments (Figure 2A).




Figure 2 | miR-29b-3p inhibits PTC cell migration and invasion in vitro. (A) Expression of miR-29b-3p was verified by qRT-PCR in PTC cell lines (K1, KTC-1, TPC-1, and B-CPAP) and normal thyroid cell lines (Nthyori3–1); two lowly expressing (K1 and B-CPAP) cell lines were selected for further study. (B) The knockdown and overexpression efficiencies of miR-29b-3p was verified by qRT-PCR after transfection with miR-29b-3p mimic/inhibitor or NC mimic/inhibitor. Cell proliferation ability of PTC cells was determined by CCK-8 assays (C, D) and EdU assays (E–G) after miR-29b-3p overexpression or knockdown. The effects of miR-29b-3p overexpression and knockdown in PTC cells on cell migration and invasion were analyzed by wound healing assays (H) and Transwell assays (I). (J, L) Results of the Transwell assays and wound healing assays. In the figure,**p < 0.01, ***p < 0.001,****p < 0.0001.



To explore the function of miR-29b-3p in PTC cells, K1 and B-CPAP cells were transfected with miR-29b-3p mimic or miR-29b-3p inhibitor, NC mimic and NC inhibitor were transfected as respective controls; and transfection efficiency was evaluated by qRT-PCR. It was observed that the expression level of miR-29b-3p significantly increased in PTC cells after transfection with miR-29b-3p mimic as compared to that in cells transfected with NC mimic. In addition, the expression of miR-29b-3p significantly decreased after transfection of the cells with miR-29b-3p inhibitor (Figure 2B).

CCK-8 and EdU assays revealed that, when transfected with miR-29b-3p mimic, the proliferation ability of PTC cells was reduced significantly in comparison to those transfected with NC mimic. In turn, the downregulated expression of miR-29b-3p contributed to the proliferation of PTC cells (Figures 2C–E; Supplementary Table S2). Accordingly, the results were quantified and are presented in Figures 2F–G (all p-values <0.01).

Furthermore, the PTC cells’ migration and invasive ability were assessed using Transwell and wound-healing assays (48 h after transfection for K1 and the B-CPAP cells). The results suggested that overexpression of miR-29b-3p inhibited proliferation and migration abilities, while an opposite effect occurred in the miR-29b-3p-knockdown cells; the results are presented in Figures 2H–I. The quantification of these results is shown in Figures 2J–L and Supplementary Tables S3 and S4 (**p < 0.01 and *** p < 0.001; **** p < 0.0001).



miR-29b-3p Directly Targets COL1A1 and COL5A1

Using online software, we predicted potential targets of miR-29b-3p, and 17 genes were found to be potential targets (Figures 3A, B). GO function annotations and KEGG pathway analysis were carried out for the target genes. The results revealed that the potential target genes are involved in the regulation of ECM adhesion dynamics (Figure 3C). The PPI network data, with the confidence score set at 0.4, revealed that the hub genes bearing higher degrees comprised COL1A1, COL2A1, COL5A1, COL7A1, COL11A, and COL9A1 (Figure 3D). Based on the above results, we further validated the relationship between hub genes and miR-29b-3p. Specifically, we performed qRT-PCR to detect the expression of hub genes at mRNA levels in PTC cells transfected with miR-29b-3p mimic or inhibitor. Both COL1A1 and COL5A1 showed significant inverse correlations with miR-29b-3p expression in PTC cells (Figures 3E, F). Western blot analysis results showed that miR-29b-3p overexpression obviously suppressed the protein expression of COL1A1 and COL5A1 in PTC cells (Figures 3G, H; Supplementary Table S5).




Figure 3 | COL1A1 and COL5A1 as direct targets of miR-29b-3p in PTC tissues. (A, B) The bioinformatic predictions of miR-29b-3p candidate target genes and Venn diagram depicting the overlap of target genes predicted by five miRNA databases (miRmap, microTissue, miRanda, PicTar, and TargetScan) and TCGA datasets. (C) GO and KEGG enrichment analysis of candidate miR-29b-3p target genes. (D) The miR-target gene regulatory network constructed using Cytoscape. (E, F) Fold change in mRNA expression of six candidate target genes upon transfection of miR-29b-3p mimic/inhibitor and validation of COL1A1 and COL5A1 as the direct target genes of miR-29b-3p by qRT-PCR. (G, H) Western blot analysis of COL1A1 and COL5A1 expression after transfection with miR-29b-3p mimics. (I, J) The 3-UTRs of COL1A1 and COL5A1 as potential binding sites for miR-29b-3p, determined by the luciferase assays. (K, L) Western blots showing the relative protein expression levels of COL1A1 and COL5A1 in PTC tissues and adjacent non-cancerous normal tissues from four patients. (M–P) Relative expression levels of COL1A1 and COL5A1 in 48 paired human PTC tissues and adjacent non-tumor thyroid tissues, as evaluated by qRT-PCR. Both COL1A1 and COL5A1 mRNA highly expressed in PTC tissues and negatively correlated with miR-29b-3p expression. In the figure, **p < 0.01, ***p < 0.001, ****p < 0.0001; NS, not significant.



To test whether COL1A1 and COL5A1 have a transcriptional regulatory relationship, we separately overexpressed COL1A1 and COL5A1 in order to determine whether the overexpression of COL1A1 and COL5A1 would bear an influence on COL5A1 and COL1A1 expression in PTC cells, and accordingly, qRT-PCR analysis results demonstrated no transcriptional regulatory relationship between COL1A1 and COL5A1.

Hence, a dual‐luciferase reporter assay was employed for further verification of the targeted relationship between miR-29b-3p and COL1A1/COL5A1. For this investigation, 3′-UTRs of these two genes were initially cloned downstream of firefly luciferase. Thereafter, the luciferase reporters were co-transfected into HEK-293 T cells with miR-29B-3p mimics. We observed that overexpression of miR-29b-3p significantly reduced luciferase activity in vectors containing COL1A1 and COL5A1 3′-UTR. Moreover, a mutation in the seed regions within 3′-UTRs of either COL1A1 or COL5A1 blocked the inhibition of these genes by miR-29b-3p (Figures 3I, J; Supplementary Table S6).

The mRNA and protein expression levels of COL1A1 and COL5A1 in PTC tissues and adjacent normal tissues were determined by qRT-PCR and WB analysis. We determined that COL1A1 and COL5A1 were upregulated in PTC tissues and inversely correlated with miR-29b-3p expression (Figures 3K–P; Supplementary Table S1). From these results, it could be inferred that miR-29b-3p downregulated COL1A1 and COL5A1 by means of directly targeting their 3′-UTRs.



Overexpression of COL1A1 or COL5A1 Partially Blocked the Inhibitive Effects of miR-29b-3p on Cell Invasion

To investigate whether the proliferation and migration suppressive effect of miR-29b-3p on PTC cells was mediated by repression of COL1A1 or COL5A1, K1 and B-CPAP cells were transfected with COL1A1 or COL5A1 overexpression plasmid, while the control group was transfected with empty vector plasmids. The overexpression efficiency of constructed plasmids was validated by qRT-PCR (Figures 4A, B) and Western blot (Figures 4C–E; Supplementary Table S7). Afterwards, PTC cells were transfected with NC mimic, miR-29b-3p mimic, miR-29b-3p mimic + Vector, miR-29b-3p mimic + OE- COL1A1, or miR-29b-3p mimic + OE- COL5A1, respectively. Furthermore, the invasion assay indicated that overexpression of miR-29b-3p inhibits invasion and migration of PTC cells. However, the co-transfection of miR-29b-3p mimic and OE-COL1A1 or OE-COL5A1 partially restored the ability of cells to invade (Figures 4F, G; Supplementary Tables S8, S9). Experiments were repeated independently, and the results were quantified (Figures 4H–J). Nevertheless, this result was not confirmed in cell proliferation experiments. Based on the above analysis, we hypothesized that COL1A1 and COL5A1 might be mainly involved in the proliferation and invasion of PTC cells.




Figure 4 | Overexpression of COL1A1 or COL5A1 partially blocks the suppressive effects of miR-29b-3p on invasion in PTC cells. (A, B) qRT-PCR and (C) Western blot were performed to assess the transfection efficiency of COL1A1 and COL5A1 overexpression plasmids. (D, E) Quantification of COL1A1 and COL5A1 levels in Western blot normalized over GAPDH and Vinculin. The wound healing assays (F) and Transwell assays (G) demonstrated that the overexpression of COL1A1 and COL5A1 could efficiently alleviate the miR-29b-3p mimic-induced inhibition of the migration and invasion activities of K1 and B-CPAP cells. (H–J) Quantified results of the wound-healing assays and Transwell assays. Inhibition of miR-29b-3p mimic-induced EMT by overexpressed COL1A1 or COL5A1; the EMT-related proteins were investigated by (K) Western blot and (N) immunofluorescence. (L, M) The EMT-related proteins expression for each group was analyzed by Image J software. In the figure, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



The tumor invasion and metastatic potential were enhanced by the epithelial–mesenchymal transition (EMT). We examined whether miR-29b-3p, COL1A1, and COL5A1 promote EMT; in indicated cells after the same transfection, Western blot detected EMT‐related proteins including E-cadherin, Snail, Vimentin, and N-cadherin. After treatment with the miR-29b-3p mimic, the results indicated that the expression of E-cadherin was upregulated in the K1 and B-CPAP cells. In contrast, the expressions of Snail, Vimentin, and N-cadherin were downregulated. These results established that miR-29b-3p inhibited the EMT process. However, the results were reversed after transfection of the K1 and B-CPAP cells with a plasmid containing either of the genes-COL1A1 or COL5A1 (Figures 4K–M; Supplementary Table S10). Additionally, the immunofluorescence method was used to obtain the same results as WB (Figure 4N). Collectively, these results demonstrated that miR-29b-3p regulated cell migration, invasion, and EMT in PTC cells by targeting COL1A1 and COL5A1.



Downregulating COL1A1 or COL5A1 Expression Can Inhibit Migration, Invasion, and EMT in PTC Cells

To further verify the involvement of COL1A1 and COL5A1 in migration and invasion of PTC cells, siRNA knockdown was performed. The efficiency of siRNA knockdown was verified by qRT-PCR and Western blot. According to our results, si-COL1A1–2 and si-COL5A1–1 demonstrated the most significant knockdown efficiency, which in turn showed a capacity to reduce the expression of COL1A1 and COL5A1 mRNA and protein by 60%–80% (Figures 5A–C; Supplementary Table S7) and so was used in the subsequent experiments. Western blot quantification are shown in Figures 5D, E. Wound healing and Transwell assays confirmed that silencing of COL1A1 or COL5A1 markedly inhibited the invasive capacity of K1 and B-CPAP (Figures 5F, G). The statistical analyses of the results mentioned above are represented in Figures 5H–J and Supplementary Tables S11 and  S12. In addition, the expression of EMT-related proteins was detected by Western blot. After the analysis, it was observed that after transfection with si-COL1A1–2 or si-COL5A1–1, the protein expression of E-cadherin was upregulated, whereas the protein expressions of Snail, Vimentin, and N-cadherin were significantly downregulated (Figure 5K). These data were also confirmed through immunofluorescence analysis (Figure 5L). Quantification of WB analysis is shown in Figures 5M, N and Supplementary Table S13.




Figure 5 | Downregulating COL1A1 or COL5A1 expression can inhibit migration, invasion, and EMT in PTC cells. The knockdown efficiency of COL1A1 and COL5A1 were analyzed by (A, B) qRT-PCR and (C–E) and Western blotting. Additionally, (F) wound healing and (G) Transwell assays were conducted to evaluate PTC cells migration and invasion, which proved that both si-COL1A1–2 and si-COL5A1–1 significantly impaired migration and invasion ability in K1 and B-CPAP cells. (H–J) The statistical results of wound healing assays and Transwell assays. (K) Western blot and (L) immunofluorescence analyses were performed to determine the expression of EMT-related proteins detection in PTC cells transfected with si-COL1A1–2 and si-COL5A1–1. (M, N) Western blotting assay showing the protein expression levels of EMT-related in PTC cells. In the figure, ***p < 0.001, ****p < 0.0001.





miR-29b-3p Inhibits PTC Cell Growth and Decreases the Expression of COL1A1 and COL5A1 In Vivo

A tumor formation assay was performed in nude mice to confirm the effects of miR-29b-3p on the tumorigenesis of PTC. We successfully established a subcutaneously implanted tumor model of PTC in nude mice by subcutaneous injection of K1 cells. After 3 weeks’ growth, miR-29b-3p agomir or control agomir were intratumorally injected every 3 days for 12 days, and tumor growth was monitored (Figure 6A). According to the curves of tumor growth, an injection of the miR-29b-3p agomir significantly inhibited tumor growth compared to the control group (Figure 6B; Supplementary Table S14). As shown in Figures 6C, D, 33 days after tumor xenografts, tumors were excised from the nude mice and weighed, and tumors in the miR-29b-3p agomir group were lighter than the control agomir group. Furthermore, immunohistochemical analysis of COL1A1 and COL5A1 expression was performed using the xenograft tumors from miR-29b-3p agomir or control agomir-treated mice. It was revealed that the protein expression levels of COL1A1 and COL5A1 were significantly decreased in the miR-29b-3p agomir group as compared with that of the control agomir group (Figure 6E). The results of our in vivo experiments established a negative correlation between miR-29b-3p and COL1A1 and between miR-29b-3p and COL5A1.




Figure 6 | miR-29b-3p inhibits PTC cell growth and decreased COL1A1 and COL5A1 expression in vivo. (A) Schematic diagram of the in vivo experimental process. (B) Tumor growth curves of control agomiR (n = 5) and miR-29b-3p agomiR (n = 5) in nude mice. (C) Gross pathology of tumors at post-transplanted day 33. (D) Statistical analysis of the mean tumor weight of tumor xenografts from nude mice after 33 days of treatment. (E) Immunohistochemistry analysis of protein expression levels of COL1A1 and COL5A1 in tumor xenografts treated with miR-29b-3p agomiR and control agomiR. In the figure, **p < 0.01, ****p < 0.0001.






Discussion

It is critical to explore molecular biomarkers of invasion and proliferation for prognosis and for carrying out personalized treatment regimens of tumor (23–27). MiRNA is a component of the gene regulation network, which regulates 30% human genes at the post-transcription level and participates in the occurrence of a range of diseases (28). MiRNA dysregulation has been identified as a hallmark of human malignancies (10, 29) and may be correlated with clinicopathological characteristics and disease activity of cancer (30–32). Several studies have demonstrated that miRNAs play an important role in the metastasis and progression of thyroid cancer (33–39). In the present study, we showed for the first time that miR-29b-3p expression was downregulated in PTC tissues as compared to normal tissues and was significantly negatively correlated in terms of tumor size, local lymph node metastasis, and TNM stage in patients with PTC.

To further explore the biological function of miR-29b-3p in PTC, we conducted experiments in vivo and in vitro. Further functional analysis revealed that the overexpression of miR-29b-3p could prominently constrain cellular proliferative, migratory, and invasive abilities of PTC cells. Furthermore, in vivo experiments showed that miR-29b-3p could inhibit in vivo growth of PTC cells in nude mice. This result is also found in other tumors in the study. For instance, miR-29b-3p functioned as an anti-cancer agent in glioblastoma tumors (40). Zhao et al. suggested that miR-29b-3p might inhibit pancreatic ductal adenocarcinoma cell migration, invasion, and endothelial dysfunction tube formation through inhibiting the expression of VGEFA, a well-known pro-cancerous gene (41). Subsequent studies supported that miR-29b-3p could suppress the growth of multiple myeloma and ovarian cancer cells (42, 43) along with the migratory and invasive abilities of liver carcinoma and esophageal cancer cells (44, 45) and the progression of bladder cancer by inhibiting the proliferative, migratory, and invasive abilities of oncocytes (46). These discoveries indicate the common essential function of miR-29b-3p in tumor metastasis and proliferation. The anticancer properties of miR-29b-3p have attracted growing interest, which has prompted us to further explore the downstream target of miR-29b-3p.

MiRNAs regulate gene expression by combining with the mRNA 3′-UTR, leading to target mRNA translation inhibition or cleavage. To explore the biological functions of miR-29b-3p, we found, by online bioinformatic tools, that six collagen genes were the potential target genes of miR-29b-3p. Collagens are extracellular macromolecules that are major structural proteins of the ECM. ECM is a major component of the cell microenvironment and provides support for surrounding cells (47). It plays an essential role in regulating cell proliferation, migration, morphology, function, and development (48). ECM remodeling is a critical biological process for the adhesion, motility, and migration of tumor cells (49, 50). Studies have suggested that ECM participates in tumorigenesis through cellular migration, growth, and EMT (51, 52). It is noteworthy that collagen-containing fibers can promote the migratory ability of oncocytes, and their proliferation and migration can be fostered by increasing the collagen density (53). Therefore, increasing evidence confirms that collagen is an essential regulatory protein that controls tumor infiltration, angiogenesis, invasion, and migration (54–57). Moreover, collagens have also been demonstrated to be involved in the initiation and progression of thyroid cancer (58–60).

In our study, the data from qRT-PCR, WB, and dual luciferase reporter assay solidly confirmed that miR-29b-3p directly targeted COL1A1 and COL5A1 3′‐UTR and thus caused degradation of type I and V collagens, which could explain the downregulation of miR-29b-3p in clinical tumor tissues. Our findings showed that COL1A1 and COL5A1 are highly expressed at both mRNA and protein levels in PTC tissues. Type I collagen is an important constituent of ECM and is the most abundant member of the collagen family. It has also been confirmed that COL1A1 can hasten the malignant phenotype and progression of various malignancies, such as gastric cancer, prostate carcinoma, mammary carcinoma, pancreatic ductal carcinoma, liver carcinoma, and lung carcinoma (61–67). A substantial number of studies have verified that COL5A1 is an essential factor for the metastasis of cells in gastric cancer (68), which may also be a new prognostic factor with respect to lung adenocarcinoma, breast cancer, tongue squamous cell carcinoma, and other tumors (69–71). High expression of COL5A1 can also accelerate the growth and progression of renal cell carcinoma (72). The functional analysis unveiled that both COL1A1 and COL5A1 facilitated the migratory and invasive abilities of PTC cells, and their overexpression could reverse the inhibitory roles of miR-29b-3p in the malignant behavior of PTC cells. We have further demonstrated that COL1A1 and COL5A1 trigger the EMT process and therefore participate in the maintenance of the aggressive phenotype and migratory phenotype of PTC cells. Nevertheless, in contrast to the controls, the overexpression of COL1A1 or COL5A1 did not markedly change the proliferative ability of PTC cells. Our study is the first to prove that both COL1A1 and COL5A1 enhance the invasion, migration, and EMT of PTC cells. Nevertheless, more evidence is essential to explain the pathways of these target genes participating in the migratory and invasive activities of PTC cells.

The above indicates that miR-29b-3p participates in the development of PTC by the remodeling of the ECM, which provides a new theoretical basis for future studies to PTC tumor microenvironment and its progression. However, several deficiencies exist in this study, as we observed a consistent relationship between the COL1A1 and COL5A1, while no regulatory relationship between them at the transcriptional level was shown. These results reflected that COL1A1 and COL5A1 were mainly regulated at the protein–protein level, not at the transcriptional level. However, due to the limitations in experimental conditions, the relationship of protein–protein interaction could not be investigated in this study. In addition, the ideal tumor metastatic models of PTC were not successfully established through injecting K1or B-CPAP cells into the abdomen or tail vein in this study.

In conclusion, we identified that miR-29b-3p is significantly downregulated in PTC, being correlated with cell proliferation, migration, and invasion. The mechanistic investigation revealed that miR-29b-3p directly targeted COL1A1 and COL5A1, thereby suppressing ECM remodeling, which is crucial for tumor invasion and metastasis. This study also generates new ideas for risk assessment and miRNA replacement therapy in PTC.
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There is increasing evidence that coatomer protein complex subunit beta 2 (COPB2) plays an important role in various cancer types. This study explored the role and the downstream mediators of COPB2 in prostate cancer (PCa). The expression of COPB2 was determined by the Cancer Genome Atlas database and enzyme-linked immunosorbent assay. COPB2 expression was upregulated in PCa tissues and correlated with Gleason score, biochemical recurrence, and poor prognosis. The functional roles of COPB2 in PCa were verified through a series of experiments. Knocking down COPB2 expression inhibited the growth and clonogenesis of PCa cells, promoted cell apoptosis, and inhibited the ability of scratch repair, invasion of PCa cells, and tumor growth in Nude mice. To analyze downstream signaling pathways, ingenuity pathway analysis, GSEA, and whole-genome expression spectrum GeneChip analysis were used. Western blot revealed that COPB2 expression promoted the proliferation and invasion of PCa cells by regulating the MAPK/TGF-β signaling pathway. The interacting protein (nuclear protein 1, NUPR1) was identified via Co-IP, real-time PCR, Western blot, and TCGA database in sampled tissues. The expressions of the interaction proteins NUPR1 and COPB2 were negatively regulated by each other. COPB2 could be a new biomarker for PCa diagnosis and monitoring and to provide a theoretical basis for identifying effective drug intervention targets through in-depth mechanistic studies.




Keywords: COPB2, MAPK/TGF-β signal pathway, NUPR1, proliferation, invasion, prostate cancer



Introduction

Approximately 248,530 new cases of prostate cancer (PCa) were diagnosed in the United States in 2021, causing 34,130 deaths in the same year. (1) With the economical and sociocultural development, the expended life expectancy and westernized lifestyle led to the increasing incidence and mortality rates of PCa in China (2, 3). At present, PCa is ranked sixth among the most frequent cancers and tenth among the most common cause of cancer-related deaths in China (2, 4–6).

Androgens are necessary for the occurrence and development of PCa; therefore, androgen deprivation therapy (ADT) is regarded as a first-line therapy for local/locally advanced/local metastatic PCa (7). Nevertheless, most patients develop castration-resistant PCa (CRPC) after 2 to 3 years of ADT, leading to bone metastasis in over 90% of patients (8, 9). Novel targeted drugs have been developed. These include abiraterone, which blocks the cytochrome p450 17A1 enzyme; cabazitaxel, which targets tubulin; sipuleucel-T, which targets the immune system; and enzalutamide, which inhibits the nuclear translocation, DNA binding, and coactivator recruitment of androgen receptors (10, 11). However, metastatic CRPC is still considered an incurable disease (12). Hence, there is an urgent need to identify unreported biomarkers and related molecular mechanisms underlying the development of CRPC.

To identify potential biomarkers or drug targets for PCa/CRPC, the differential expression of COPB2 was detected by label-free quantitative proteomics (13). COPB2 is situated on chromosome 3q23 and encodes a protein containing 906 amino acids (102.5 kDa) (14, 15). Furthermore, COPB2 is not only involved in vesicle transport, but also participates in the development of tumor cells as an oncogene (15). COPB2 was also proved to be involved in PCa cell proliferation, cycle, and apoptosis in vitro (13, 16). To further explore whether COPB2 also participates in cell invasion and to assess its underlying role and mechanism of action, clinical analysis using cell culture models and Nude-mice models and GeneChip analysis were applied. In summary, investigating the role of COPB2 in PCa/CRPC development is critical for determining whether it may serve as a potential biomarker in future medical research.



Materials and Methods


Ethical Clearance

Paraffin-embedded tissue blocks were obtained from the department of pathology, the Affiliated Hospital of Jiangnan University, Affiliated Changzhou No. 2 Hospital of Nanjing Medical University and Huashan Hospital of Fudan University between January 2012 and December 2016, which included samples from 118 PCa patients. None of the patients had received ADT or radiotherapy before surgery. Clinicopathological and prognostic parameters are shown in Table 1. The clinical samples and patients (LS202128) were approved by the Research Ethics Committee of Affiliated Hospital of Jiangnan University, Affiliated Changzhou No. 2 Hospital of Nanjing Medical University and Huashan Hospital of Fudan University.


Table 1 | Correlation between COPB2 expression and clinicopathological factors.





Immunohistochemistry Staining

Paraformaldehyde (4%) was used to fix collected tissue samples. Paraffin-embedded tissues were cut into 4-μm-thick sections. Tissue sections were dewaxed, hydrated, then permeabilized with 0.5% Triton X-100 at room temperature (25°C) for 10 min, blocked with 3% H2O2 for 30 min and 10% goat serum for 30 min. Next, the samples were incubated with antibodies against COPB2 (1:100 dilution, Bioworld, Minnesota, USA) at 4°C overnight. Thereafter, images of the sections were taken. The subsequent steps were performed using the GTVision III Detection System/Mo&Rb (Gene Tech, Shanghai, China).



Cell Lines and Cultures

Two PCa cell lines, PC-3 and DU-145, were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and cultured in RPMI-1640 medium (Gibco, USA) containing 10% fetal calf serum (Gemini, USA), 100 μg/ml streptomycin (Sangon Co. Ltd., Shanghai, China), and 100 U/ml penicillin (Sangon Co. Ltd., Shanghai, China) at 37°C in a 5% CO2 incubator.



Bioinformatics Analysis

COPB2 expression was collected and downloaded from The Cancer Genome Atlas (TCGA) online database (http://tcga-data.nci.nih.gov/tcga/). First, the expression of COPB2 in normal and cancerous prostate tissues was analyzed. Second, the biochemical recurrence based on prostate-specific antigens was evaluated using the Kaplan–Meier survival curve. In addition, to assess the association between COPB2 expression and disease progression (such as Gleason score and metastasis), COPB2 expression was investigated according to the Gleason score (≤ 7)/(> 7) in primary/metastatic PCa; for that, publicly available datasets from the Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) were used. All TCGA and GEO data were calculated and processed using R software (http://www.r-project.org) and SPSS 17.0.



Serum Preparation and Monitoring of Secretory COPB2 Expression Using Enzymelinked Immunosorbent Assay (ELISA)

Blood samples were obtained from 200 pairs of PCa patients and controls. Whole-blood samples were promptly centrifuged at 1000 × g for 5 min, and the supernatant was collected and stored at −20°C. Serum COPB2 levels were determined by a commercially available ELISA kit (Human COPB2 ELISA kit, Biomart, Shanghai, China), according to the manufacturer’s instructions. Briefly, serum specimens, standards, and biotin conjugates were added to the wells and incubated for 1 h at 37°C. The unbonded material was then washed away. After adding chromogen solution, the samples were incubated at 37°C for 15 min in the dark. The colorless solution was transformed into a blue solution, and the color intensity was proportional to the COPB2 content in the sample. Owing to the action of the acidic stop, the color turned yellow. Staining reaction products were measured at a wavelength of 450 nm using an automated ELISA analyzer (Rayto, RT-1904C Chemistry Analyzer, Atlanta, GA, USA).



Quantitative Real-Time PCR

RNA extraction from PCa cell lines was performed using the RNAiso Plus kit (Takara, Japan). RNA was then reverse-transcribed into cDNA using the PrimeScript™ RT reagent kit (Takara) according to the manufacturer’s instructions. The primer sequences used for COPB2, NUPR1 and GAPDH genes were shown in Table 2. SYBR Green Real-Time PCR assay kit (Takara) was used for PCR with an ABI 7500 PCR System (ABI, Co. Ltd., USA). The qRT-PCR protocol consisted of: initiation at 95°C for 30 s, followed by 40 cycles at 95°C for 5 s and 59°C for 30 s. The relative mRNA expression (COPB2/GAPDH or NUPR1/GAPDH) was determined using the 2-ΔΔCt method. All analyses were conducted in triplicate.


Table 2 | Sequences of primers used for qPCR.





Lentivirus-Mediated Small Hairpin RNA Construction and Determination of Infection Efficiency

shRNA target sequence (AGATTAGAGTGTTCAATTA) for COPB2 gene (NM_004766.2, http://www.ncbi.nlm.nih.gov/nuccore/NM_004766.2) was designed, and a non-silencing shRNA sequence (TTCTCCGAACGTGTCACGT) was adopted as a negative control (13, 16). Additionally, the shRNA target sequence (CCAAGCTGCAGAATTCAGA) for NUPR1 was obtained from Gene Chem Company (Shanghai, China). The process of detecting the infection efficiency was the same as that in previous studies (13, 16). The efficiency of transfection was > 80% via green fluorescent protein (GFP) fluorescence.



Cell Proliferation and Colony-Formation Assays

The proliferation of PC3 and DU145 cells was detected by MTT assay. After achieving the logarithmic growth phase, both of shCOPB2 and shCtrl cell cultures were trypsinized and resuspended in RPMI-1640 medium. The cells were plated in five 96-well plates followed by incubation at 37°C and 5% CO2. After incubation for 1, 2, 3, 4, and 5 days, the cells were incubated with 10 μl MTT for 4 h. Finally, the optical density at a wavelength of 570 nm was measured. According to the data, statistical data mapping and construction of cell proliferation curves were further analyzed. This assay was repeated in triplicate.

Cell collection and plate laying were the same as that in the MTT assay. Cellomics was performed 1, 2, 3, 4 and 5 days after plate laying. By adjusting the input parameters, cells transfected with lentivirus (the lentivirus included a plasmid of GFP) in each well were counted, and the data were statistically plotted.

For the colony-formation assays, cells were seeded in six-well plates; each experimental group was plated in three wells. The cells were cultured and observed for 10 days, and the medium was changed every 3 days. The colonies were fixed with paraformaldehyde (1 ml/well; Shanghai Pharmaceutical Group, Shanghai, China) for 30–60 min followed by Giemsa staining (500 ml/well; Shanghai Sangong, China) for 20 min. The colonies were visualized and counted using a fluorescence microscope (Olympus, Japan). This assay was performed in triplicate.



Apoptosis Analysis

Flow cytometry (FCM) was used to determine the apoptosis rate. shCOPB2 and shCtrl cell cultures were trypsinized and resuspended in RPMI-1640 medium after achieving the logarithmic growth phase. The cells were plated in 6-well plates, harvested, washed with phosphate-buffered saline, and centrifuged for 5 min. The cells were then washed with 1× binding buffer and centrifuged for 3 min. Cell pellets were resuspended in 200 μl 1× binding buffer. The suspension was stained with 5-ul-Annexin V-PE and 5-ul-7-AAD in a binding buffer in the dark at room temperature (25°C) for 15 min, then the cells were incubated for 1 h. The cells were analyzed using a flow cytometer (Thermo, USA) within 1 h to determine the proportion of cells in each phase of the cell cycle in each group and the apoptosis rate. This assay was performed in triplicate.



Western Blot Analysis

The expression of proteins was analyzed by western blot. Briefly, total protein was extracted using an immunoprecipitation protein lysis buffer (Beyotime Biotechnology, Shanghai, China). The protein concentration was determined using a BCA protein determination kit (Vazyme, Nanjing, China). Protein was separated by SDS-polyacrylamide gel electrophoresis. Each 100 μg protein sample was loaded onto 10% SDS-Page gel and transferred to a PVDF membrane (Amersham Biosciences, Buckinghamshire, UK) for 100 min. The primary antibodies were incubated in blocking buffer overnight at 4°C. The primary antibodies used were as follows: anti-GAPDH (1:3000 dilution; Bioworld, USA), anti-cyclin-dependent kinase 2 (CDK2; 1:1000 dilution; Cell Signaling Technology, USA), anti-cyclin D1 (1:1000 dilution; Cell Signaling Technology, USA), anti-CDK4 (1:1000 dilution; Cell Signaling Technology, USA), anti-p21 Waf1/Cip1 (1:1000 dilution; Cell Signaling Technology, USA), and anti-p27 Kip1 (1:1000 dilution; Cell Signaling Technology, USA). anti-MEK (1:1000 dilution; Cell Signaling Technology, USA), anti-p-MEK (1:1000 dilution; Cell Signaling Technology, USA), anti-ERK (1:1000 dilution; Cell Signaling Technology, USA), anti-p-ERK (1:1000 dilution; Cell Signaling Technology, USA), anti-P38 (1:1000 dilution; Cell Signaling Technology, USA), anti-p-P38 (1:1000 dilution; Cell Signaling Technology, USA), anti-MMP2 (1:1000 dilution; Cell Signaling Technology, USA), anti-MMP9 (1:1000 dilution; Cell Signaling Technology, USA), anti-JUK (1:1000 dilution; Cell Signaling Technology, USA), anti-p-JUK (1:1000 dilution; Cell Signaling Technology, USA), anti-E2F1 (1:1000 dilution; Cell Signaling Technology, USA), anti-PCNA (1:1000 dilution; Cell Signaling Technology,USA), anti- ZEB1 (1:1000 dilution; Cell Signaling Technology, USA), anti-transforming growth factor (TGF)-β (1:1000 dilution; Cell Signaling Technology, USA). Then secondary antibodies were incubated with fluorescently labeled for 2 h at room temperature (25°C). The intensity of the bands was quantified using the Image Lab™ Software (Bio-Rad). Bands were visualized using an Odyssey detection system (Licor Biosciences, Nebraska, USA). Image J was used for densitometry analysis. This assay was performed in triplicate.



Wound Healing Assay

shCOPB2 and shCtrl cells were cultured in RPMI-1640 medium with 10% fetal bovine serum. Wounds were made in the cell monolayer using a 10 μl plastic pipette tip. The size of the wound was imaged and measured after 12 h of wound formation. The cell migration area was measured with dashed areas and normalized to control cells. This assay was performed in triplicate.



Cell Invasion Assay

Cell invasion was evaluated using Transwell assays; the Transwell chambers (pore size: 8 μm, Corning) were matrigel-coated. The matrix glue was diluted with serum-free medium at 1:5. The lower chamber was filled with 500 μL of 20% FBS medium. Transfected PC3 and DU145 cells (6×104) in 200 μL of serum-free medium were gently loaded onto each filter insert (upper chamber) and then incubated at 37°C for 48 h. The filter inserts were removed from the chambers, fixed with 500 μL 4% paraformaldehyde for 40 min and stained with hematoxylin for 20 min. The samples were subsequently washed, dried, and mounted onto slides. The migratory cells were stained blue, visualized under an inverted microscope, and then counted in five random fields for statistical analysis.



Tumor Formation Assay in a Nude-Mouse Model

Virus-infected cells in the logarithmic phase at a density of 5×106/ml were mixed with 5 mg/ml basement membrane matrix to prepare a 1 ml cell suspension. A volume of 0.8 ml cell suspension containing 4×106 cells was injected into the right cutaneous axilla of Nude mice. Tumor size was observed and recorded every 4 days, when tumor length and diameter were measured. After 24 days, the Nude mice were euthanized by cervical pulp dissection, and the tumor was completely removed. Finally, the tumor growth curve was plotted. The animal study (JN. No20201030c0561225[274]) was reviewed and approved by the Ethics Review Committees of the Jiangnan University.



GeneChip Analysis

Total RNA was extracted using the TRIzol method. RNA concentrations were determined with a NanoDrop 2000 spectrophotometer (Thermo Scientific, Pittsburgh, PA, USA). Total RNA from were screened for differentially expressed genes using an Agilent RNA 6000 Nano Kit (Agilent, Santa Clara, CA, USA), and a PrimeView Human GeneChip (Agilent, Santa Clara, CA, USA) was used for microarray analysis. RNA labelling and hybridisation to Agilent miRNA microarray chips were performed with a GeneChip Hybridization Wash and Stain Kit (Agilent, Santa Clara, CA, USA) (17, 18). The GeneChip data was used to analyze by gene set enrichment analysis (GSEA), and differentially expressed genes were annotated using ingenuity pathway analysis (IPA) to predict path changes.



Co-Immunoprecipitation (Co-IP) Assay

This experiment was performed using 293T cells. An appropriate amount of COPB2 primary antibody was added to the cell lysate to couple the antibody to Protein A sepharose. According to the amount of expressed proteins and cell lysate, 1–5 μg antibody and 10 μl Protein A (50% suspension) were mixed to obtain a total volume of 1 ml, and the mixture was incubated at 4°C for 4 h. Beads were deposited by centrifugation (centrifugation at 10,000 rpm for 30 s) and washed three times with 1×HNTG buffer. The precipitate was eluted with 30 μl 1× Laemmli loading buffer. The binding of COPB2 and NUPR1 was detected via sodium dodecyl sulfate–polyacrylamide gel electrophoresis and western blot after heating at 100°C for 10 min. In turn, NUPR1 was first added, and COPB2-bound NUPR1 was detected.



Statistical Analysis

Before performing statistical analyses, the distribution of all data was normalized. The Wilcoxon nonparametric test was used to compare the expression of COPB2 in the serum. Fisher’s exact test or chi-square test was used to analyze the correlation between COPB2 and clinical features and prognosis of PCa. Univariate and multivariate analyses of COPB2 expression and clinical features and prognosis of PCa were performed using binary logistic regression. The t-test was used for comparison between groups. Statistical analysis was performed using SPSS17.0 software, and P-values < 0.05 were considered statistically significant. Data are expressed as the mean ± standard deviation. Images were produced using GraphPad Prism 8 and Illustrator CC 2018.




Result


COPB2 Expression is Upregulated in PCa Tissues and Correlated With Poor Prognosis

The data (Figures 1A-D) were derived from TCGA. First, the expression of COPB2 in PCa tissues (n = 499) and normal tissues (n = 52) from TCGA cohorts were analyzed. According to Figure 1A, COPB2 was overexpressed in PCa tissues (P < 0.01). Second, the level of COPB2 expression was higher in patients with Gleason score > 7 than in patients with Gleason score ≤ 7 (200) from the GEO dataset (GSE16560, P = 0.015) (Figure 1B). Next, COPB2 expression was higher in primary PCa samples (65) than in metastatic PCa samples (25) from the GEO dataset (GSE6919) (Figure 1C). The curve and correlation analyses showed a tendency for patients with high COPB2 expression to have a higher percentage of biochemical recurrence (Figure 1D). These databases indicated that COPB2 was closely associated with PCa, and further clinical data were needed to verify the clinical relevance of COPB2. According to the samples and information collected from 118 patients with PCa who underwent radical prostatectomy (RP), the correlation between COPB2 expression level, clinical characteristics, and biochemical recurrence of PCa were analyzed. The results showed that COPB2 expression level was positively correlated with Gleason score and postoperative biochemical recurrence (P = 0.007, P < 0.001, and P < 0.001, respectively) (Table 1). Univariate and multivariate analyses suggested that patients with high COPB2 expression had a higher postoperative biochemical recurrence rate (P = 0.007 and 0.012, respectively) (Table 3). Peripheral blood samples were collected from 42 PCa patients and 42 benign prostate hyperplasia (BPH) patients. Serum was collected by centrifugation, and an ELISA kit was used to detect secreted COPB2. The results showed that the content of secreted COPB2 in the peripheral blood and serum of PCa patients was significantly higher than in BPH patients. (P = 0.014, Figure 1E).




Figure 1 | Difference expression of COPB2 in clinical characteristics of PCa. (A) Expression of COPB2 between PCa tissue (499) and normal tissue (52) from TCGA cohort. (B) Level of COPB2 expression was analyzed in Gleason score ≤ 7 (200) and Gleason score > 7 (81) from GEO dataset (GSE16560). (C) Level of COPB2 expression was analyzed in primary PCa samples (65) and metastatic PCa samples (25) from GEO dataset (GSE6919). (D) An analysis of recurrence-free survival in patients with PCa by the Kaplan-Meier method. FPKM: Fragments Per Kilobase of exon model per Million mapped fragments. (E) The secretory of COPB2 in serum from peripheral blood between normal samples and PCa patients.




Table 3 | Prognostic factors for recurrence-free survival in univariate and multivariate analyses.





Function of COPB2 in the DU-145 Cell Line

The expression of COPB2 knockdown in DU145 cells was significantly inhibited, as indicated by qRT-PCR and western blot, compared to COPB2 expression in the shCtrl group (Figures 2A, B). MTT assay illustrated that the proliferation abilities of PCa cells were reduced notably after COPB2 knockdown (Figure 2C). FCM showed that knocking down COPB2 increased cell apoptosis compared to that in the shCtrl group (Figure 2D). Moreover, the effects of COPB2 knockdown on the cell cycle of PCa cells were confirmed. The results showed that COPB2 knockdown resulted in significantly decreased ratios of S phase and G2/M phase arrest (Figure 2E). According to GFP-based Cellomics Array Scan VTI imaging, cell proliferation was significantly inhibited in the shCOPB2 group compared with shCtrl group (Figure 2F). Colony-formation assay testified the colony-formation abilities of PCa cells were reduced clearly after COPB2 knockdown (Figure 2G). Overall, these results demonstrated that silencing COPB2 inhibited PCa cell proliferation and promoted apoptosis.




Figure 2 | The function of COPB2 protein in DU-145 cell line. (A) Identification of COPB2 knockdown efficiency using shCOPB2 by qRT-PCR. (B) Western blot analysis of COPB2 protein expression in shCtrl and shCOPB2 groups. (C) Cell proliferation was assessed in shCtrl and shCOPB2 groups using MTT assays. (D) Cell apoptosis: FCM showed that the shCOPB2 increased cell apoptosis compared with the shCtrl group. (E) Cell cycle: FCM analysis shCOPB2 induced a G1-phase arrest. An obvious increase in the G1-phase cell population and a significant decrease in the S-phase and G2-phase cell population were observed compared with the shCtrl group. (F) Cell proliferation was significantly inhibited in shCOPB2 group compared with shCtrl group according to GFP-based Cellomics Array Scan VTI imaging. (G) Colony-formation analysis by light microscopy. After lentiviral transfection of DU-145 cells, the shCOPB2 group displayed a significantly reduced number of cell colonies compared with the shCtrl group. *P < 0.05, **P < 0.01, ***P < 0.001.





COPB2 Knockdown Inhibits the Ability of Wound Healing and Invasion in PC-3 and DU-145 Cell Lines

The effect of COPB2 on PCa metastasis was explored. The shCOPB2 group had decreased wound size compared to the shCtrl group in wound healing assays in PC3 and DU145 cells lines (Figure 3A). Transwell assays showed that COPB2 knockdown inhibited the invasion of PC3 and DU145 cells (Figure 3B). Western blot was used to detect the epithelial-mesenchymal transformation (EMT) proteins associated with cell invasion. The results showed that the expression of EMT-related interstitial proteins (Vimentin, N-cadherin, Snail, and FN1) was significantly decreased in the shCOPB2 group (Figure 3C), suggesting that COPB2 knockdown significantly inhibited EMT transformation and tumor invasion.




Figure 3 | COPB2 knockdown inhibited migration and invasion in PC-3 and DU-145 cell lines. (A) A wound healing assay was performed to study the migration of COPB2 knockdown on PC-3 and DU-145 cell. (B) A Transwell assay was performed to study the invasion of COPB2 knockdown on PC-3 and DU-145 cell. (C) Motility inhibition by COPB2 knockdown was associated with EMT suppression in PC-3 and DU-145 cells. EMT markers (Vimentin, N-Cadherin, Snail, and FN1) were assessed by western blot. *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant.





COPB2 Knockdown Inhibits Tumor Growth in Vivo

For investigating the function of COPB2 in vivo, a tumor xenograft mouse model was constructed using PC3 cells, and the tumor size was measured every 4 days. After 24 days, the tumor was dissected (Figure 4A). The results showed that the growth rate of shCOPB2 group was significantly slower (P < 0.05, Figure 4B), and the corresponding tumor weight was significantly lower than shCtrl group (P < 0.05, Figure 4C). In addition, IHC staining indicated that COPB2 expression in the shCOPB2 group was significantly lower than shCtrl group in tumor tissues (Figure 4D). Together, these data confirmed that COPB2 knockdown inhibited PCa tumor growth in vivo.




Figure 4 | COPB2 knockdown inhibited tumor growth in Nude mice. (A) Tumors grew in Nude mice were removed at day 24 after xenograft. (B, C) Knockdown of COPB2 inhibited tumor growth of xenograpted PC-3 cells based on two-dimensional caliper measurements of volume and weight of tumors, respectively. (D) Representative immunostaining images (original magnification, ×100). **P < 0.01.





Cell Cycle and Apoptosis-Related Proteins Were Detected via Western Blot

Cyclin-dependent proteins cyclin-dependent kinase (CDK2 and CDK4), cyclin D1, CDK inhibitor proteins (P27 kip1 and P21 WAF1/CIP1), PCNA, RAD51, and E2F1; apoptosis markers (PARP, cleaved PARP, caspase-3, and cleaved caspase-3) were detected via western blot. The results revealed that the expression of cyclin and cyclin-dependent kinase was reduced, and the expression of CDK inhibitor was increased in shCOPB2 group. Meanwhile, cleaved PARP and cleaved caspase-3 expression was significantly increased, suggesting that knocked-down COPB2 blocked the cell cycle and promoted apoptosis, which was consistent with the results of functional experiments (Figure 5).




Figure 5 | Cell cycle and apoptosis signaling pathways mediated COPB2-induced proliferation of PC-3 and DU-145 cells. Western blot analysis of CDK2, CDK4, cyclin D1, p27 Kip1, PCNA, RAD51, E2F1, PARP, cleaved PARP, Caspase-3 and cleaved Caspase-3 in shCOPB2 and shCtrl groups in two PCa cell lines. *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant.





Role of Increased COPB2 Expression in PCa and Downstream Mechanisms

COPB2 expression was interfered in PCa cell line PC-3, and the whole gene expression profile was detected by microarray. Genes with differential multiple selection (> 2 or < 0.5) were selected for IPA analysis combined with bioinformatics. Furthermore, heat map and hierarchal clustering of the transcriptome expression in COPB2-knockdown samples and control samples was analyzed. Pseudo-color was used to represent the strength of gene expression from the array analysis. Green denotes low expression, and red denotes high expression. According to the analysis of heat map, the gene-expression profile was different between shCOPB2 group and shCtrl group. (Figure 6A). In addition, IPA analysis of the enrichment of downstream signaling pathways indicated that mitogen-activated protein kinase (MAPK) and TGF-β signaling pathways, related to tumor proliferation and invasion, were ranked at the forefront of differential pathways (Figure 6B). To analyze microarray data by GSEA, and found that MAPK and TGF-β signaling pathways were enriched and positively correlated with COPB2 expression after COPB2 knockdown. These results suggested that MAPK and TGF-β signaling pathways participated in the biological process of PCa proliferation and invasion as downstream regulatory signals of the COPB2. (Figure 6C). Differential genes were enriched by IPA, diseases and functions were classified. For instance, disease and function heat map showed the relationship between up/down regulated and differential gene expression and inhibition/activation in disease and function (Supplementary Figure 1); and disease and function histogram showed the enrichment of differentially expressed genes in disease and functional categories [-Log (P-value) Transformation] (Supplementary Figure 2). The upstream regulatory sub-network diagram showed the enrichment of differentially expressed genes in classical signaling pathways [-Log (P-value) Transformation] (Supplementary Figure 3). The regulatory effect network diagram showed the interaction between genes/regulators and corresponding functions in the dataset, and NUPR1 was the interaction protein downstream of COPB2 (Supplementary Figure 4).




Figure 6 | GeneChip analysis for COPB2 knockdown and control groups, and IPA. (A) Hierarchical clustering graph of transcriptome expression of COPB2-knockdown samples and control samples in heatmap analysis. Pseudo-color was used to represent the intensity of gene expression from the array analysis. Green and red denote low and high expression, respectively. (B) IPA analyses the enrichment of downstream signaling pathways. (C) Correlation in enrichment plot, the horizontal axis represents genes, and the vertical line in the middle plot represents genes in this pathway. The ‘h’ (red) indicated that the pathway was enriched in the positively related pathway; the ‘l’ (blue) indicated that the pathway was enriched in the negatively related pathway.





Confirmation of MAPK and TGF-β Signaling Pathways

Western blot analysis indicated that the expressions of the MAPK signaling pathway-related proteins p-MEK, p-P38, p-JUK, c-fos, CREB, c-jun, and c-myc were downregulated in the shCOPB2 group compared to shCtrl group (Figures 7A, B). The expression of p-ERK was inhibited in DU145 cells, nevertheless, activated in PC3 cells. It was suggested that COPB2 knockdown led to changes in the MAPK signaling pathway. As MAPK signaling was involved in cell proliferation, COPB2 might ultimately promote cell proliferation through downstream MAPK signaling. Second, we detected the expression of key proteins in the TGF-β signaling pathway (TGF-β and Smad2) in PC3 cells, and the results revealed that the expression of TGF-β and Smad2 was downregulated in the shCOPB2 group (Figure 7C), suggesting that COPB2 was also involved in downstream TGF-β signaling. As TGF-β signaling was involved in tumor invasion, COPB2 might induce the invasion of PCa cells through downstream TGF-β signaling pathways.




Figure 7 | MAPK and TGF-β signaling pathways mediated COPB2-induced proliferation of PCa cells. (A) Western blot analysis of MEK. p-MEK, ERK, p-ERK, P38, p-P38, JUK, p-JUK in shCOPB2 and shCtrl groups in PC-3 and DU-145 cell lines. (B) Western blot analysis of c-fos, CREB, c-jun, and c-myc in shCOPB2 and shCtrl groups in PC-3 and DU-145 cell lines. (C) Western blot analysis of TGF-β and Smad2 in shCOPB2 and shCtrl groups in PC-3 cell lines. **P < 0.01, ***P < 0.001, ns, not significant.





NUPR1 is the Interaction Protein Downstream of COPB2 Expression

When COPB2 expression was interfered in PC-3 cells, the whole gene expression profile was detected by GeneChip analysis, and the date were analyzed by bioinformatics and IPA. The results indicated that NUPR1 was the most activated protein (Z-score = 6.500), and its expression was most significantly upregulated after COPB2 expression was inhibited (Figure 8A). IPA bioassay revealed NUPR1 regulatory target genes (Figure 8B). In addition, the negative regulation of COPB2 and NUPR1 was verified in PC-3 cells. After COPB2 knockdown, NUPR1 mRNA and protein expression was upregulated, as revealed via qRT-PCR and western blot, respectively (Figures 8C, D). In contrast, COPB2 expression was upregulated after NUPR1 knockdown (Figures 8E, F). Then COPB2 and NUPR1 binding was verified in 293T cells. The Co-IP assay confirmed that the COPB2 antibody pulled down NUPR1 expression, whereas the NUPR1 antibody pulled down COPB2 expression, indicating that they were bound to each other (Figure 8G). Furthermore, the expression data of COPB2 and NUPR1 in PCa tissues were extracted from the TCGA database, and the relativity between COPB2 and NUPR1 expression was analyzed using the Pearson correlation coefficient. The results indicated that there was a negative correlation between COPB2 and NUPR1 expression in PCa tissues (P < 0.01) (Figure 9).




Figure 8 | NUPR1 is the interaction protein in the downstream of COPB2. (A) The most different downstream regulators after COPB2 was downregulated, in which NUPR1 was the most activated (Z-score = 6.500), ESR1 was the most inhibited (Z-score = -4.709). (B) The interaction between NUPR1 and its downstream regulators by IPA analysis. Orange line between the upstream regulator and gene expression of consistent activation state, the blue line shows the upstream consistent inhibition between regulators and gene expression of the state, and the yellow line shows the upstream regulator between gene expression of the state, gray line shows the state related data set does not exist and the expression of forecasting information. (C, D) The mRNA and protein expression of NUPR1 after COPB2 knockdown via qRT-PCR and western blot. (E, F) The mRNA and protein expression of COPB2 after NUPR1 knockdown via qRT-PCR and western blot. (G) COPB2 can combine with NUPR1 by Co-IP. **P < 0.01.






Figure 9 | Bioassay showed negative correlation between COPB2 and NUPR1 expression.






Discussion

Vesicles play a critical role in membrane transport between the endoplasmic reticulum (ER) and Golgi apparatus (19, 20). COPI-coated vesicles, which contain seven non-clathrin-coated vesicular coat subunits, play a role in the early secretory pathway. COPB2 is one of subunits involving the transport between ER and Golgi (21–25). After so many researches, the differential and functional COPB2 protein was identified. COPB2 is involved in material transport, energy metabolism as a vesicular envelope protein and tumor progression (15, 26–28). In the present study, a model of MAPK/TGF-β/COPB2/NUPR1 axis in control of cell proliferation, migration, and invasion in PCa cells was proposed (Figure 10).




Figure 10 | Proposed model of MAPK/TGF-β/COPB2/NUPR1 axis in control cell proliferation, migration and invasion in PCa cells. Vesicles plays a critical role in membrane transport between ER and Golgi apparatus. COPI-coated vesicles, which contain seven non-clathrin-coated vesicular coat subunits, play its function in the early secretory pathway. COPB2 is one of subunits involving in transport between ER and Golgi. After many researches have been done, we have identified the differential and functional COPB2 protein. On one hand, the COPB2 can be as a molecular to be secreted to serum and be considered as a biomarker to detect some potential PCa patients. On the other hand, more important, COPB2 can promote cell proliferation, migration and invasion via MAPK/TGF-β signaling pathway in PCa. The least but not the last, COPB2 can interaction with NUPR1, which is a transcription factor associated with cancer development and advancement.



COPB2 can be secreted as a molecule in serum and considered as a biomarker to detect potential PCa patients. First, COPB2 was associated with clinical characteristics and biochemical recurrence, and patients with high COPB2 expression were likely to have high Gleason scores and biochemical recurrence rates after RP. The results of proliferation- and invasion-related experiments showed that interfering with COPB2 notably restrained the proliferation and invasion ability of PCa cells, indicating that COPB2 was an oncoprotein. Sudo et al. (29) first confirmed that siRNA interference with COPB2 could inhibit cell proliferation and promote apoptosis in a mouse model of malignant mesothelioma. Furthermore, it was reported that COPB2 affected the cell cycle by regulating p21 and cyclin A, promoted the proliferation of colon cancer cells ultimately (30). Li et al. (31) confirmed that knock-downing COPB2 markedly inhibited the proliferation of bile duct cancer cells and promoted apoptosis in the G1 phase by blocking the cell cycle. The aforementioned studies corroborated this study’s results, which jointly stated that COPB2 was an oncogene, which was of great significance for further research.

Moreover, COPB2 promoted cell proliferation, and invasion via MAPK/TGF-β signaling pathway in PCa. The expression spectrum GeneChip analysis combined with IPA were used to analyze the downstream signaling pathway in the initial screening and revealed the involvement of downstream MAPK/TGF-β signaling in the proliferation and invasion of PCa.

COPB2 interacted with NUPR1, which was a transcription factor associated with cancer development and advancement; NUPR1 produced a marked effect in cellular stress response and participated in tumor metastasis (32). NUPR1 was first found in a rat acute pancreatitis model and was afterwards found to be high-expressed in human metastatic breast cancer cells and identified as com-1 (33). Knocking down NUPR1 in liver cancer, pancreatic cancer, glioma, and lung cancer inhibited cell proliferation, migration, and invasion and EMT transformation; it also promoted apoptosis, increased tumor drug sensitivity, and participated in MAPK and TGF-β pathways—MAPK and TGF-β were potential oncoproteins (34–36). However, in some types of tumors, NUPR1 acted as a tumor suppressor gene. In a previous study, the expression level of NUPR1 was negatively correlated with the grade of colon cancer, and the expression of NUPR1 was lower in high-grade colon cancer tissues than in normal tissues (37). NUPR1 was significantly under-expressed in PCa tissues, with knocking down NUPR1 accelerating cell growth and enhancing infiltration capacity. Overexpression of NUPR1 reversed phenotype and significantly inhibited the growth of Nude-mice subcutaneous graft tumors (38). In this study, COPB2 and NUPR1 exhibited a negative regulatory relationship, which expanded the understanding of the COPB2 mechanism. Meanwhile, there weren’t retrieving relevant reports on the mutual regulation of COPB2 and NUPR1. Therefore, further in-depth studies of the role and mechanism in the PCa progression is of utmost importance.

There are also a few limitations in this study. Owing to the limited number of clinical samples, false-positive or false-negative conclusions may have occurred, the results need to be supplemented by subsequent experiments. Subcutaneous tumorigenesis in Nude mice was used in the in vivo experiment, which lacked the specificity of PCa; the in situ model of PCa should be established in a follow-up experiment, that will be more convincing. In future studies, the select appropriate pathway inhibitors and protein markers should be chosen for functional tests, the positive and negative feedback experiments should be selected to verify whether COPB2 further participates in the biological functions of PCa through MAPK/TGF-β signaling pathway. Finally, the relationships or functions (such as co-location, co-expression, rescue experiments) between NUPR1 and COPB2 should be carried out, and also the subsequent mechanisms need to be further studied.



Conclusion

The differential functional protein COPB2 is expected to become a new biomarker for PCa diagnosis and monitoring, and studying it may provide a theoretical basis for identifying effective drug intervention targets through in-depth mechanistic studies.
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Family with sequence similarity 107, member A(FAM107A) was supposed as a tumor suppressor for various types of tumors. However, no pan-cancer analysis of FAM107A is available. Therefore, we conducted a FAM107A-related pan-cancer analysis across thirty-three tumors based on TCGA database to explore the molecular characteristics of FAM107A. The FAM107A expression is reduced in most cancers, and its down-regulated expression was linked to poor overall survival and progression-free survival of tumor patients. Analysis of DNA methylation of the FAM107A gene showed a negative correlation between FAM107A expression and promoter methylation in numerous cancers. Furthermore, FAM107A expression was noted to be involved in myeloid-derived suppressor cell infiltration in multiple cancers. To explore the mechanism of FAM107A in cancers, KEGG, and GO enrichment analysis was performed and the result showed “cell adhesion” and “cAMP signaling pathway” terms as the potential impact of FAM107A on cancers. An experiment in vitro showed FAM107A knockdown promoted the proliferation, migration, and invasion of bladder cancer and renal cancer cells. Our study indicates that FAM107A may be a putative tumor suppressor in bladder cancer and other tumors.
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Introduction

According to statistics released by the International Agency for Research on Cancer (IARC), there were an estimated 19.3 million new tumor cases and nearly 10 million tumor death worldwide in 2020 (1). At this time, tumor as a genetic disease has become a consensus. Since the global situation of tumor morbidity and mortality is serious, it is urgent to identify cancer-related biomarkers that can be useful for tumor prevention and treatment. Early on, numerous oncogenes were identified through functional analysis of tumor genome by the known positive selection systems, with some tumor suppressor genes identified through analysis of the loss of heterozygotes (2–5). However, the understanding of the molecular mechanism of tumor occurrence and progression is still limited.

With the deepening exploration of cancer genomes, tumor molecular biological research has gradually come into the era of Pan-cancer analysis. Pan-cancer analysis refers to the simultaneous analysis of various types of tumor genomes to clarify common characteristics of tumors from different sources, which help to better understand tumors and provide broad-spectrum targets for clinical diagnosis and treatment of various tumors (6, 7). In the past decade, the Systematic Cancer Genome Project, including the Cancer Genome Atlas Project, has applied new sequencing technologies to analyze the whole genome of specific tumor types (8, 9). These specific techniques have identified new driving genes that lead to alterations in tumor biological properties, classified new molecular subtypes, and identified new biomarkers according to differences in genomics, transcriptomics, and proteomics. At present, massive clinical information and gene sequencing data of various tumor types, including transcriptome data, copy number variation, DNA methylation, and single nucleotide variation information, can be acquired for a variety of public databases, such as The Cancer Genome Atlas (TCGA), Gene Expression Omnibus(GEO), and the Oncomine database. The availability of these databases renders it expedient to perform a pan-cancer analysis.

Family with sequence similarity 107, member A (FAM107A), also known as Down-regulated in renal cell carcinoma 1 (DRR1) or Tohoku University cDNA clone A on chromosome 3 (TU3A), was firstly identified in the region of human chromosome 3p21.1, with a total length of about 10 KB and a transcript length of about 3.5 KB (10, 11). The encoded protein contains 144 amino acids, which acts as a stress-inducible actin-binding protein that participates in modulating actin filamentous (F-actin) dynamics (12). The results of gene homology analysis showed that FAM107A gene is highly homologous in human, mouse, rat, dog, cow, chicken, macaque, orangutan, and Xenopus laevis (13). The FAM107A gene is widely expressed in various normal tissues, especially in the nervous system. Sequencing analysis of amino acid showed that FAM107A has a coiled-coil (CC) domain and a nuclear location signal (10, 13). FAM107A was initially considered as a tumor suppressor. Its expression level decreased significantly or even disappeared in a variety of malignant tumors such as renal cell carcinoma, cervical cancer, colon cancer, laryngeal squamous cell carcinoma, prostate cancer, lung cancer, and Hodgkin’s lymphoma (10, 14–19). A number of studies have confirmed that FAM107A is involved in the process of tumorigenesis and tumor progression in some specific tumor types. Nevertheless, it is necessary to perform a pan-cancer analysis to clarify the molecular characteristics and potential role of FAM107A gene in cancers.

In this current study, a pan-cancer analysis of FAM107A gene expression characteristics and patient prognoses was conducted for the first time by using various public databases such as the TCGA project, Oncomine databases, GEPIA2, the Cbioportal, and the Clinical Proteomic Tumor Analysis Consortium (CPTAC). In addition, correlations between FAM107A expression, genetic mutation, DNA methylation, and immune infiltration were explored. Finally, the expression and potential biological functions of FAM107A were analyzed and verified in vitro experiments with bladder cancer cell lines.



Materials and Methods


Gene Expression Analysis of FAM107A

To observe the expression level and the expression difference of FAM107A between tumor and adjacent normal tissues for the different tumors or specific tumor subtypes, FAM107A was firstly investigated via the Oncomine dataset (https://www.oncomine.org/), a platform with the integrated results of high-quality standard tumor tissue microarray in the literature and the microarray database, as well as the analysis of 14 annotation databases. Besides, FAM107A was also input in the “Gene_DE” module of TIMER2 (Tumor immune estimation resource, version 2) website (http://timer.cistrome.org/) which is a website for analysis of gene expression of virous tumor types and tumor infiltrating immune cell components based on the data of the TCGA project (20). Next, the “Expression Analysis-Box Plots” module of the GEPIA2 (Gene expression profiling interactive analysis, version 2) website (http://gepia2.cancer-pku.cn/#analysis) (21), with the settings of P-value cutoff = 0.01, log2FC (Fold change) cutoff =1, and “Match TCGA normal and GTEx data”, was applied to obtain box plots of the expression difference between the tumor tissues and the corresponding normal tissues of the GTEx (Genotype-tissue expression) database for those certain tumors without normal tissue matched as controls in TIMER2 database. In addition, the “Pathological Stage Plot” module of GEPIA2 was selected to analyze the FAM107A expression in different pathological stages of all TCGA tumors via violin plots. In addition, we conducted FAM107A protein expression analysis of the CPTAC (Clinical proteomic tumor analysis consortium) dataset via the UALCAN portal (http://ualcan.path.uab.edu/analysis-prot.html), a comprehensive website for analysis of cancer OMICS data (22). Moreover, to further analyze the expression level of FAM107A in tumor cells, the Broad Institute Cancer Cell Line Encyclopedia (CCLE) website (https://portals.broadinstitute.org/ccle/about) was applied to visualize the FAM107A expression of diverse cancer cell lines.



Survival Prognosis Analysis

According to the median expression level of FAM107A, tumor cases were divided into a high expression group and a low expression group to explore the relationship between FAM107A expression and the prognosis of different tumor patients. The “Survival Map” module of GEPIA2 (21) was used to obtain the overall survival (OS) and disease-free survival (DFS) significance map data of tumor patients with different FAM107A expression in TCGA database. By applying cutoff-high (50%) and cutoff-low (50%) values as the expression thresholds, all tumor cases were separated into the high-expression and low-expression cohorts. The Kaplan-Meier (K-M) survival plots were acquired by performing the log-rank test through the “Survival Analysis” module of GEPIA2 (21).



Analysis of Genetic Alteration

The cBioPortal (https://www.cbioportal.org/) (23, 24), a website providing visualization, analysis, and download of large-scale cancer genomics data sets, was used for genetic alteration analysis of FAM107A. After logging into the web portal, the “TCGA Pan Cancer Atlas Studies” in the “Quick select” section was chosen. Then, “FAM107A” was input for queries of the genetic alteration characteristics of FAM107A. The “Cancer Types Summary” module was selected to scan the results of the alteration frequency, mutation type, and copy number alteration (CNA) in all TCGA tumors. After selecting the “Mutations” module, the mutational information of FAM107A protein can be displayed. The “Comparison” module was also selected to analyze the survival prognosis differences among the TCGA tumor cases with and without FAM107A genetic alteration. K-M plots of OS, DFS, progression-free survival (PFS), and disease-specific survival (DSS) were generated, respectively, with log-rank P-values.



Analysis of DNA Methylation and Genomic Instability

The GSCALite (http://bioinfo.life.hust.edu.cn/web/GSCALite/) website (25) was applied to analyze the Spearman correlation between FAM107A mRNA expression and copy number variation (CNV), and generate the differential methylation bubble map of FAM107A between cancer tissues and adjacent tissues in 33 types of TCGA cancers. The diagram of correlation between expression and methylation was plotted. Moreover, DiseaseMeth version 2.0 (http://bioinfo.hrbmu.edu.cn/diseasemeth/) was applied to analyze the differential DNA methylation level of FAM107A gene in cancers and normal tissues. The correlation between expression of FAM107A and expression levels of DNA-methyltransferases, tumor mutational burden (TMB), microsatellite instability (MSI), and mutation levels of mismatch repair (MMR) genes was analyzed with SangerBox tool (http://sangerbox.com/).



Analysis of Immune Infiltration

To explore the association between FAM107A gene expression and immune cell infiltration in TCGA datasets, the “Immune-Gene” module of the TIMER2 was used. To our knowledge, the TIDE (Tumor Immune Dysfunction and Exclusion) database was used to analyze the relationship between FAM107A expression and myeloid-derived suppressor cells (MDSCs). The partial correlation values and P-values were acquired through the purity-adjusted Spearman rank correlation test. Heatmap and scatter plot results were applied for result visualization. The correlation between expression of FAM107A and tumor purity-related factors (Stromal, Immune and ESTIMATE score) and key immune checkpoint genes across various cancers from the TCGA project was investigated with SangerBox tool.



Analysis of FAM107A-Related Gene Enrichment

Firstly, the query of a single protein name (“FAM107A”) and organism (“Homo sapiens”) was used and searched in the STRING website (https://string-db.org/). Then, the reliable experimentally determined FAM107A-binding proteins were obtained after setting the following filters: minimum required interaction score [“Low confidence (0.150)”] and active interaction sources (“experiments”). Subsequently, the “Similar Gene Detection” module of GEPIA2 was used to obtain the top 300 FAM107A-correlated genes based on the datasets of all TCGA tumor samples. These genes were considered to have potential similar molecular functions as FAM107A and the “correlation analysis” module of GEPIA2 was applied to conduct a pairwise gene Pearson correlation analysis of FAM107A and FAM107A-correlated genes. The intersection of FAM107A-binding and correlated genes was visualized via a Venn diagram. Moreover, the two sets of genes were combined to perform gene ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis by applying the “clusterProfiler” R package of R language software (https://www.r-project.org/), with two-tailed P <0.05 considered statistically significant. The results were finally visualized with the “tidyr” and “ggplot2” R packages.



Cell Culture and Transfection

The immortalized normal human urothelial cell line SV-HUC1, the human bladder urothelial carcinoma (BLCA) cell lines UM-UC3, T24, 5637 cell lines, the human embryonic kidney cell line 293T, and the human renal cancer(RC) cell lines 786-O, 769-P cell lines were all purchased from the Chinese Academy of Sciences Committee on Culture Collection Cell Bank, Shanghai Institutes for Biological Sciences (Shanghai, China). SV-HUC1 cells were cultured in F-12K Nutrient Mixture (Gibco) supplemented with 10% fetal bovine serum(FBS) and 1% penicillin/treptomycin. UM-UC3 and 293T cells were cultured in DMEM (Gibco, USA) supplemented with 10% FBS and 1% penicillin/treptomycin. T24, 5637, 786-O and 769-P cells were cultured in RPMI 1640 medium(Hyclone) supplemented with 10% FBS and 1% penicillin/treptomycin. All the cells were cultured at 37°Cin a humidified incubator with 5% CO2. After purchasing the siRNAs against FAM107A and siRNA-control from GenePharma(RiboBio, Shanghai, China), the indicated cells were transfected with siRNAs assisted with the Lipofectamine 2000 according to the manufacturer’s instructions(Invitrogen, USA). The siRNA template sequences in our study were applied as following: siFAM107A#1, sense 5’-GCCAGAAUACAGAGAGUGGTT-3’, antisense 5’-CCACUCUCUGUAUUCUGGCTT-3’; siFAM107A#2, sense 5’-GCUGGAAUAGCAUCUCCUUTT-3’, antisense 5’-AAGGAGAUGCUAUUCCAGCTT-3’; siNC, sense 5’-UUCUCCGAACGUGUCACGUTT-3’, antisense 5’-ACGUGACACGUUCGGAGAATT-3’.



RNA Extraction and qRT-PCR

Total RNA of cells was extracted with Trizol reagent(Invitrogen), and then cDNA was synthesized in accordance with manufacturer’s instruction(Accurate Biology, Hunan, China). Quantitative real-time PCR (qRT-PCR) was conducted to determine the mRNA expression using SYBR Green Permix Pro Taq HS qPCR kit (Accurate Biology) on the QS5 PCR machine (Applied Biosystems, USA). Gene expression levels were normalized against human housekeeping gene β-actin and calculated by the 2-ΔΔCt relative quantification method. The specific primers in our study were applied as following: FAM107A, forward 5’- AGGGAGCGGGCAGACATTGG-3’ and reverse 5’-CACGGGGTTCAGCAGCTTCTTG-3’; GAPDH, forward 5’-GGTGAAGGTCGGAGTCAACG -3’, reverse 5’-CAAAGTTGTCATGGATGACC-3’.



Cell Viability Assay

Cell proliferation was assessed by using Cell Counting Kit-8 reagent (Abcam, UK). Cells in the logarithmic growth phase were trypsinized and seeded at a density of 5×103 cells/well in each well of a 96-well plate. After incubation at 37°Cfor different periods of time, CCK-8 reagent was added 10 μl into each well and the optical density values were measured at 460 nm using a microplate reader (Bio-Tek Instruments, Germany).



Cell Colony-Formation Assay

We conducted cell colony-formation assay to evaluate the clonogenic ability of FAM107A-interfered BLCA and RC cells And 1,000 tumor cells were plated into 6-well plates and cultured for 10 days. For cell fixation, 4% paraformaldehyde was used and for staining, 2% crystal violet (Beyotime, China) was used. Finally, the cell colonies were counted and imaged.



Wound Healing Assay

Cells were seeded in 6-well plates and cultured until the cells were basically 100% confluence. The cell monolayer was scraped by 200μl pipette and rinsed three times with PBS to form a clean wound. After incubation at 37°C for 24h, the closure of scratches was observed under an inverted microscope(Olympus). The corresponding photographs of scratch at 0h and 24h were taken under the inverted microscope. The cell-free area at 0h and 24h were measured by means of the Image J software (National Institutes of Health, Bethesda, MD, USA) and the percentage of wound closure was calculated.



Transwell Assay

Transwell chambers (pore size, 8.0 μm; Biosciences, Heidelberg, Germany) coated with Matrigel (BD Biosciences, USA) at a concentration of 2 mg/ml and incubated at 4°C for 3h were used for cell invasion assay and 2×104 cells were cultured on upper chamber with 100 μl serum-free medium. As chemo-attractant, 600 medium containing 20% FBS was supplemented into the lower chamber. After incubation for 48h, cells on the inferior surface of the transwell chamber were fixed with 4% paraformaldehyde and stained with 2% crystal violet. Photographs of five visual fields were taken under the inverted microscope (Olympus) and the number of invasive cells was counted.



Western Blotting

The total protein was extracted from cells by using Radio Immunoprecipitation Assay (RIPA) buffer with the proteinase inhibitor. After centrifuged for 20min, the supernatants were collected and used for proteic concentration analysis with G250 solution. Twenty micrograms protein lysate were separated on 12% polyacrylamide gels and electrophoretically transferred onto polyvinylidene difluoride(PVDF) membrane. The membrane was blocked with Tris Buffered Saline with Tween(TBST) containing 5% skim milk for 1h at room temperature. Then, the membrane was blotted with the primary antibodies(anti-FAM107A, Absin, anti-β-actin, Cell Signaling Technology, USA) overnight at 4°C. On the second day, the membrane was washed with TBST three times and incubated with horseradish peroxidase (HRP) labeled IgG at room temperature for 1h. The immunoreactive bands were detected by using ECL Western blotting reagents with chemiluminescence detection system.



Statistical Analyses

The data were displayed as means ± standard deviation(SD). SPSS ver. 23.0 software (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis. Pairwise differences between the 2 groups was assessed by Student’s t test. The significance of differences among more than 2 groups was assessed using ANOVA analysis. P <0.05 was considered statistically significantly different.




Results


The Expression of FAM107A in Cancers and Cell Lines

To identify the differential expression of FAM107A gene between tumor and normal tissues, we firstly applied the TIMER2 approach to analyze the significance of FAM107A expression. The result (Figure 1A) shows lower expression(P<0.05) in BLCA (Bladder urothelial carcinoma), BRCA(Breast invasive carcinoma), CESC (Cervical squamous cell carcinoma and endocervical adenocarcinoma), COAD (Colon adenocarcinoma), ESCA(Esophageal carcinoma), GBM (Glioblastoma multiforme), HNSC(Head and Neck squamous cell carcinoma), KICH(Kidney Chromophobe), KIRC (Kidney renal clear cell carcinoma), KIRP(Kidney renal papillary cell carcinoma), LUAD (Lung adenocarcinoma), LUSC (Lung squamous cell carcinoma), PRAD(Prostate adenocarcinoma), READ (Rectum adenocarcinoma), STAD (Stomach adenocarcinoma), THCA (Thyroid carcinoma), and UCEC(Uterine Corpus Endometrial Carcinoma) than the corresponding normal tissues. Inversely, it was found highly expressed in lymphoma. The down-regulating expression of FAM107A between the normal tissues and tumor tissues was also detected in OV (Ovarian serous cystadenocarcinoma) and THYM(Thymoma) after including the normal tissues of the GTEx dataset as controls (Figure S1, P < 0.01). However, there was an up-regulating expression of FAM107A in TGCT (Testicular Germ Cell Tumors) and UCS (Uterine Carcinosarcoma) (Figure S1, P < 0.01). Besides, no significant difference of FAM107A expression between tumor and normal tissues was obtained significant for ACC (Adrenocortical carcinoma), DLBC (Lymphoid Neoplasm Diffuse Large B-cell Lymphoma), LAML (Acute Myeloid Leukemia) or LGG(Brain Lower Grade Glioma). Subsequently, the expression status of FAM107A across various cancer types of TCGA was analyzed using the Oncomine dataset. As shown in Figure 1B, FAM107A had a relatively lower expression in bladder cancer, brain and central nervous system (CNS) cancer, breast cancer, cervical cancer, colorectal cancer, esophageal cancer, gastric cancer, head and neck cancer, kidney cancer, lung cancer, melanoma, pancreatic cancer, prostate cancer, and sarcoma.




Figure 1 | Expression level of FAM107A gene in pan-cancers and pathological stages. (A) The expression status of the FAM107A gene in different cancers or specific cancer subtypes was analyzed through TIMER2. **P < 0.01; ***P < 0.001. (B) The expression status of the FAM107A gene in different cancers was analyzed through Oncomine platform. (C) The expression levels of the FAM107A gene were analyzed by the main pathological stages of KICH, KIRC, LIHC, LUSC, STAD, and SKCM based on the TCGA data. (D) The expression level of FAM107A total protein in primary tumor tissue and normal tissue of lung cancer and UCEC was analyzed based on the CPTAC dataset.



Using the “Pathological Stage Plot” module of GEPIA2, a correlation between FAM107A expression and the pathological stages of cancers was also detected, including KICH, KIRC, LIHC (Liver hepatocellular carcinoma), LUSC, SKCM (Skin Cutaneous Melanoma), STAD (all P<0.05) (Figure 1C). As for the expression of FAM107A protein, the CPTAC dataset was implemented to explore the difference between primary cancers and normal tissues. The results showed lower protein expression of FAM107A in lung adenocarcinoma and UCEC than in normal tissues (P<0.05) (Figure 1D).

To be comprehensive, we also combined the HPA, GTEx, and CCLE datasets to assess the expression level of FAM107A in nontumor tissues and various tumor cell lines. Highest expression of FAM107A mRNA was detected in the central nervous system for normal tissues, similar to the cerebral cortex, cerebellum, hippocampal amygdala, and basal ganglia. Meanwhile, a neglected expression of FAM107A was also observed in endocrine glands (thyroid gland and pituitary gland), lung and urogenital system (kidney, urinary bladder, epididymis, seminal vesicle, prostate, fallopian tube, endometrium, cervix, uterine and placenta) (Figures S2A, B). However, a quite low expression level was found in most tumor cell lines after analyzing the sequencing data from CCLE dataset (Figure S2C).



Survival Analysis of FAM107A

To explore the prognostic value of FAM107A, the cancer cases were divided into high-expression and low-expression groups according to the median expression value of FAM107A for investigating the correlation of FAM107A expression with prognoses of patients across different tumor types by using the datasets from TCGA and GEPIA2. The results displayed that down-regulated FAM107A expression was associated with poor prognosis in many cancers. A correlation between low FAM107A expression and poor overall survival from the TCGA cases was detected in KIRC (HR=0.59, Logrank p<0.001), LIHC (HR=0.69, Logrank p=0.038), PAAD (Pancreatic adenocarcinoma) (HR=0.62, Logrank p=0.024), PRAD (HR=0.12, Logrank p=0.018), SKCM (HR=0.74, Logrank p=0.027), HNSC (HR=0.72, Logrank p=0.017) (Figure 2A). Besides, low FAM107A expression linked to poor prognosis as for disease-free survival (DFS) was discovered in CHOL (Cholangiocarcinoma) (HR=0.38, Logrank p=0.038), HNSC (HR=0.67, Logrank p=0.019), OV (HR=0.78, Logrank p=0.044), PAAD (HR=0.6, Logrank p=0.024), PRAD (HR=0.52, Logrank p=0.0025) (Figure 2B). Conversely, the high expression level of FAM107A was associated with poor OS for adrenocortical carcinoma (ACC) (HR=3, Logrank p=0.0061) and STAD (HR=1.5, Logrank p=0.0093), and high FAM107A expression was also related to poor DFS for ACC (HR=2.3, Logrank p=0.016) (Figures 2A, B). All these survival data presented a different association of FAM107A expression with the prognosis of different cancer cases.




Figure 2 | Correlation between expression level of FAM107A and survival prognosis of cancers in TCGA. Overall survival (A) and disease-free survival (B) analyses of FAM107A gene expression in different tumors from TCGA database were performed using GEPIA2 tool. The survival map and Kaplan-Meier curves with positive results are given.





Genetic Alteration of FAM107A in Various Tumors

To study the genetic alteration status of FAM107A in different tumors, the cBioPortal tool was applied to analyze FAM107A genetic alteration with data from TCGA dataset. As shown in Figure S3, four kinds of FAM107A genetic alteration were detected from all TCGA tumor samples with a total frequency of about 0.9%, including deep deletion, amplification, missense mutation, and splice mutation. Deep deletion was the main type of FAM107A genetic alteration. All FAM107A gene mutational sites and sample numbers are presented in Figure 3A. As for the specific tumors, uterine carcinosarcoma appeared the highest alteration frequency of FAM107A(>3%). Meanwhile, an alteration frequency exceeding 2% was determined in skin cutaneous melanoma, esophageal adenocarcinoma, kidney renal clear cell carcinoma, and uterine corpus endometrial carcinoma. The types, sites, and case numbers of the FAM107A genetic alteration are further presented in Figure 3B. Moreover, the potential correlation of FAM107A genetic alteration with the survival prognosis of different tumor cases was explored using the “Comparison” module of cBioPortal tool. The result showed a worse prognosis for LUSC patients with FAM107A genetic alteration with regard to disease-free survival(P = 1.417e-3), disease-specific survival(P = 0.0267) and progression-free survival(P = 5.078e-5), but not overall survival(P = 0.316) (Figure 3C). In addition, the correlation between FAM107A expression and tumor mutational burden (TMB)/microsatellite instability (MSI) was analyzed across all cancers of TCGA. The result showed a negative correlation between FAM107A expression and TMB existed in most cancers including BLCA (P = 0.018), BRCA (P = 0.02), HNSC (P = 0.044), KIRC (P= 0.0043), LGG (Brain Lower Grade Glioma) (P= 0.0013), LIHC (P=0.0028), LUAD (P= 1.5e-07), LUSC (P= 0.0028), PAAD (P= 6e-08), PRAD (P= 5.3e-27), READ (P= 0.0073), SKCM (P= 0.014), STAD (P= 5.7e-15), THCA (P= 0.007) and UCE C (P= 0.00021). However, a positive correlation between FAM107A expression and TMB was found in LAML (P = 0.048) and THYM (Thymoma) (P= 0.0062) (Figure S5A). As for MSI, we observed a negative correlation between FAM107A expression and MSI for CESC (P = 0.0058), ESCA (P = 0.0039), HNSC (P = 0.0012), LUSC (P= 0.043), OV (Ovarian serous cystadenocarcinoma) (P= 0.0041), PAAD (P=0.046), PRAD (P= 0.0014), SKCM (P= 0.0014), STAD(P= 9.8e-11) and UCS (P = 0.016) (Figure S5B). In-depth research should be carried out to determine this result. Interestingly, the expression of FAM107A was detected to have significant correlations with mutation levels of more than one key mismatch repair (MMR) genes (MLH1, MSH2, MSH6, PMS2, and EPCAM) in various cancers like BRCA, KIRC, and THCA (Figure 4D). Moreover, a statistically significant correlation between FAM107A CNV and its mRNA expression was observed in LUAD, BLCA, TGCT, CESC, THYM, ESCA, OV, LUSC and HNSC, which indicated CNV may be one of the important mechanisms leading to the alteration of FAM107A gene expression (Figure 4A).




Figure 3 | Genetic alteration of FAM107A in different tumors of TCGA. We analyzed the mutation features of FAM107A for the TCGA tumors using the cBioPortal tool. (A) The alteration frequency with mutation type of FAM107A was analyzed via cBioPortal tool. (B) The mutation sites of FAM107A gene were investigated using the cBioPortal tool. (C) The potential correlation between mutation status and overall, disease-specific, disease-free and progression-free survival of LUSC was analyzed with the cBioPortal tool.






Figure 4 | The correlation between FAM107A expression and CNV, DNA methylation and mutation levels of MMR genes. (A) The correlation between CNV and expression of FAM107A mRNA was analyzed. Blue dots indicate negative correlation and red dots indicate positive correlation between CNV and FAM107A expression. The darker color represents the higher correlation. The larger size of the point represents the greater significance. (B) The correlation between methylation level and expression of FAM107A mRNA was analyzed by the GSCA database. Blue dots indicate negative correlation and red dots indicate positive correlation between methylation and FAM107A expression. The darker color represents the higher correlation. The larger size of the point represents the greater significance. (C) The correlation between FAM107A expression and the expression levels of four methyltransferases was displayed. (D) The correlation between FAM107A mRNA expression and mutation levels of five key MMR genes (MLH1, MSH2, MSH6, PMS2, EPCAM) was analyzed based on TCGA data. The upper triangle in each tile indicates log10 transformed P-value, and the lower triangle indicates coefficients calculated by Pearson’s correlation test. *P < 0.05; **P < 0.01; ***P < 0.001.





Epigenetic Alteration of FAM107A Gene

To identify whether DNA methylation plays an essential role in regulating the gene expression of FAM107A, we firstly applied the GSCALite database to analyze the correlation between DNA methylation of FAM107A and expression in various cancers. As shown in Figure 4B, the expression of FAM107A was found to be negatively correlated with DNA methylation in multiple cancers, mainly including THYM, KIRC, LGG, KIRP, BRCA, STAD, PRAD, COAD, PAAD, MESO(Mesothelioma), PCPG(Pheochromocytoma and Paraganglioma), HNSC, UCEC, SKCM, THCA and LUAD. Subsequently, using the DiseaseMeth(version 2.0) database, we investigated the differential DNA methylation level between tumors and normal tissues in pan-cancers. The results showed a higher DNA methylation level existed in many cancers than in corresponding normal tissues, including COAD, pilocytic astrocytoma tumor, READ, nasopharyngeal carcinoma, CHOL, LUAD, LUSC, LIHC, oral squamous cell carcinoma, KIRC, esophageal squamous cell carcinoma, ESCA, HNSC and PAAD(Figure S4). However, DNA methylation level was detected anomaly higher in normal tissues than LGG. Furthermore, we assessed the correlations between gene expression of four DNA-methyltransferases (DNMT1, DNMT2, DNMT3A, and DNMT3B) and expression of FAM107A mRNA. As shown in Figure 4C, in multiple kinds of cancers including ACC, BRCA, CESC, COAD, ESCA, HNSC, KIRC, LGG, LIHC, LUSC, PAAD, PRAD, SARC, STAD, TGCT, THCA, THYM and UCEC, FAM107A was observed to have an expressive correlation with at least one type of DNA-methyltransferases.



Immune Infiltration Analysis of FAM107A

Accumulating evidence indicates that tumor immune microenvironment plays an important role in the occurrence, progression, and metastasis of tumors. Therefore, we used the SangerBox tool to investigate the correlation of FAM107A expression with Stromal, Immune, and ESTIMATE score in pan-cancers, which represented the abundance of stromal components, immune components, and tumor purity to some extent. According to rank of the relationship between the expression level and the score, scatter plots of top nine tumors of Stromal, Immune, and ESTIMATE score were displayed, respectively (Figures S6–S8). Then, we applied the TIMER2.0 database to explore the potential relationship between the FAM107A expression and infiltration level of diverse immune cells in multiple cancers of TCGA. It is worth noting that the immune infiltration of myeloid derived suppressor cells(MDSCs) was negatively correlated with prognosis in many cancers (Figure 5A). Herein, we investigated the correlation between the FAM107A expression and infiltration level of MDSCs, and the results showed a statistically negative correlation between them in many tumors as expected (Figure 5B). Moreover, we further assessed the expression correlations between FAM107A and immune checkpoints in pan-cancers. As shown in Figure 5C, the FAM107A expression was robustly and significantly correlated with recognized immune checkpoints in most cancers including BLCA, BRCA, CHOL, COAD, HNSC, KIRC, PAAD, READ, STAD, and TGCT.




Figure 5 | Immune infiltration analysis of FAM107A. (A) The correlation between the infiltration level of MDSCs and overall survival was explored across all types of cancer in TCGA. (B) The potential correlation between the expression level of the FAM107A gene and the infiltration level of MDSCs was explored across all types of cancer in TCGA. (C) The correlation between FAM107A mRNA expression and the expression levels of key immune checkpoints in different cancers from the TCGA database was investigated. *P < 0.05; **P < 0.01; ***P < 0.001.





Enrichment Analysis of FAM107A

To explore the potential molecular function of FAM107A involved in occurrence, progression, or metastasis of tumors, we combined String and GEPIA2 tools to obtain the FAM107A-binding proteins and expression-correlated genes for enrichment analyses and 10 FAM107A-binding proteins were proved by experimental evidence via STRING tool (Figure 6A). Using the TIMER2.0 database, we performed a heatmap to show the expressive correlation between FAM107A and these 10 corresponding genes in diverse cancers. As shown in Figure 6B, the expression of FAM107A was detected in most cancers to be significantly positively correlated with four of above genes including GPM6A(Glycoprotein M6A), HLF(Hepatic leukemia factor), SLCO1C1(Solute carrier organic anion transporter family, member 1C1), SPARCL1(Secreted protein acidic and rich in cysteines-like protein 1). Afterwards, we used the GEPIA2 tool to obtain top 300 FAM107A-correlated genes by combining all tumor expression data of TCGA. Subsequently, KEGG and GO enrichment analyses were conducted with the union of the 10 FAM107A-targeting genes and 300 expression-correlated genes. The KEGG data indicated that many genes are linked to the pathways of “Cell adhesion molecules” and “cAMP signaling pathway” (Figure 6C). Likewise, the result showed that “developmental cell growth”, “cell-cell adhesion via plasma-membrane adhesion” and “positive regulation of cAMP mediated signaling” were enriched in GO terms and might be in involved in the impact of FAM107A on tumor pathogenesis (Figure 6D).




Figure 6 | Analysis of FAM107A-related gene enrichment. (A) Available determined FAM107A-binding proteins was obtained with the STRING tool. (B) The heatmap of expression correlation between FAM107A and its binding proteins in the different cancer types are displayed. (C) KEGG pathway analysis was performed based on the FAM107A-binding and correlated genes. (D) The chordal graph for the potential cancer-related terms in GO analysis is shown.





Knockdown of FAM107A Promoted the Malignant Behaviors in Bladder Cancer and Renal Cancer Cells

To further investigate the effect of FAM107A on bladder cancer, we firstly examined the expression of FAM107A in multiple bladder cancer cell lines and renal cancer cell lines. As shown in Figure 7A, a relatively lower expression of FAM107A was detected in UMUC3 and T24 cells compared with SV-HUC cells. Likewise, a lower expression of FAM107A was also noted in renal cancer cell lines (Figure S9A). Subsequently, we downregulated the FAM107A expression in UMUC3, T24, 786-O and 769-P cells via two FAM107A siRNAs. The successful silence of FAM107A expression in these four cell lines was validated at a translational level (Figure 7B, Figure S9B). Next, CCK8 assay was carried out to evaluate cell proliferation. The results suggest a significant promotion of proliferation rates in the tumor cells with FAM107A downregulation (Figure 7C and Figure S9C). Colony-formation assay also confirmed the positive effect of siFAM107A on bladder cancer cell proliferation (Figure 7D, Figure S9D). Finally, wound healing and Transwell assays were performed to investigate the effect of FAM107A on the motility of bladder cancer cells. There was a significant reduction in both migration and invasion in tumor cells after knockdown of FAM107A (Figures 7E, F, Figures S9E, F). In summary, downregulated FAM107A facilitates the proliferation, migration, and invasion in bladder cancer and renal cancer cells.




Figure 7 | Knockdown of FAM107A promoted the proliferation, migration, and invasion of bladder cancer cells. (A) The expression level of FAM107A mRNA was evaluated in SV-HUC1 and various bladder cancer cell lines by qRT-PCR. (B) T24 and UM-UC3 cells were transfected with si-FAM107A, the knockdown was validated by Western blot. The proliferation of bladder cancer cells was examined by CCK-8 assay (C) and colony-formation assay (D). (E) The migration of bladder cancer cells was examined by wound healing assay. (F) The invasion of bladder cancer cells was explored by transwell assay. Data are shown as mean ± SD. **P < 0.01; ***P < 0.001.






Discussion

Accumulating evidence indicates that FAM107A may be an important biological protein in organisms. To date, FAM107A has been verified to take part in the normal function of the nervous system and the development of tumors. Binding with F-actin and participating in the regulation of numerous physiological processes is the widely recognized mechanism of FAM107A (26–28). Although the expression of FAM107A mRNA was observed downregulation in multiple cancers, studies show dual effects of “tumor suppression” and “tumor promotion” of FAM107A in the process of tumor genesis and development. In glioblastoma, FAM107A was downregulated during tumorigenesis and upregulated in the process of tumor invasion, which promotes cell invasion and epithelial-mesenchymal transformation through the activation of AKT (27). Nevertheless, FAM107A attached to F-actin and formed a stable complex with copper metabolism MURR1 domain-containing 1(COMMD1), which accelerated the ubiquitination and degradation of NF-κB by promoting the polyubiquitination of a subunit of NF-κB. The degradation of NF-κB prevented the transition from G1 phase to S phase of tumor cell and thereby inhibited cell proliferation (12). The dual effects of FAM107A in malignant tumors are comparable to that of transforming growth factor-β(TGF-β) (29–31). In addition, the expression of FAM107A was influenced by some non-coding RNAs in cancer. Di Wang et al. demonstrated microRNA-146b-3p could facilitate the progression and metastasis of colorectal cancer via interfering with the expression of FAM107A (32). Nevertheless, we failed to find any comprehensive cancer-related study of FAM107A through a literature search. Since FAM107A was closely related to multiple cancers and acted as an important potential effector, a pan-cancer analysis of FAM107A was performed and the effect of FAM107A in bladder cancer cells was explored for the first time in this study.

In the present study, the expression level of FAM107A in normal tissues and tumor cell lines was analyzed via HPA, GTEx, and CCLE datasets. We observed that FAM107A was predominantly expressed in the central nervous system and fairly expressed in endocrine glands, lung, and urogenital system (Figures S2A, B). On the contrary, FAM107A demonstrated low expression in most tumor cell lines (Figure S2C). Then, we evaluated the differential expression levels of FAM107A mRNA between tumor and normal tissues in the Oncomine and TCGA databases. The expression of FAM107A gene was reduced in most tumors (Figures 1A, B). In addition, the expression of the FAM107A protein was also observed to be downregulated in lung adenocarcinoma and UCEC (Figure 1D). However, an upregulation of FAM107A was discovered in THYM and lymphoma (Figure 1B, Figure S1). Although we found a significantly negative correlation between FAM107A expression and promoter methylation in THYM, we did not discover an upregulating promoter methylation in THYM (Figure 4B). Besides, a combined linkage and association analysis of classical Hodgkin lymphoma showed low or absent FAM107A expression in Hodgkin Reed-Sternberg cell lines and in Hodgkin Reed-Sternberg cells in Hodgkin lymphoma tissue (19). We suspect the expression of FAM107A was compensatory increase in these tumors because of its incomplete inactivation. Next, we applied GEPIA2 tool to explore the prognostic value of FAM107A of TCGA datasets. A statistical correlation between low expression of FAM107A and poor overall survival prognosis was detected in KIRC(HR=0.59, Logrank p<0.001), LIHC(HR=0.69, Logrank p=0.038), PAAD(HR=0.62, Logrank p=0.024), PRAD(HR=0.12, Logrank p=0.018), SKCM(HR=0.74, Logrank p=0.027), HNSC(HR=0.72, Logrank p=0.017) (Figure 2). All results above suggest that FAM107A might serve as a novel anti-oncogene in these tumor types.

We then used the cBioPortal tool to study the genetic alteration of FAM107A in cancers. Our analysis showed a low mutation frequency (0.9%) of FAM107A in tumor cases from TCGA with deep deletion as the main type of FAM107A genetic alteration (Figure 3A, Figure S3). Moreover, we found a correlation between FAM107A genetic alteration and worse prognosis for LUSC patients with regard to disease-free survival (P = 1.417e-3), disease-specific survival(P = 0.0267) and progression-free survival(P = 5.078e-5), but not overall survival(P = 0.316) (Figure 3C). The data indicates that genetic alteration was not the main reason for FAM107A dysregulated expression. As gene methylation is a well-known factor which influences the gene expression, we continued to analyze the DNA methylation of FAM107A gene via GSCALite database. The result showed a negative correlation between FAM107A expression and promoter methylation in various cancers (Figure 4B). Furthermore, a higher DNA methylation level of FAM107A was demonstrated in numerous cancers compared with adjacent tissues (Figure S4). Notably, the expression of FAM107A was significantly correlated with the expression of DNA-methyltransferases in multiple cancers (Figure 4C). These implied that the dysregulated expression of FAM107A was mainly influenced by promoter methylation in cancers. The MMR system plays important roles in maintaining the stability and integrity of genome (33, 34). Additionally, TMB and MSI are served as novel sensitive predictors of immunotherapy with a profound impact on tumor phenotype and patient survival (35, 36). In the current study, the potential association between the expression of FAM107A and MMR, MSI or TMB was analyzed. The results revealed that the expression of FAM107A was enormously related to MMR genes expression in various tumors (Figure 4D). Further analysis showed that the expression of FAM107A was significantly negatively correlated with TMB in 15 cancer types and MSI in 10 cancer types (Figure S5). The results indicated that FAM107A might be a vital factor which could influence or predict the response of cancer patients to immunotherapy.

Given that tumor-infiltrating immune cells participate in the initiation and progression of cancer, we agreed to explore the potential relationship between FAM107A gene expression and the infiltration level of different immune cells in diverse cancers of TCGA. As a result, a statistically negative correlation was observed in various cancers between FAM107A gene expression and the infiltration level of MDSCs, which was supposed to be a risk factor to the prognosis of cancer patients according to the results of survival analysis (Figures 5A, B). MDSCs, a group of heterogeneous cells derived from bone marrow, which are the precursors of dendritic cells (DCs), macrophages and granulocytes, have the ability to significantly inhibit the immune cell response (37). Besides, MDSCs were observed to produce VEGF, bFGF, Bv8, and MMP9 to promote tumor progression by influencing the tumor microenvironment and tumor angiogenesis (38–40). Therefore, FAM107A may inhibit tumor progression by regulating the activity of MDSCs. Moreover, correlation analysis showed the expression of FAM107A was correlated with immune checkpoints in diverse cancers with statistical significance (Figure 5C). Therefore, FAM107A may be associated with the regulation of the tumor microenvironment. Further studies should be undertaken to investigate the explicit mechanisms. Integrating information on FAM107A-binding proteins and FAM107A expression-related genes across all tumors, GO and KEGG enrichment analyses were conducted to investigate the potential functional role of FAM107A in cancers. Interestingly, we identified “Cell adhesion” and “cAMP signaling pathway” terms as the potential impact of FAM107A on the etiology or pathogenesis of cancers both in GO and KEGG analyses (Figure 6). Also, FAM107A may affect the progression of cancer through AKT or NF-κB pathway (12, 27, 28).

Furthermore, a series of experiments in vitro were conducted to investigate the impact of FAM107A on bladder cancer and renal cancer. The analyses demonstrated a relatively lower expression of FAM107A in bladder cancer and renal cancer cell lines. In addition, FAM107A knockdown promoted the proliferation, migration, and invasion of the cancer cell lines (Figure 7, Figure S9). That said, FAM107A may be served as an anti-cancer gene in bladder cancer and renal cancer.

There were certain limitations in this study. Most bioinformatics analyses were conducted based on the expression of FAM107A at the mRNA level, so the conclusions were deduced lacking ample supporting data FAM107A translational level. Conversely, although we confirmed the biological effect of FAM107A on bladder cancer cells, the explicit regulatory mechanisms remain unclear. Therefore, further studies should be conducted to explore the exact signal pathway regulated by FAM107A and validate our conclusions.

Taken together, our pan-cancer analyses of FAM107A confirmed the expression pattern and prognostic value across multiple cancers. In addition, we found statistical correlations of FAM107A expression with DNA methylation, immune cell infiltration, immune checkpoints, and tumor purity. Importantly, FAM107A was recognized as a novel potential tumor-suppressor gene in bladder cancer and renal cancer by inhibiting the progression of cancer.
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Supplementary Figure 1 | Expression level of FAM107A gene in the tumors in the TCGA project and the corresponding normal tissues of the GTEx database.

Supplementary Figure 2 | MRNA expression levels of FAM107A in normal tissues and tumor cell lines. MRNA expression levels of FAM107A in normal tissues in the HPA (Human protein atlas) dataset (A) and GTEx dataset (B). (C) MRNA expression levels of FAM107A in various tumor cell lines from the Cancer Cell Line Encyclopedia(CCLE) database.

Supplementary Figure 3 | The mutation spectrum of FAM107A across TCGA pan-cancer studies using cBioPortal Oncoprint. Each vertical bar represents a patient.

Supplementary Figure 4 | Differential methylation level of FAM107A gene between tumor and corresponding normal tissues in 15 cancer types from DiseaseMeth database.

Supplementary Figure 5 | Correlation between mRNA expression levels of FAM107A and tumor mutational burden (TMB) (A), Microsatellite instability (MSI) (B) in various cancers from TCGA database.

Supplementary Figure 6 | Correlation between mRNA expression levels of FAM107A and Stromal score in various cancers from TCGA database.

Supplementary Figure 7 | Correlation between mRNA expression levels of FAM107A and Immune score in various cancers from TCGA database.

Supplementary Figure 8 | Correlation between mRNA expression levels of FAM107A and ESTIMATE score in various cancers from TCGA database.

Supplementary Figure 9 | Knockdown of FAM107A promoted the proliferation, migration and invasion of renal cancer cells. (A) The expression level of FAM107A mRNA was evaluated in 293T and various renal cancer cell lines by qRT-PCR. (B) 786-O and 769-P cells were transfected with si-FAM107A, the knockdown was validated by Western blot. The proliferation of renal cancer cells was examined by CCK-8 assay (C) and colony-formation assay (D). (E) The migration of renal cancer cells was examined by wound healing assay. (F) The invasion of renal cancer cells was explored by transwell assay. Data are shown as mean ± SD. *P<0.05; **P < 0.01; ***p < 0.001.
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The application and promotion of 125I seed implantation technology have increased the safety and effectiveness of the clinical treatment of advanced hepatocellular carcinoma (HCC). Epirubicin (EPI) is a traditional anthracycline chemotherapy agent that has minimal side effects and has been widely used in the clinical treatment of HCC. We hypothesized that EPI would enhance the anti-cancer effects of 125I seeds via the JAK/STAT1 signaling pathway. Thus, we aimed to investigate whether EPI could enhance the radiosensitivity of HCC cells to 125I and determine the underlying molecular mechanism. This basic study was conducted in an animal laboratory at Shandong University. BALB/C male nude mice were used, and all animals were fed and treated according to the standards of the Institutional Animal Care and Use Committee of Shandong University. Both in vitro and in vivo models of 125I irradiation of HCC cells were created. The anti-cancer effects of 125I and the role of EPI in promoting these effects were evaluated using flow cytometry for apoptosis and cell cycle, CCK-8 assay for EPI drug cytotoxicity, and transwell assays for migration and invasion. The potential mediating effect of the JAK/STAT1 pathway was assessed using an isobaric tag for relative and absolute quantitation analysis to identify differentially expressed proteins after 125I treatment. Transfection of HCC cells with STAT1-RNAi were performed to determine the effect of STAT1 downregulation on 125I and EPI treatment effects. The radiosensitivity concentration of EPI promoted 125I-induced anti-cancer effects, including apoptosis, anti-proliferation, and inhibition of migration and invasion. These effects were mediated via the JAK/STAT1 pathway. Downregulation of STAT1 compromised measured anti-cancer effects, which were both confirmed in the in vivo and in vitro models. EPI can promote 125I-induced anti-cancer effects in HCC. The JAK/STAT1 pathway may be a potential target for 125I seed implantation in the treatment of HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the third most general malignancy of the digestive system and can induce cancer-related death (1, 2). The prognosis of HCC is usually poor, and with the 5-year survival rate being lower than that for prostate, breast, and lung cancers, HCC has a serious negative effect on patients’ quality of life (1). Although the incidence rates of other cancers have decreased over the past decade, the incidence rate of HCC has continued to increase, especially among women, at a rate of 2.1% per year (1, 2). The use and promotion of iodine 125 (125I) seed implantation technology have increased the safety and effectiveness of the clinical treatment of advanced HCC, especially when used in combination with other chemotherapy drugs, such as lobaplatin, and traditional Chinese medicine preparations, with significant improvement in prognosis (3–5). Nevertheless, the concrete mechanism underlying the effect of 125I seeds on HCC cells remains to be completely described. In addition, it is unclear whether chemotherapy drugs can enhance the radiation sensitivity of HCC to 125I seeds. Exploring the mechanism of action and new targets of 125I seeds would establish a sound foundation for the preferable clinical efficacy of 125I seeds and provide new therapeutic ideas for HCC.

It is well known that any abnormality or alteration of signaling regulators may lead to tumor formation. In this way, signal transducer and activator of transcription 1 (STAT1) can play an essential role in signal transduction induced by many cytokines (6). STAT1 is mainly involved in antiviral and antibacterial reactions, inhibits tumor growth, and induces cell apoptosis by regulating anti-apoptotic genes such as Bcl-XL, caspases, and Bax (7, 8). Research has shown that abnormalities in 12 signaling pathways mainly relate to the occurrence and development of cancer, with the JAK/STAT1 signaling pathway being one of these pathways (9). The JAK/STAT1 signaling pathway might regulate the metastasis of solid tumors, with mutations of the JAK/STAT1 pathway being closely related to tumorigenesis (6).

Epirubicin (EPI) is a traditional anthracycline chemotherapy agent that has minimal side effects and thus has been widely used in the clinical treatment of breast, liver, and gastric, and non-small cell lung cancer (NSCLC) (10, 11). EPI inhibits the proliferation of tumor cells by interfering with the DNA transcription process and inhibiting the synthesis of DNA and messenger RNA (12). In clinical practice, EPI is often used in combination with other drugs or vectors, such as trastuzumab, paclitaxel, polymer micelles, and hyaluronic acid, to enhance anti-tumor effects (12, 13). However, the mechanism of EPI when combined with 125I seeds for the treatment of HCC remains unknown. Therefore, identifying the mechanism and function of EPI in the near irradiation of 125I seeds is a clinically significant issue.

In this study, we aimed to evaluate whether EPI could enhance the radiosensitivity of HCC to 125I and determine the underlying molecular mechanism. The results of the isobaric tag for relative and absolute quantification (iTRAQ) analysis and assessment of the features of the JAK/STAT1 signaling pathway indicated that 125I seed might induce apoptosis of HCC cells by upregulating the JAK/STAT1 signaling pathway. In addition, we revealed that EPI could enhance 125I seed-induced apoptosis and anti-proliferation activity. Based on these findings, we suggest that the EPI-induced enhanced anti-cancer effects of 125I seeds might be mediated by the JAK/STAT1 signaling pathway.



Materials and Methods


Statement of Ethics

BALB/C male nude mice were used. All animals were raised and processed according to the standards of the Animal Care and Utilization Committee of Shandong University. The animal study was reviewed and approved by Shandong University, and the approval number is KYLL-2021(LW) 091.



Nude Mice Xenograft Tumor Model

The SMMC7721 cells were transfected with NC-RNAi (Negative control-RNA interference, TTCTCCGAACGTGTCACGT) or STAT1-RNAi (GAGCAGGTTCACCAGCTTTAT) using 0.9% normal saline solution to resuspend fresh sterile cell suspensions (1×106 cells/well) and injecting them into the left hind limb of the mice.

Once the volume of the xenografts reached 400 mm3, the mice were randomly allocated to the relevant experimental groups, as described below. There are 25 mice used in this experiment and 5 mice per group. Volume and weight were measured using Vernier calipers and a digital scale, respectively. Tumor volume was calculated as follows: length × width2 × 0.5. The tumor was stripped and lysed, and RNA was extracted when the mice were killed.



Implantation of Radioactive 125I Seeds and Radiation of HCC Cells

The skin over the tumor site was sterilized with an iodine disinfectant, anesthetized with lidocaine, and then punctured in the center of the tumor using an 18-G needle (Kakko, Japan). 125I seeds (Ningbo Junan Pharmaceutical Technology Company, China) were then implanted into the tumor using a seed implant device. After implantation, a sterile cotton swab was used to apply pressure to stop the bleeding. The in vitro radiotherapy model used was based on previous studies, with an initial activity level of 3.0 mCi and a dose rate of 3.412 cGy/h (4).



Cell Lines and Lentiviral Transfection

The HCC cell lines SMMC7721 and HepG2 were obtained from the Zhong Qiao Xin Zhou Biotechnology (China). SMMC7721 cells were cultured in RPMI 1640 (Corning, Inc., Corning, NY, USA) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. HepG2 cells were cultured in Dulbecco’s modified Eagle’s medium (Corning, Inc., Corning, NY, USA) supplemented with 10% FBS and 1% penicillin-streptomycin. Cells were cultured at 37°C in 5% CO2. Lentivirus (GeneChem, Shanghai, China) was used for STAT1 knockout. The most appropriate multiplicity of infection was 10, as recommended by the protocol. Complete medium, HiTransG A (GeneChem, Shanghai, China), and lentivirus were mixed and then added to inoculated cells on 6-well plates for transfection. After transfection for 16 h, the medium was replaced with complete culture medium containing 2.5 μg/mL puromycin, and the cells were incubated for 48 h. The concentration of puromycin was then successively reduced to complete the screening. The transfection efficiency was confirmed using western blot after 72 h.



iTRAQ Labeling

RIPA (TIANGEN, Beijing, China) was used to extract total protein from 125I-irradiated SMMC7721 cells and negative control cells. Jiyun Biotech (Shanghai, China) was responsible for iTRAQ labeling. Ingenious pathway analysis (INGENUITY) was used for the signal pathway enrichment and biofunction analysis. A fold change in the mean value of labeling of >1.2 and a P-value <0.05 between the 125I-treated and control groups indicated significant upregulation.



Cell Sensitivity Selection For EPI

The sensitivity of SMMC-7721 and HepG2 cells to EPI drug cytotoxicity was assessed using the cell counting kit-8 (CCK-8; Dojindo, Japan). Cells cultured in 96-well plates were treated with EPI at concentrations of 0–5 μg/mL for 72 h. The cell number of control (NC) and EPI (NEPI) group were used to calculate the inhibition rate (1-NEPI/NC). The half-maximal inhibitory concentration (IC50) was calculated by Prism 9.0 (GraphPad, San Diego, USA), and 10% of the IC50 was selected as the EPI-sensitization concentration.



Cell Proliferation Assay

The treated cells were prepared into a cell suspension at a concentration of 3×103/ml and placed into 96-well plates to achieve a cell suspension volume of 200 µL/well. CCK-8 reagent was added at 0 h, 24 h, 48 h, and 72 h, and the cells were incubated at 37°C for 2 h. The absorbance of each well was scanned by a microplate reader (Thermo, Waltham, MA, USA) at a wavelength of 450 nm.



Flow Cytometry for Cell Cycle and Apoptosis Analysis

Cells were cultured in 6-well plates (2×105 cells/well) and collected after treatment. For apoptosis analysis, 5 μL Annexin V–APC (Elabscience, Wuhan, China) or Annexin V–FITC (BD Biosciences) and propidium iodide (PI) were added to the cells using binding buffer for staining, with the detection performed after 20 min of darkness. For cell cycle analysis, cells were fixed in pre-cooled ethanol for 1 h. Before analysis, the cells were stained with PI and RNase A (BD Biosciences, Franklin Lakes, NJ, USA). Cell cycle and apoptosis assays were performed using a flow cytometer (Beckman, USA).



EDU Staining

A Cell-Light EDU Apollo567 In Vitro Kit (RiboBio, Guangdong, China) was used to detect cell proliferation. According to the manufacturer’s instructions, reagent A and complete medium were diluted to a 1:1000 concentration and incubated at 37°C for 2 h. Next, the cell nuclei were stained using Hoechst 33342. Finally, a fluorescence microscope (Olympus, Tokyo, Japan) was used to observe and photograph cells, with Image J used to count the number of cells.



Western Blot and Antibodies

The treated cells were washed twice with cold 1X phosphate-buffered saline, lysed with RIPA lysate buffer for 20 min, and centrifuged (12,000 rpm, 10 min, 4°C) to obtain the supernatant. The loading buffer was added, and the supernatant was denatured at 95°C for 5 min until protein denaturation was achieved. Electrophoresis analysis of protein samples (10 μL/well) was performed using 10–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

Proteins were transferred onto nitrocellulose membranes (Millipore, Burlington, MA, USA). The blots were blocked with 5% nonfat milk powder for 1 h and incubated with corresponding primary antibody at 4°C overnight. On the second day, the blots were cleaned with 1X tris-buffered saline and incubated with the appropriate secondary antibodies at room temperature for 1 h. Protein brands were detected by chemiluminescence (Millipore, Burlington, USA), and the expression level was determined using Image J.

Primary antibodies against JAK (ab133666), anti-p-JAK (ab138005), anti-STAT1 (ab109320), anti-p-STAT1 (ab109461), mTOR (ab32028), p-mTOR (ab109268), p-AKT (ab105731), Bax (ab32503), and Bcl2 (ab182858) were purchased from Abcam (Cambridge, UK). The following secondary antibodies were purchased from GenScript (Piscataway, NJ, USA): goat anti-rabbit IgG (H&L) and goat anti-mouse IgG (H&L).



Invasion and Migration Assays

Cell invasion and migration were assessed using transwell assays. For the invasion assay, Matrigel (BD Biosciences) and Opti-MEM (Gibco, USA) were mixed at a ratio of 1:5, and 50 μL of the mixture was then placed in a Boyden chamber (BD Biosciences, Bedford, MA) and incubated at 37°C for 1 h. Complete medium containing 30% FBS (600 μL) was added to each well of the 24-well plates. Then, 200 μL cell suspension (2×105) was added into the Boyden chamber and incubated at 37°C for 24 h. Cells were fixed with 4% paraformaldehyde, stained with crystal violet for 30 min, and washed gently with water twice. Cells were photographed using an inverted microscope (Olympus CKX53, Tokyo, Japan) and counted using ImageJ software. The procedure of the migration assay was identical to that of the invasion assay, with the exception of Matrigel.



Immunohistochemistry

For IHC staining, the samples were incubated in primary antibody against p-STAT1 (1:200, ab109461, Abcam) following standard procedures. All images were acquired by Nanozoomer Digital Pathology Scanner (Hamamatsu, Japan), and integrated optical density (IOD) and area were measured by using Image Pro Plus 6 AMS software. Mean density (IOD/area) was used to evaluate the expression level.



Statistical Analysis

All results were repeated at least three times. All data are expressed as mean ± SD. Statistical analyses were performed using GraphPad Prism software version 9.0. One-way analysis of variance, with Tukey’s test for multiple comparisons, was used to evaluate the differences between more than two preselected groups, with an independent sample t-test used to analyze the statistical significance between the two groups. P-values <0.05*, <0.01**, and <0.001*** were significant. The statistical methods of the study were reviewed by Bin Liu from Shandong University.




Results


Enhancement of the 125I-Induced Anti-Proliferation Effect of HCC Cells by EPI

The effect of EPI in improving the 125I-induced anti-proliferation impact in HCC cells, detected using CCK-8 assay in HepG2 and SMMC7721 cell survival curve, is shown in Figure 1A. EPI dose-dependently inhibited the proliferation of HepG2 and SMMC7721 cells, with EPI-sensitization concentrations of 0.020 µg/ml and 0.023 µg/ml, respectively. The fold increase rate of HepG2 and SMMC7721 cells was greater with the combined use of EPI and 125I seeds than with EPI alone and the difference between 125I and combined group was statistically significant (Figure 1B). In HepG2 and SMMC7721 cell, the fold increase rate of 125I at 72 h was 1.726 ± 0.126 and 1.980 ± 0.284, while combined group was 1.240 ± 0.055 and 1.500 ± 0.122. The effects of EPI and 125I, alone or in combination, on the cell cycle are shown in Figure 1C. Consistent with the cell proliferation assay, the cell cycle G2/M arrest was greater in the combined test group than in either the single 125I or EPI treatment group (Figure 1D).




Figure 1 | EPI enhances the 125I-induced anti-proliferation effect in HCC cells. (A) Inhibition rate of EPI on HCC cells. (B) CCK-8 assay quantifying HCC cell proliferation after EPI and 125I treatment, alone or in combination. (C, D) Cell cycle analysis after EPI and 125I treatment, alone or in combination. All experiments were performed in triplicate, and the data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. HCC, hepatocellular carcinoma cells; EPI, epirubicin; CCK-8, cell counting kit-8.





Enhancement of 125I-Induced Cell Apoptosis And Inhibition of Cell Migration and Invasion by EPI

The results of the transwell assays of HCC cells after treatment with EPI and 125I, used alone or in combination, performed to quantify the effects of EPI in promoting 125I-induced effects on HCC cell migration and invasion, are shown in Figures 2A–C. The number of cells in the migration and invasion phases was significantly lower in the combined test group than in either the individual 125I or EPI test group. Furthermore, the Annexin V–FITC/PI assay, implemented to evaluate the effect of EPI on 125I-induced apoptosis of HCC cells, showed a significantly higher rate of apoptosis in the combined test group than in either the EPI or 125I individual treatment groups (Figures 2D–F). Overall, EPI promoted the inhibitory impact of 125I on cell invasion and migration and promoted 125I-induced apoptosis.




Figure 2 | EPI enhances the inhibition effect of 125I on cell migration and invasion and induction of cell apoptosis. (A–C) Transwell assays showing the effect of EPI in promoting 125I-induced inhibition of migration and invasion of HCC cells. (D, E) Flow cytometry showing the combined effect of EPI and 125I. (F) Western blot showing the Bcl2/Bax ratio. All experiments were performed in triplicate, and the data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. HCC, hepatocellular carcinoma cells; EPI, epirubicin; Bcl2, Bcl2 apoptosis regulator; Bax, Bcl2 associated X.





Upregulation of the JAK/STAT1 Pathway by 125I

The heat map of iTRAQ labeling, performed using SMMC7721 cells with or without 125I treatment to quantify differences in protein expression after 125I treatment, is shown in Figure 3A. Protein expression levels were significantly different between the 125I treatment group and the non-treatment group, with a total of 207 differentially expressed proteins in 125I-treated HCC cells, including 119 upregulated and 88 downregulated proteins, as shown in the volcano plot in Figure 3B. Of note, the expression level of STAT1 was significantly different between the 125I treatment and control groups, as shown by the iTRAQ results (Figure 3C). Regarding the disease and function status of HCC cells, 125I influenced both cell death and survival, as well as on protein synthesis. These findings are indicative of a specific effect of 125I in upregulation of the JAK/STAT1 pathway, which is involved in regulating the cell state, including survival, and intracellular protein synthesis (Figure 3D). Western blot analysis revealed a dose-dependent increase in the expression of p-JAK and p-STAT1 proteins in 125I-treated HCC cells (Figure 3E). Furthermore, based on our previous study, in order to investigate the potential downstream of STAT1, western blot was performed to detect the expression level of AKT/mTOR pathway (3). The results showed that AKT/mTOR pathway was upregulated when STAT1 was knock down (Figure 3F).




Figure 3 | 125I-induced upregulation of the JAK/STAT1 pathway. (A) Heat map of differentially expressed proteins after treatment with 125I in SMMC7721 cells. (B) Volcano plot of differentially expressed proteins in SMMC7721 cells. Green represents downregulated proteins and red upregulated proteins. (C) The expression level of STAT1 in iTRAQ assay. (D) Analysis results of disease and biofunctions of HCC cells. (E) Western blot of the JAK/STAT1 pathway. (F) Western blot analysis of AKT/mTOR pathway. All experiments were performed in triplicate, and the data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. iTRAQ, isobaric tag for relative and absolute quantification labeling; HCC, hepatocellular carcinoma cells; EPI, epirubicin.





125I-Induced Apoptosis and Anti-Proliferation of HCC Cells by Means of the JAK-STAT1 Pathway

In transwell assays of cells transfected with STAT1-RNAi or NC-RNAi, there was a significant inhibition of the invasion and migration of SMMC7721 cells after 125I irradiation; this 125I-induced effect was attenuated by the downregulation of STAT1 expression (Figures 4A, B). The results of flow cytometry, performed to further validate the function of the JAK-STAT1 pathway in 125I-induced anti-proliferation and apoptosis of HCC cells, showed an arrest in the G2/M phase of the cell cycle with 125I treatment (Figures 4C, D). Thus, 125I treatment can inhibit the proliferation of HCC cells, with this effect being attenuated by the downregulation of STAT1. It is confirmed by the CCK-8 assay that STAT1-RNAi blocked the anti-proliferation effect of 125I treatment (Figure 4E). Taken together, these results suggest that 125I inhibits the proliferation and promotes apoptosis of HCC cells by means of the JAK-STAT1 pathway.




Figure 4 | 125I-induced apoptosis and inhibition of the proliferation of HCC cells via the JAK/STAT1 pathway. (A) Transwell assays showing migration and (B) invasion of SMMC7721 cells transfected with STAT-RNAi. (C) Flow cytometry showing the influence of STAT1-RNAi on cell proliferation and (D) apoptosis. (E) CCK-8 assay showing HCC cell proliferation. All experiments were performed in triplicate, and the data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. HCC, hepatocellular carcinoma cells.





Enhancement of the 125I-Induced Anti-Cancer Effects by EPI via the JAK/STAT1 Pathway

The results of treatment of cells transfected with NC-RNAi or STAT1-RNAi with 125I or EPI, alone or in combination, performed to evaluate the underlying molecular mechanism by which EPI improved 125I-induced proliferation and apoptosis via the JAK-STAT1 pathway, are shown in Figure 5. There was no marked change in the total amount of JAK and STAT1 proteins, although there was a greater increase in the phosphorylation status of these two proteins with the combined treatment compared to either single treatment group (Figure 5A). Moreover, in vivo experiment obtained the same result that the expression level of p-STAT1 was higher in combined treatment group than single group (Supplementary Figure 1). To further investigate the possible involvement of the JAK/STAT1 pathway in the anti-cancer effects of 125I and EPI, cell viability was analyzed using CCK-8. The results showed that downregulation of STAT1 attenuated the anti-cancer effects of 125I and EPI (Figure 5B). On flow cytometry analysis, downregulation of STAT1 also attenuated the effect of combined 125I and EPI treatment on G2/M cell cycle arrest (Figure 5C) and apoptosis (Figure 5D). Collectively, these results show that EPI enhances the anti-cancer effect of 125I treatment via the JAK/STAT1 pathway.




Figure 5 | EPI increased the anti-cancer effects of 125I via the JAK/STAT1 pathway. (A) Western blot showing the expression of JAK/STAT1 signaling. (B) CCK-8 showing cell proliferation ability. (C, D) Flow cytometry results showing the effects on cell cycle (C) and apoptosis (D). All the experiments were performed in triplicate, and the data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. EPI, epirubicin; CCK-8, cell counting kit-8.





Attenuation of 125I- and EPI-Induced Anti-Cancer Effects via the Downregulation of STAT1 in vivo

Treatment of SMMC7721 xenograft tumors with 125I, EPI, and STAT1-RNAi, performed to further investigate the function of STAT1 on the 125I-induced anti-cancer effect, produced significant suppression of tumor growth by 125I (Figure 6). This suppression was considerably enhanced by combined 125I and EPI, with the combined treatment inducing more obvious anti-cancer effects than either single treatment. The tumor volume in 125I was 878.780 ± 61.764 mm3, while the combined group of EPI and 125I was 630.280 ± 147.418 mm3. The inhibition of tumor growth induced by either 125I alone or in combination with EPI was compromised when STAT1-RNAi was transfected into SMMC7721 cells (Figure 6A, B). The tumor volume in STAT1-RNAi combined with 125I alone or in combination with EPI was 1212.240 ± 96.013 and 921.160 ± 45.790 mm3. Therefore, the knockdown of STAT1 weakened the anti-cancer effect of 125I. The effects of 125I, EPI, and STAT1-RNAi on tumor growth were confirmed by tumor weight measurements (Figure 6C). Therefore, STAT1 downregulation attenuated the anti-cancer effects induced by 125I and EPI in vivo.




Figure 6 | Attenuation of the anti-cancer effect induced by 125I and EPI by STAT1 downregulation in vivo. Nude mouse model was created using SMMC7721 cells transfected with NT-RNAi or STAT1-RNAi and treated with 125I and EPI. (A) The tumor models were treated and stripped, showing the volume of 5 tumors in each group. (B, C) Tumor volume and weight in each group were measured and the results were shown. The data were expressed as mean ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001. EPI, epirubicin.






Discussion

The findings of our study confirm our hypothesis that EPI can promote the anti-cancer effects of 125I seed implantation on HCC cells via the JAK/STAT1 pathway by enhancement of HCC cell apoptosis, inhibition of cell proliferation and migration, and arrest of the cell cycle at the G2/M phase.

Previous studies have reported the curative effect of 125I radioactive seed implantation for HCC (14–16). Zhang et al. (17) demonstrated that 125I radioactive seed implantation improved the expression of main histocompatibility complex class I chain-related gene A in HCC cells and upregulated cytokine-induced killer cell-mediated apoptosis via activation of caspase-3. There is also accumulating evidence that 125I seed implantation inhibits metastasis and tumor growth by regulating miRNAs. The use of lobaplatin can promote the radiosensitivity of HCC and NSCLC to 125I seeds (3, 4). Additionally, 125I can upregulate the expression of the PERK-eIF2α-ATF4-CHOP pathway to inhibit proliferation and accelerate apoptosis of HCC cells (3, 18). Of note, 125I can promote the downregulation of p38MAPK and the degradation of MDM2 in NSCLC, thereby inducing apoptosis (19). Thus, 125I seed implantation inhibits tumor invasion by changing the expression levels of vimentin, N-cadherin, and MMP-9 and induces the apoptosis of NSCLC cells via its effect on the mitochondrial pathway (20).

In a previous study on pancreatic cancer, we reported that 125I seed implantation combined with gemcitabine improved the ratio of Bax/Bcl-2 in pancreatic cancer cells, yielding a clinically better anti-proliferation effect (15). A recent study confirmed the above conclusion that ING4 gene therapy combined with 125I seed implantation effectively inhibited the growth and angiogenesis of pancreatic cancer (21). Similarly, prostate brachytherapy using 125I seeds effectively prolonged life and significantly improved the quality of life of patients with prostate cancer (22). In summary, 125I seed implantation has significant efficacy for the treatment of various cancers; thus, further studies to clarify the mechanism by which 125I seed implantation inhibits malignant proliferation of tumor cells will be key to better defining the use of 125I seed implantation for tumor treatment.

EPI is an anthracycline drug that has been widely used in the clinical treatment of NSCLC, breast, liver, and stomach cancer (10, 11, 13, 23). EPI inhibits the proliferation of cells by embedding itself directly in the cell DNA, thus interfering with the transcription process, inhibiting mRNA synthesis and topoisomerase II activity, and producing oxygen and free radicals (10, 12). As a traditional chemotherapy drug, EPI has a significant effect in the adjuvant treatment of early breast cancer, mainly by inhibiting the metastasis of breast cancer cells, thus improving the prognosis of patients with breast cancer (10, 24). EPI is less cardiotoxic than other adriamycin drugs, and when combined with trastuzumab, paclitaxel, and other chemotherapy drugs, it can significantly improve the clinical efficacy of tumor treatment (12, 13). EPI can also be loaded on other carriers such as polymeric micelles and hyaluronic acid to inhibit tumor proliferation (12, 13). In clinical applications, TACE combined with EPI has a significant effect on improving prognosis and prolonging the survival of patients with HCC (25). Based on this evidence, we explored the sensitization effect of EPI on 125I seeds both in vivo and in vitro. Our findings are in line with those of a previous study (12), proving that EPI inhibits the proliferation of HCC cells and promotes 125I-induced apoptosis.

STAT1 is a member of the STAT family and participates in signal transduction inside and outside cells and the regulation of gene transcription in the nucleus (6). As any abnormality or change in signal regulatory factors can lead to tumor formation, the role of STAT1 in the occurrence and development of tumors requires further study. There is evidence that STAT1 may play a dual role in this regard (8, 26). Specifically, while there is some evidence that STAT1 can induce tumorigenesis, accumulating evidence has shown that STAT1 is a tumor suppressor, exerting its anti-tumor role by interfering with the tumor microenvironment and/or signaling pathway (7, 26, 27). Previous studies have shown that STAT1 can participate in antiviral and immune defense and promote cell apoptosis and inhibit tumor growth by regulating anti-apoptotic genes such as BCL-xL, caspases, and Bax (7, 8). Consistent with our findings that increased proliferation, invasion, and migration of the HCC cell line SMMC-7721 were significantly inhibited after transfection of STAT1-siRNA into HCC cells, inhibition of STAT1 expression was reported to promote metastasis of osteosarcoma (27). STAT1 was also found to mediate an important anti-tumor response for squamous cell carcinoma of the head and neck (28), with increased STAT1 expression inhibiting the progression of ovarian cancer (29) and improving the prognosis of both of these cancers. STAT1 has been confirmed to be under-expressed in tissue specimens of HCC, ovarian, and lung cancer and other solid tumors (7, 30). In this study, we used a schematic illustration to show the important role of STAT1 in regulating the apoptosis, proliferation, and metastasis effect in the combined treatment of 125I and EPI in HCC, which indicating the value of STAT1 as a latent biomarker and prognostic indicator for HCC (Supplementary Figure 2).

The limitations of our study should be acknowledged in the interpretation of our results. First, more HCC cell lines should be used to verify the results. Second, as STAT1 is a transcription factor, its potential targets and detailed functions should be investigated in future studies.

In conclusion, this study provided evidence for the role of EPI in promoting 125I-induced anti-cancer effects in HCC. Furthermore, the effects of 125I and EPI are mediated by the JAK/STAT1 pathway. As such, the JAK/STAT1 pathway is a potential target for 125I seed implantation in the treatment of HCC.
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Mesenchymal stem cells (MSCs) contribute to tumor pathogenesis and elicit antitumor immune responses in tumor microenvironments. Nuclear proteins might be the main players in these processes. In the current study, combining spatial proteomics with ingenuity pathway analysis (IPA) in lung non-small cell (NSC) cancer MSCs, we identify a key nuclear protein regulator, SFPQ (Splicing Factor Proline and Glutamine Rich), which is overexpressed in lung cancer MSCs and functions to promote MSCs proliferation, chemical resistance, and invasion. Mechanistically, the knockdown of SFPQ reduces CD44v6 expression to inhibit lung cancer MSCs stemness, proliferation in vitro, and metastasis in vivo. The data indicates that SFPQ may be a potential therapeutic target for limiting growth, chemotherapy resistance, and metastasis of lung cancer.
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Introduction

Non-small cell (NSC) lung cancer is one of the most common fatal cancers. Understanding the biological development of NSC lung cancer is critical to improving the treatment efficacy. The progression of lung cancer is dependent on the interaction between tumor cells and the microenvironment composed of different cellular components, including mesenchymal stem cells (MSCs). Due to their various transdifferentiation plasticity, MSCs have recently attracted widespread attention in the development of various diseases and cancers, however, the roles of MSCs in the tumor microenvironment are controversial. They may contribute to tumor growth and elicit anti-tumor immune responses in tumor pathogenesis. The functional mechanisms of MSCs in the microenvironment of NSC lung cancer remain to be clarified (1–5).

We have previously identified intrinsically fibrogenic MSCs as the source of IPF fibrosis in the human idiopathic pulmonary fibrosis (IPF) lung and found that the gene expression profile of IPF MSCs is different from MSCs isolated from lung tissue of control patients (6–8). Discovery of genes or proteins in MSCs from NSC lung cancer and how they contribute to lung cancer progression could greatly help in understanding the development of NSC lung cancer and the discovery of novel therapeutic targets.

Spatial proteomics is an evolving powerful technology where the objective is to define the proteome in specific subcellular compartments (9, 10). Quantitative mass spectrometry, combined with interactomics, is a powerful advantage for this purpose (11–17). Abnormalities in nuclear proteins and chromatin organization can alter key cellular processes, lead to cellular dysfunction, and be hallmarks of many diseases (18–20). Our proteomics analysis of MSC nuclear fraction, bioinformatics, and functional analysis with lung cancer MSCs found that SFPQ (Splicing Factor Proline and Glutamine Rich) is the top upstream regulator of lung cancer MSC cell activity when compared with control MPCs. SFPQ has both DNA and RNA-binding domains involved in a variety of cellular activities, including RNA transport, cell cycle regulation, DNA damage and repair, and apoptosis control. Several studies have reported that SFPQ can increase the growth, metastasis, and chemo-resistance of cancer cells such as liver cancer, breast cancer, ovarian cancer, and colorectal cancers, although the precise mechanism by which SFPQ promotes cancer malignant phenotypes remains unknown (21–26).

As a transmembrane receptor for hyaluronic acid (HA) and a co-receptor for many growth factors and cytokines, CD44 is widely overexpressed in a vast array of tumor cells, including cancer stem cells, and is a critical regulator for cell-matrix adhesion, cell growth, EMT, and tumor progression. CD44 frequently shows the heterogeneity of alternative spliced variants (CD44v), which are expressed primarily on stem cells and cancer cells, and is thought to contribute to cancer development and progression (27–31). Among CD44v isoforms, the aberrant expression of CD44v6 has been found in many cancers and is believed to be responsible for cancer progression and metastasis in colorectal cancer, ovarian cancer, prostate cancer, etc (32–39). Our previous studies have shown that CD44 expression in MSCs supports the self-renewal of IPF MSCs. In the current study, we found that CD44v6 expression was reduced when SFPQ was knocked down in lung cancer MSCs. Understanding the relationship between SFPQ and CD44 may help to elucidate the pathological mechanism of NSC lung cancer.



Result


Nuclear Protein Profile Analysis Reveals Protein Markers of MSCs From NSC Lung Cancer

In previous studies, we used the cell surface markers CD44 and stage-specific embryonic antigen-4 (SSEA-4) to isolate stem cell-like cells from IPF. It has been shown that CD44+SSEA-4+ double-positive cells preferentially express some stem cell genes (28, 29). Therefore, in the current study, CD44 and SSEA-4 were used as markers for the isolation of MSC cells from the NSC lung cancer and normal lung cells. We found that CD44 and SSEA4 positive MSCs isolated from normal lung cells and NSC lung cancer cells showed the differences in proteomics and ingenuity pathways related to cell stemness, cell proliferation, and invasion (Figure 1A). Proteins from the nuclear fraction of those MSCs were then applied to TMT (Tandem Mass Tag) mass spectrometry to be identified and quantified. Global proteomic analyses with MSCs from NSC lung cancer and control group identified and quantified 6,015 proteins, which present in the nuclear fraction of all cell groups. Between these cell groups, 1,576 proteins (26% of the total protein) were observed to be significantly different (Supplementary Table 1).




Figure 1 | Proteomics and Ingenuity pathway analysis with lung NSC cancer and control MSC nuclear Profile. (A) Colony formation, cell proliferation and invasion assay were conducted with the normal and lung cancer MSCs. Lung NSC cancer MSCs have higher capability of proliferation(Left panel), colony forming (middle) and invasion (Right panel) than that of normal MSC cells. 4 normal lung cell lines (C210, C205, C215, C249) and 4 lung NSC cancer cell lines (Can661, Can522, Can838, A549) were used in these experiments. All data are shown as mean ± S.E. (n=3 independent experiments). (B–D) Proteins identified from control and lung NSC cancer MSC nuclear fraction with relative quantification in Proteomics analysis were applied to IPA to generate the biological networks from Lung cancer MSC and control MSCs dataset. (B) Top cell functions associated with the differentially expressed genes. (C) Top upstream regulators associated with different proteins. (D) Top canonical pathways associated with different proteins. Cell functions, upstream regulators or pathways identified are represented on the y-axis. The x-axis corresponds to the –log of the P-value (Fisher’s exact test) and the orange points on each pathway bar represent the ratio of the number of proteins in a given pathway that meet the cutoff criteria, divided by the total number of proteins that map to that pathway.



When using Ingenuity Pathway Analysis to analyze these nuclear protein data, there are significant differences between lung cancer MSCs and normal control MSCs in terms of cell function, upstream regulatory factors, and signal transduction pathways. Following a published differentiation protocol, the proteomics data was applied to IPA and signal transduction pathway was analyzed with IPA. A review of active cell functions in cancer and normal MSCs indicated the most active are cell DNA damage, cell differentiation, and proliferation, and cell movement. Many proteins were expressed differently and were involved in different functions. For example, ASCC3, POLR2A, CBX8, SMURF2, AQR, PARP, etc. were related with cell DNA damage. UBE2M, C1QBP, CAT, TNC, ACTN4, RNF40, EGFR, CLIC4, etc. were related with cell differentiation. AK4, PFN1, PIP4K2C, RAC1, EGFR, etc. were related with cell movement and migration. In IPA analysis, DNA repair and cell proliferation are higher in cancer MSCs than in normal controls, while cell apoptosis was lower than controls (Figure 1B; Supplementary Table 1). In canonical pathway analysis, the most active pathways in NSC lung cancer-MSCs were oxidative phosphorylation, cell cycle control, and EIF2 signaling pathways (Figure 1C; Supplementary Table 2). CEBPB, TP53, FOXO1, SFPQ, etc. are top upstream regulators, which are more dominant in NSC lung cancer-MSCs than controls (Supplementary Table 2) (Figure 1D; Supplementary Table 3). When we review the details of those regulators, they are all relative to cancer development (40–46), and SFPQ plays a role in a variety of biological processes related to cancer progression.



SFPQ Is Highly Expressed in NSC Lung Cancer-MSCs

Our proteomics and IPA results showed that the SFPQ level in lung cancer-MSC is well distinguished from the controls and is at the top of upstream regulators. SFPQ is an important protein that maintains the function of stem cells throughout the development process and plays a role in DNA damage, repair, and the cell cycle regulation (22–24). IIPA found that SFPQ interacts with many important proteins (Figure 2A), such as YY1, RTN4, RICTOR, HDACs, BMI1, and HNRNPC, which are important in the development of cancer (44, 47–50). When we examined SFPQ expression in NSC lung cancer-MSCs and control MSCs, we confirmed that the expression of SFPQ in mRNA and protein level was significantly higher in NSC lung cancer-MSCs than the controls by RT-PCR and western blot analysis (Figures 2B, C), indicating the SFPQ may be an important potential functional biomarker for NSC lung cancer.




Figure 2 | The expression level of SFPQ in lung NSC cancer MSC is higher than that in IPF and control MSC. (A) Predicted interactive proteins of SFPQ and their functional interactions are shown by IPA pathway analysis. Primary cell lines were used to measure SFPQ expression level in MSCs. The MSCs were sorted and verified from 4 normal lung cell lines (Con210, Con205, Con215, Con249) and 4 lung NSC cancer cell lines, (Can661, Can522, Can838 and A549) as described in method. (B, C) SFPQ expression was analyzed with (B) RT-PCR in mRNA and (C) western blot analysis in protein levels. Densitometry values were shown in the right graph. All data are shown as mean ± S.E. (n=3 independent experiments).





SFPQ Knocking Down Reduces the Abnormal Phenotypes of Cell Stemness, Proliferation, Chemo-Resistance, and Invasion in NSC Lung Cancer-MSC Cells

SFPQ was previously reported to be involved with DNA repair (21, 23). In order to determine if SFPQ affects DNA damage and repair in NSC lung cancer -MSCs, we knocked down SFPQ with SFPQ shRNA, and then we measured the levels of DNA repair marker PARP1 and DNA damage marker γ2HAX. We found that the expression of PARP1 was higher in lung cancer–MSCs, and the SFPQ knocking down reduced the levels of PARP1 and γ2HAX in NSC lung cancer -MSCs (Figures 3A, B). These results imply that SFPQ is an important regulator in DNA damage and repair.




Figure 3 | SFPQ is essential for cell stemness, proliferation, and invasion of lung NSC cancer MSCs. Lung NSC cancer MSCs isolated from A549 and Can661 cell lines were transduced with scramble or SFPQ shRNA and 48 hours later the cells were used for following analysis. (A) PARP1 mRNA level was quantitatively analyzed with RT-PCR in control and lung NSC cancer MSCs (far left: cell Con210, Con205, Con249; NSC cancer cell lines, Can661, Can838 and A549). (B) DNA damage marker H2AX was reduced in PARP1 knockdown lung cancer MSCs. γH2AX and PARP1 mRNA level in RT-PCR (left) and protein levels were analyzed with western blot analysis (middle). Densitometry analysis of WB were shown in the right graph. (C) Colony Formation Assay of lung cancer MSCs. Colony number was accounted microscopically from 6 random fields/well. Colony number was reduced in lung cancer MSCs transduced with SFPQ shRNA. (D) Sox2 expression in lung NSC cancer MSCs was quantified with RT-PCR (left panel) and western Blot analysis (middle panel). Densitometry analysis of WB are shown in the right graph. (E) Cell Proliferation assay. Lung cancer MSC proliferation was inhibited when SFPQ expression was knocked down with SFPQ shRNA. (F) Ki67 levels in lung cancer MSCs were analyzed with RT-PCR (Left) and western blot analysis (Middle). Densitometry values are shown in the right graph. (G) IC50 assay for Cisplatin. Dose responses of cisplatin were plotted as the percent of MTS staining vs. untreated cells from three replicate experiments. Lung NSC Cancer MSCs transduced with SFPQ shRNA were more sensitive to Cisplatin than the control group. (H) Cell invasion assay. Bars represent the total number of invading cells from 6 random fields/well. Invasive capacity of lung NSC cancer MSCs was decreased after SFPQ knockdown. (I) NMIIA and MMP2 expression in lung NSC cancer MSCs were quantified with RT-PCR (Left) and western blot analysis (Middle). Densitometry values are shown in the right hand graph. All data are shown as mean ± S.E. (n=3 independent experiments).



SFPQ was reportedly involved in the maintenance of cell stemness (23). We then observed the effect of SFPQ on the expression of stemness marker Sox2 and colony-forming ability in lung cancer-MSCs. When knocked down SFPQ with SFPQ shRNA in lung cancer MSCs, the number of colonies was reduced and the expression of stemness marker Sox2 was inhibited in mRNA and protein levels by RT-PCR and western blot analysis (Figures 3C, D). These suggest that SFPQ regulates stemness and self-renewal in lung cancer-MSCs.

SFPQ is also related to cancer cell proliferation (26). When comparing the proliferation rate between the lung cancer-MSCs and the control group, the cell growth of lung cancer-MSCs was 38% higher than that of the controls. Ki67 staining with cultured MSCs showed that knocking down SFPQ reduces lung cancer-MSC proliferation and Ki67 expression (Figures 3E, F). We also measured cytotoxicity of the Cisplastin in those lung cancer-MSCs and results showed that MSCs with knocking down SFPQ were more sensitive to Cisplastin and IC50 dropped from 9.0 µM in scramble shRNA-transduced cells to 1.9 µM in SFPQ shRNA-transduced MSCs (Figure 3G). These results suggest that SFPQ affects cancer MSCs proliferation and resistance to cancer chemotherapy.

Several studies have indicated that SFPQ is involved in cancer cell invasion and metastasis (22, 51). In our invasion assay, the invaded cell rate of cancer MSCs transduced with scramble shRNA was much higher than that of SFPQ knockdown MSCs (Figure 3H). NMIIA and MMP2 are considered as a cell migration marker and invasion marker, respectively. RT-PCR and western blot analysis were performed on the expression of NMIIA and MMP2 in MSCs. The results showed that the expression levels of MMP2 and NMIIA were significantly reduced in SFPQ knockdown NSC lung cancer-MSCs (Figure 3I). These demonstrate that loss of SFPQ expression significantly decreased the invasive phenotype of NSC lung cancer-MSCs.



SFPQ Promotes the Malignant Phenotypes of NSC Lung Cancer-MSCs via Regulating CD44v6 Expression

We further investigated possible mechanisms of SFPQ in lung cancer-MSCs. As a multifunctional nuclear protein and a key splicing factor, SFPQ plays its important roles in RNA splicing. CD44 is one of the proteins affected by RNA splicing, largely observed in cancer cells (27, 52). We first examined if CD44 isoform expression in lung cancer MSC was different from that of normal MSCs. The results showed that CD44v6 was higher in lung cancer MSC cells than that in lung normal cell MSCs (Figure 4A). Next, we determined whether the expression of CD44v6 is related to SFPQ. We found the CD44v6 was co-localized with SFPQ in the nucleus of NSC lung cancer-MSCs (Figure 4B). Furthermore, CD44v6 expression was reduced in SFPQ knockdown NSC lung cancer-MSCs compared to the control group transduced with scramble shRNA. We then compared the changes in cell function among SFPQ-knockdown, CD44v6-knockdown, and the lung cancer MSCs control group. The number of colonies, cell proliferation rate, and invaded cell number were reduced in lung cancer MSCs with CD44v6 knockdown and SFPQ knockdown compared to the control group transduced with scramble shRNA (Figure 4C). The expression levels of related marker Sox2, Ki67, MMP2, and NMIIA were also reduced with the loss of the expression of SFPQ and CD44 v6 (Figures 4D, E). When observing the levels of DNA repair marker PARP1 and DNA damage marker γ2HAX in lung NSC cancer MSCs, the SFPQ knock down reduced PARP1 and γ2HAX levels, but CD44v6 knockdown did not affect PARP1 and γ2HAX levels obviously (Figure 4F). These results suggest that SFPQ affects colony-forming, cell invasion, and proliferation in NSC lung cancer MSCs via regulation of CD44v6 level and has additional mechanisms independent of its impact on CD44v6 for regulating DNA damage and repair.




Figure 4 | SFPQ promotes the malignant phenotype of lung NSC cancer MSCs via regulating CD44v6 expression. (A) Control and lung NSC cancer MSCs isolated from 4 normal lung cell lines (Con210, Con205, Con215, Con249) and 4 lung NSC cancer cell lines (Can661, Can522, Can838 and A549) were used to evaluate the CD44v6 levels, Which were quantified with RT-PCR (left, control vs IPF: CD44 p<0.01; CD44v6 p<0.05) and western blot analysis (middle). Densitometry analysis of WB was shown in the right graph. (B) localizations of SFPQ and CD44v6 were analyzed by the confocal microscopy with anti-SFPQ (Abcam, USA) and anti-CD44v6 (Abcam, USA) in lung NSC cancer MSCs. CD44v6 is located in both cytoplasm and nucleus. Scale Bar=20µm. (C–E) Lung NSC cancer MSCs isolated from A549 and Can 661 cell lines were transduced with scramble or SFPQ shRNA or CD44v6 shRNA Lenti virus for 48 hours, and the cells were used for following analysis: (C) Colony Assay (left), Cell proliferation assay (middle) and Cell invasion assay (right). Colony number, cell proliferation rate and invaded cells in lung NSC cancer MSCs transduced with SFPQ shRNA or CD44v6 shRNA were reduced when compared with the control group. (D) SFPQ, CD44, and CD44v6 levels were analyzed by RT-PCR (left) and western blot analysis (middle) on the same cell groups. Densitometry values are shown in the right hand graph. (E) Expression levels of Sox2, Ki67 and MMP2 were analyzed with RT-PCR (left) and western blot analysis (middle) on the same cell groups. Densitometry analysis was shown in the graph on the right. (F) mRNA level of PARP1 was analyzed with RT-PCR (left), and western blot analysis (middle) of PARP1 protein and phosphorylated γH2AX were conducted on the same cell groups. Densitometry analysis was shown in the right graph. All data are shown as mean ± S.E. (n=3 independent experiments).





SFPQ Is Essential for NSC Lung Cancer-MSCs Distant Metastasis In Vivo

In order to further validate that SFPQ plays a key role in the development of NSC lung cancer, NSC lung cancer-MSCs transduced with SFPQ shRNA and scramble shRNA were intraperitoneal injected (i.p) into the NSG mice, and the different mouse tissues were harvested 6 weeks later to observe the tumor formation and distribution. In mice that received NSC lung cancer-MSCs transduced with scramble shRNA, tumor lumps were presented in the lung (3/5), liver (3/5), and spleen (2/5), but no tumors were observed in mice that received SFPQ shRNA-transduced NSC lung cancer MSCs (Figure 5O). Consistent with this result, in tissue IHC analysis of mice that received the control cancer MSCs, large areas of metastatic cancer cells were present in the lung, liver, and spleen tissues (Figures 5A–D, I). In contrast, fewer metastatic tumors were observed in the lung, liver, and spleen tissues in mice that received SFPQ-knockdown lung cancer MSCs (Figures 5E–H, L). IHC analysis further demonstrated that there were a large number of human CD44v6 and SFPQ positive cells in the lung tissues of mice receiving the control NSC lung cancer-MSCs (Figures 5J, K), while there were no cells expressing human CD44v6 in the lung tissues of mice receiving SFPQ knockdown MSCs (Figures 5M, N), indicating SFPQ plays an important role in cancer metastasis and SFPQ knockdown could block metastasis. Together, this data indicates that SFPQ plays a key role in promoting the metastasis of NSC lung cancer-MSCs in vivo.




Figure 5 | SFPQ is essential for lung NSC cancer MSCs distant metastasis in vivo. NSG mice were used for cancer cell metastasis experiment. (A–N). Serial 4 µm sections of the tissues from mice receiving A549 MSCs transduced with scrambled-shRNA (A–D, I), scale bar: 200 µm; (J, K) scale bar 50 µm) or SFPQ-shRNA (E–H, L), scale bar: 200 µm; (M, N) scale bar 50 µm). Representative H&E and Trichrome staining to assess fibrosis and cancer cell nests. IHC with anti-SFPQ antibody (J, M) and anti-CD44v6 antibody (K, N) was used to assess the distribution of cells expressing SFPQ and CD44v6 in the lung tissues of mice receiving A549 MSCs transduced with scrambled shRNA or SFPQ shRNA.. (O). The tumor masses in the H&E staining from mouse lung, liver and spleen tissues were counted and summarized in figure O. Compared with mice received SFPQ-knocked down lung NSC cancer MSCs, the mice in the control group had more cancerous masses (Student T test, N=5).






Discussion

Understanding the biology of cancers is critical to improving the treatment of lung cancer. MSCs appear as a key player in tumor pathogenesis by contributing in tumor microenvironments, tumor growth, and eliciting antitumor immune responses (4, 53–56). Screening the different proteins between the normal and cancer MSCs could find key players which are responsible for cancer initiation and development (9, 10). Spatial proteomics and TMT are the most powerful proteomics methods to identify and quantify the hallmarks of many diseases including cancer (57, 58). Reviewing our proteomics and IPA results, we notice there are some proteins translocated abnormally into the nucleus in NSC lung cancer-MSCs compared to the normal control MSCs. Many of them (such as CD44, thioredoxins) are known as cytoplasm, plasma membrane proteins, or extracellular proteins. In the IPA results of NSC lung cancer-MSCs, it was found that some highly expressed nuclear proteins such as POLR2A, CBX8, SMURF2, AQR, PARP, TNC, ACTN4, RNF40, EGFR, CLIC4, are related with DNA damage, cell proliferation, apoptosis, and migration, which are the characteristics of cancer stem cells. These nuclear proteins could be resources for further studies on their relationship with cancer stem cells. Our proteomic results reveal that CEBPB, TP53, FOXO1, SFPQ, etc. are the top upstream regulators, which are more dominated in NSC lung cancer-MSCs than the control group and there are many other proteins such as PML, BACH1 and CEBPB, etc that have not been investigated well in lung cancer. Those proteins are good candidates for further functional studies of NSC lung cancer-MSCs.

SFPQ is an important protein in the maintenance of stem cell development and is also related to cancer proliferation and metastasis (21–26). Our results suggest that SFPQ is critical in the stemness, proliferation, chemoresistance, and cell invasion of lung cancer MSCs. Studies in other laboratories have reported that SFPQ depletion reduces the proliferation of colorectal cancer cells and melanoma cells and induces S phase arrest in the cell cycle. In epithelial ovarian cancer cells, the SFPQ/SRSF2 pathway has been shown to play a key role in regulating chemotherapy-induced apoptosis (24). These results are consistent with ours, indicating that SFPQ may play a similar function in lung NSC cancer-MSCs, but the detailed mechanism of SFPQ on lung cancer cell proliferation, chemoresistance, and metastasis needs further studies.

Since SFPQ plays a key role in RNA splicing, which is important for protein processing (24), we assume it might promote cancer progression via regulating RNA splicing. CD44 is a protein involved in cancer initiation and development and highly affected by RNA splicing, thus we hypothesized that CD44 splicing were regulated by abnormal expression of SFPQ in lung cancer. Among CD44v isoforms, CD44v6 plays a major role in cancer progression. The aberrant expression of CD44v6 has been found in many cancers such as colorectal cancer, ovarian cancer, and prostate cancer, and is an independent negative prognostic marker (32–36, 59). In breast cancer, via binding growth factors produced by tumor microenvironment, CD44v6 through MAPK pathway promotes cancer cell migration and invasion (32, 34, 60–62). Our results suggest SFPQ affects CD44 isoform v6 level to regulate cell stemness, cell invasion, and cell proliferation, but the change of CD44v6 expression does not affect DNA damage and repair, therefore SFPQ may affect other proteins in those biological processes. How SFPQ affects cancer cell stemness and its upstream regulators are unclear, and mechanism works among SFPQ, CD44v6, and other proteins in lung cancer MSCs need be further investigated.

SFPQ has been reported responsible for metastasis in colorectal cancer and nasopharyngeal carcinoma (22, 51). In vivo study, knockdown of SFPQ in NSC lung cancer-MSCs reduces their ability to metastasize distantly, which suggests that SFPQ is a potential therapeutic target for cancer metastasis, although clear mechanisms need to be described. In summary, our data shows that SFPQ not only regulates cancer cell proliferation, stemness, chemoresistance, invasion, and metastasis, but also serves as an upstream regulator of CD44v6. Therefore, it could be a powerful therapeutic target for lung NSC cancer.



Materials and Methods


Cell Cultures and FACS Sorting

Primary cells for NSC lung cancer and control cases were harvested from the lung tissue biopsy of adult donors according to a protocol approved by the University of Minnesota Institutional Review Board. Culture supplies were obtained from Thermal Scientific except where noted. MSCs were enriched, purified, and cultured as described previously (28, 63, 64). For isolation of MSCs, primary mesenchymal cells were labeled with mouse anti-human SSEA4 antibody conjugated to Alexa Fluor® 647 (Clone MC-813-70; Catalogue #560796; BD Biosciences, Franklin Lake, NJ) and mouse anti-human CD44 conjugated to FITC (Clone IM7; Catalogue #103006; BioLegend, San Diego, CA). Cells were sorted on a FACS Aria Cell Sorter (BD Biosciences). Cells with SSEA4+ and CD44+ (relative to mouse IgG3 κ isotype control conjugated to Alexa Fluor® 647, clone J606, catalogue #560803 BD Biosciences and mouse IgM κ isotype control conjugated to FITC, catalogue #402207; BioLegend, respectively) were collected as we previously described (63). For IPF MSC isolation, the FACS Sorter gate was set to collect SSEA4 positive cells at the top 3% of CD44 expression (Supplementary Figure 1). The sorted cells were verified with MSC positive markers CD73, CD90, CD105 (R & D System, USA) and negative markers (CD45, CD34, CD11b, CD79a, HLA-DR).



Mesenchymal Progenitor Cells Culture

Cell suspensions of MSCs were maintained in MSC SFM CTS (Thermo Scientific/Gibco, Rochford IL, USA) (37°C, 5% CO2). Medium is changed every day.



Isolation of Cell Nucleus

Primary MSCs were used to isolate cell nucleus with cell organelles fraction kit (Thermo Scientific, USA) by following manufacturer’s instruction. Nuclear fractions of lung cancer-MSCs and control MSCs were isolated by NE-PER Nuclear and Cytoplasmic Extraction reagents (Thermo Scientific, USA).



Strong Cation Exchange (SCX) Chromatography, LC-MALDI and 4800 MS/MS, and Peptide and Protein Identification

Peptide/protein isolation and identification were conducted as described previously (65, 66). Protein concentrations were determined in desalted samples with Bradford reagent (Bio-Rad, Hercules, CA) and samples containing equal amounts of protein (20 µg) were labeled with MTM reagent (Thermal Scientific, USA) as directed by the manufacturer’s instructions. TMT-based MS was used to obtain proteomes from 6 samples. LC-MS data was acquired for each concatenated fraction using an Easy-nLC 1000 HPLC (Thermo Scientific Inc., Waltham, MA) in tandem with a Thermo Fisher Orbitrap Fusion (Thermo Scientific Inc., Waltham, MA). Peptides were loaded directly onto a 75 cm x 100-µm internal diameter fused silica PicoTip Emitter (New Objective, Woburn, MA) packed in-house with ReproSil-Pur C18-AQ (1.9 µm particle, 120 Å pore; Dr. Maish GmbH Ammerbuch, Germany). The column was heated to 55°C and a flow rate of 300 µL/minute was applied during the gradient. The gradient is as follows: 5-22% Buffer B (A: 0.1% formic acid in water, B: 0.1% formic acid in acetonitrile) for 45 minutes, 22-35% B for 25 minutes, and 35-95% B over 10 minutes. The column was mounted in a nanospray source directly in line with an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific, USA). Spray voltage was 2.1 kV in positive mode and the heated capillary was maintained at 275°C. The orbital trap was set to acquire survey mass spectra (380–1580 m/z) with a resolution of 60,000 at 100 m/z with automatic gain control (AGC) 1.0E6, 250-ms min injection. EASY-IC was selected for internal mass calibration. The 12 most intense ions (2-7 charged state) from the full scan were selected for fragmentation by higher-energy collisional dissociation with normalized collision energy 35%, detector settings of 60k resolution, AGC 5E4 ions, 250 ms maximum injection time, and FT first mass mode fixed at 110 m/z. Dynamic exclusion was set to 40s with a 10 ppm high and low mass tolerance.



Database Searching for Protein Identification

The tandem mass spectra were analyzed using Sequest (XCorr Only) in Proteome Discoverer 2.4.0.305 (Thermo Fisher Scientific, Waltham, MA). We used the Uniprot human Universal Proteome (UP000005640) sequence database from July 12, 2019 merged with the common lab contaminant protein database from https://www.thegpm.org/crap/, with a total of 174,234 entries, for the database searching. The Sequest search parameters included: trypsin enzyme, fragment ion mass tolerance of 0.1 Da, precursor ion tolerance 20 ppm, carbamidomethyl cysteine as a fixed modification; pyroglutamic acid from glutamine, deamidation of asparagine, oxidation of methionine, N-terminal protein acetylation, TMT 10plex for lysine, and peptide N-termini as variable modifications.



Relative Protein Quantification

Scaffold Q+ (v4.9, Proteome Software Inc., Portland, OR) was used for relative quantification of proteins. Peptide identifications were accepted if they could be established at greater than 89.0% probability to achieve an FDR less than 1.0% by the Scaffold Local FDR algorithm. Protein identifications were accepted if they could be established at greater than 5.0% probability to achieve an FDR less than 1.0% and contained at least 2 identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm (67). Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Proteins sharing significant peptide evidence were grouped into clusters. Channels were corrected for incomplete isotope incorporation in all samples according to the algorithm described in i-Tracker (68). Normalization was performed iteratively (across samples and spectra) on intensities, as described in Statistical Analysis of Relative Labeled Mass Spectrometry Data from Complex Samples Using ANOVA (69). Medians were used for averaging. Spectra data were log-transformed, pruned of those matched to multiple proteins, and weighted by an adaptive intensity weighting algorithm. Of 46,922 spectra in the experiment at the given thresholds, 36,422 (78%) were included in quantitation. Differentially expressed proteins were determined by applying Permutation Test with unadjusted significance level p < 0.05 corrected by the Benjamini-Hochberg method.



Ingenuity Pathway Analysis (IPA)

The lung cancer MSC nuclear proteomic analysis data was imported to the IPA (http://www.ingenuity.com, 2021, May) for functional analysis, canonical pathways, and upstream regulator analysis. Fisher’s exact test was used to calculate a P-value, which determines the probability that each biological function and/or disease assigned to the dataset is caused only by chance (70, 71).



Colony-Forming Efficiency

Single-cell suspension of control and NSC lung cancer -MSCs were incorporated into methylcellulose gels (100ug/ml, Stemcell Technologies, Vancouver, Canada) and maintained in MSC SFM CTS medium (Thermo Scientific/Gibco, Rochford IL, USA) for 1 week at 37°C, 5% CO2. Enumeration of colonies was performed microscopically and colony size was quantified by Image J.



MSCs Proliferation Assay

MSCs proliferation was measured using proliferation kits (Roche, USA). 2X104 single-cell suspension of Scramble or SFPQ shRNA-transduced MSCs were cultured in 96 well plate with MTT reagent for 16 hours and the cells were quantified by following manufacturer’s instruction. Measurements were quantified with a SpectraMax M3 microplate reader (Molecular Devices).



Invasion Assay

Invasion assay of MSCs was evaluated with the Transwell inserts (8 µm pore) in 24-well tissue culture plates (Millipore, USA). MSCs were cultivated in serum-free DMEM for 24 h, trypsinized and inoculated into the upper chamber at 2X104 cells/well in 300 µl serum-free DMEM. The lower chamber contained 500 µl 10% FBS DMEM (positive control), conditioned DMEM or serum-free DMEM (negative control). After 16 h at 37°C, MSCs were detected with CyQuant GR Dye. Cells remaining in the upper chamber were removed with a release buffer and MSCs that migrated across the insert were quantified with fluorescence reader.



Cisplatin Resistance Assay

Cisplatin stock was diluted in growth medium to the required concentrations before each experiment. Cells were seeded into 96-well plates at 1.0x1000 cells/well in 100μl of growth media and allowed to adhere overnight. The following day media was removed from wells and replaced with 100µl media containing the indicated treatment or media alone (baseline) in triplicate wells. After 96 hours of treatment, 20µl of MTS reagent (Promega, cat#G3580) was added to each well and incubated in the dark for 2 hours at 37°C, 5% CO2. Absorbance at 570nm was collected on a Bio-Tek 200 plate reader. Each experiment was repeated a minimum of three times.



Plasmids/Constructs

For loss of function assay, SFPQ was knocked down using shRNA (pGIPZ-SFPQ shRNA; IDT and UMN Genomics center). CD44v6 was knocked down using shRNA (pGIPZ-SFPQ shRNA; Applied Biological Materials Inc. Canada). Scrambled shRNA was served as the control. Cells were transduced using a lentiviral vector containing shRNAs with Polybrene (72).



Western Blot Analysis

Cells were washed twice in cold PBS and lysed in New RIPA lysis buffer (150 mM NaCl, 50 mMTris pH 8.0, 1 mM EDTA, 1 mM EGTA, 0.5 % sodium deoxycholate, 0.1 % SDS, and 1 % Triton X-100) with protease inhibitor cocktail (0.1 M phenylmethylsulfonyl fluoride, 5 μg/ml leupeptin, 2 μg/ml aprotinin, and 1 μg/ml pepstatin). Protein concentrations of whole cell lysates were determined using the BCA method and equal amounts of each protein sample (15 μg) were separated on an 8~14 % SDS–polyacrylamide gel at 80 V. Separated proteins were then transferred to a polyvinylidene difluoride membrane for 8 minutes on Turbo transfer System (Invitrogen, USA). After blocking with 5 % skim milk powder for 1 h at RT, the membrane was incubated with primary antibody for 1 h at RT or overnight at 4°C. The membrane was washed three times for 15 minutes with 0.05 % PBS-Tween and then incubated for 1 h at RT with the horseradish peroxidase-conjugated secondary antibody. After extensive washing with 0.05 % PBS-T, protein bands were visualized by ECL Plus according to the manufacturer’s instructions (Cell signaling, USA).



Real-Time Reverse Transcription PCR

Total RNA was extracted with the RNeasy minikit and the cDNA was synthesized with miScript92 RT kit (Qiagen). PCR reactions contained 10 μl SYBR@Green SuperMix (Bio-Rad), 900 nM forward primer, 900 nM reverse primer, and 50 ng cDNA in 20 μl of reaction volume. GAPDH was used as reference, GAPDH was normalized to 1. Reactions were performed in a7900 HT Sequence Detector (Applied Biosystems, USA) with a cycling protocol described before (Applied Biosystems, USA) (73). The primers were listed as follows:

GAPDH Forward: 5′- TGTTGCCATCAATGACCCCTT-3′

GAPDH Reverse: 5′-CTCCACGACGTACTCAGCG-3′

CD44 Forward: 5′-GCTACCAGAGACCAAGACACA-3′

CD44 Reverse: 5′-GCTCCACCTTCTTGACTCC-3′

CD44v6 Forward: 5′-CCAGGCAACTCCTAGTAGTACAACG-3′

CD44v6 Reverse: 5′-CGAATGGGAGTCTTCTTTGGGT-3′

Sox2 Forward: 5′-GGGAAATGGGAGGGGTGAAAAGAGG-3’

Sox2 Reverse: TTGCGTGAGTGTGGATGGGATTGGTG-3’

Ki67 Forward: 5′- TCCTTTGGTGGGCACCTAAGACCTG-3’

Ki67 Reverse: 5′- TGATGGTTGAGGTCGTTCCTTGATG-3’

MMP2 Forward: 5′-CTCAGATCCGTGGTGAGATCT-3′

MMP2 Reverse: 5′-CTTTGGTTCTCCAGCTTCAGG-3′

NMIIA Forward: 5′- AGAGCTCACGTGCCTCAACG-3’

NMIIA Reverse: 5′- TGACCACACAGAACAGGCCTG-3’

SFPQ Forward: 5’-GATCTACAGGGAAAGGCATTGTTG-3’

SFPQ Reverse: 5’-GATACATTGGATTCTTCTGGGCA-3’

RT–PCR products were quantified at the log-linear portion of the curve using LightCycler analysis software and compared to an external calibration standard curve.



Mouse Xenograft Model of Cancer Metastasis

We utilized NOD/SCID/IL2rγ/B2M (NSG) mouse model to assess the metastatic ability of NSC lung cancer-MSCs in vivo (74) Mice were housed under pathogen-free conditions in the University of Minnesota Molecular and Cellular Center Isolation Facility. All mouse studies followed the protocols reviewed and approved by the University of Minnesota Institutional Animal Care and Use Committee (IACUC). An average of 10 weeks of age-matched NSG male and female mice (Jackson Laboratories, USA) were used for intraperitoneal injections for metastasis studies. One million of lung cancer MSCs suspended in 100 μL PBS were IP injected into the mice with a 30-gauge needle after mice were anesthetized with 5% isoflurane. All experimental mice were monitored until fully recovered from anesthesia and were subsequently monitored for disease progression through measuring body weight and behavior signs (pain and distress, et al.) daily. When significant or accelerated losses in body weight (>15%) or mice under distress were detected, mice were euthanized by CO2 and different organ tissues were harvested. Histological (H&E and trichrome staining) and immunohistochemical analysis was performed on paraffin embedded mice tissues. IHC using anti-SFPQ antibody (1:500, Ab38148, Abcam, USA) and anti-CD44v6 antibody (1:800,Ab30436, Abcam, USA) to assess the expression of SFPQ and CD44 expressing cells. Specimens were cover-slipped with a Prolong Antifade Kit (Invitrogen/Molecular Probes) and stored overnight at room temperature without light before image analysis.



Statistical Analysis

All experiments were performed at least in triplicate and results were analyzed using the Student’s t-test or Two-Way ANOVA (for proteomics method described as above). The criterion for significance was P<0.05. Numerical data are reported as means ± standard deviations.
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Liver zonation is fundamental to normal liver function, and numerous studies have investigated the microstructure of normal liver lobules. However, only a few studies have explored the zonation signature in hepatocellular carcinoma (HCC). In this study, we investigated the significance of liver zonation in HCC with the help of single-cell RNA sequencing (scRNA-seq) and multicolor immunofluorescence staining. Liver zonation-related genes were extracted from the literature, and a three-gene model was established for HCC prognosis. The model reliability was validated using bulk RNA and single-cell RNA-level data, and the underlying biological mechanism was revealed by a functional enrichment analysis. The results showed that the signaling pathways of high-risk groups were similar to those of perivenous zones in the normal liver, indicating the possible regulating role of hypoxia in HCC zonation. Furthermore, the co-staining results showed that the low-grade tumors lost their zonation features whereas the high-grade tumors lost the expression of zonation-related genes, which supported the results obtained from the sequencing data.
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INTRODUCTION
The liver is the central metabolic organ. It performs various critical functions that maintain body homeostasis. It also produces a considerable proportion of circulating proteins (Gebhardt, 1992; Trefts et al., 2017; Ben-Moshe et al., 2019; Ben-Moshe and Itzkovitz, 2019). After the development of scRNA-seq and spatial transcriptomes, numerous studies have researched the micro-anatomical structure of the normal liver (Halpern et al., 2017, 2018; Kietzmann, 2017; Ben-Moshe et al., 2019; Ben-Moshe and Itzkovitz, 2019; Gola et al., 2021). Approximately 50% of hepatocytic genes are expressed in a zoned manner. These genes are responsible for most liver-specific functions, such as albumin synthesis, drug metabolism, glycolipid metabolism, free radical scavenging, and immune activity (Ben-Moshe et al., 2019). Different subsets of hepatocytes perform various liver activities, and this optimization of function mainly depends on liver zonation (Jungermann, 1986; Meijer et al., 1990; Bartl et al., 2015). Besides their distinct gene expression profiles, hepatocytes in different lobular regions also have different epigenetic characteristics, regenerative capacities, susceptibility to damage, and other functional aspects (Dezső et al., 2017; Brosch et al., 2018; Wei et al., 2021). It is well known that the liver is the only organ with the ability to regenerate itself, but not all hepatocytes have the ability to proliferate (Michalopoulos and Bhushan, 2021). Recent studies have shown that only hepatocytes at a specific zonation can self-replicate in the presence of pathological damage to the liver (He et al., 2021; Wei et al., 2021), which suggests that not all hepatocytes have the same potential to develop into tumor cells (Sia et al., 2017). However, few studies have explored the variation in liver zonation characteristics in hepatocellular carcinoma (HCC).
In this study, we combined large sample transcriptome cohorts, single-cell sequencing data, and multiplex immunofluorescence techniques to explore the liver zonation-related genes in HCC. We found that liver zonation-related genes are liver-specific and commonly downregulated in HCCs. The liver zonation-related signature (LZRS) is a reliable predictor of an HCC patient’s prognosis and can identify the more malignant tumor cell subtypes at the single-cell resolution level. These signature genes decreased with the activation of the proto-oncogene network in HCC cells and were negatively correlated with the degree of HCC dedifferentiation. Although highly differentiated HCCs still have characteristic genes, they are not zoned and are expressed in a mixed fashion. In contrast, low-differentiated tumors lose the expression of characteristic genes. Our findings provide a framework to further understand the changing landscape of liver zonation during the development of HCC.
MATERIALS AND METHODS
Public Data Collection and Processing  
The normalized gene-level RNA-seq data and clinical information from 364 patient TCGA-LIHC cohorts were downloaded from UCSC Xena (https://xenabrowser.net/) using the R package UCSC Xena Tools (Wang and Liu, 2019). The LIRI-JP validation sets for 258 patients and GSE14520 validation sets for 239 patients were obtained by downloading the RNA-seq data and the related clinicopathological data from the International Cancer Genome Consortium (ICGC) website (https://dcc.icgc.org/projects/LIRI-JP) (Zhang et al., 2019) and the Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/). The single-cell RNA sequencing barcode sequences and raw gene expression matrix were downloaded from CNP0000650 (Sun et al., 2021). Mutation data that contained somatic variants were stored in the Mutation Annotation Format (MAF) form and were downloaded from the Genomic Data Commons (GDC) (https://portal.gdc.cancer.gov).
Exploring the Expression Patterns of Liver Zonation-Related Genes in HCC
The liver zonation-related genes (n = 50, Figure 1A) were selected from previously published articles and further verified using the Human Protein Atlas (Uhlén et al., 2015; Halpern et al., 2017, 2018; Ben-Moshe et al., 2019; Droin et al., 2021). Furthermore, the expression patterns of liver zonation-related genes were summarized using the HCCDB database. We used the 4D metric defined by a previous study to summarize the patterns (Lian et al., 2018). In detail, 4D metrics, which include four metrics, are defined in the following way:
1) The liver-specific metric quantifies the specificity of a gene in the liver compared to other tissues:
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2) The deregulation metric measures the deregulation extent of a gene in HCCs compared to adjacent samples:
[image: image]
3) The tumor-specific metric quantifies the specificity of a gene in HCCs compared to other tissues:
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4) The HCC-specific metric is the specificity of a gene in HCCs compared to other tumor types:
[image: image]
[image: Figure 1]FIGURE 1 | Establishment of the liver zonation-related prognostic signature. (A) Summary of liver zonation-related genes. Dif: The number of differentially expressed datasets. Red/blue for consensus upregulated/downregulated. HCC/AllTumor: red/blue for the positive/negative fold change in log2 scale by comparing HCC with all tumors (TCGA data). HCC/AllAdjacent: red/blue for the positive/negative fold change in log2 scale by comparing HCC with all adjacent samples (TCGA data). HCC/Adjacent: red/blue for the positive/negative fold change in log2 scale by comparing HCC with adjacent samples (HCCDB data). Liver/OtherNormal: red/blue for the positive/negative fold change in log2 scale by comparing liver with normal tissues (GTEx and TCGA data). (B) C-index of the three-gene signature was 0.67 in the TCGA cohort, 0.67 in the ICGC cohort, and 0.62 in the GSE14520 cohort. (C) Violin diagram showing higher risk scores for the higher tumor stage. (D) Top graphs show the distribution of risk scores; the center graphs show the survival status of patients in the training cohorts; the bottom graphs show expression patterns of the three genes.(E) Kaplan–Meier plot of the three-gene signature in TCGA cohort. (F) tROC curve of the three-gene signature in TCGA.
Development and Validation of the Liver Zonation-Related Signature for HCC
Cases from the TCGA datasets were used as the training cohort to establish the liver zonation-related signature (LZRS).
The signature generation procedure was as follows: 1) a univariate Cox regression identified prognostic liver zonation-related genes in the TCGA-LIHC cohort. 2) Then, a LASSO regression was performed on the prognostic genes to the fit prediction models in the TCGA-LIHC cohort. 3) The model was detected in two validation datasets (GSE14520 and ICGC-LIHC).
The risk score for each patient was calculated by the LASSO model weighting coefficient as follows:
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where n represents the number of key genes, Coefj is the LASSO coefficient of gene j, and Xj is the normalized expression value of gene j (formimidoyltransferase cyclodeaminase [FTCD]: −0.0522, aminolevulinate dehydratase [ALAD]: −0.0136, and paraoxonase 1 [PON1]: −0.0247). Then, the concordance c-index proposed by Harrell was applied to validate the predictive ability of the signature in all datasets using the “survcomp” R package (Harrell, 1982; Haibe-Kains et al., 2008). A larger c-index indicated that the predictive ability of the model was more accurate.
Processing of Single-Cell RNA-Seq Data
Single-cell RNA sequencing data were processed for dimension reduction and unsupervised clustering by following the workflow in Seurat (v. 4.0.2) (Butler et al., 2018). In brief, first, the read counts for each cell were divided by the total counts for that cell and multiplied by the scale factor (10,000), and then natural log transformed. A principal component analysis (PCA) matrix with 50 components was calculated to reveal the main axes of variation, and the data were denoised by using the “RunPCA” function with the default parameter. For visualization, the dimensionality of each dataset was further reduced using uniform manifold approximation and projection (UMAP) implemented in the “RunUMAP” function (Becht et al., 2019). We retained cell clustering based on a previous study (Sun et al., 2021). The cluster-specific marker genes were identified by using the “FindAllMarkers” function with the MAST algorithm (Finak et al., 2015).
The liver zonation-related feature scores were calculated by the negative LASSO model weighting coefficient:
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where n represents the number of key genes, Coefj is the LASSO coefficient of gene j, and Xj is the normalized expression value of gene j (FTCD: −0.0522, ALAD: −0.0136, and PON1: −0.0247).
Survival Analysis
The malignancy of different tumor cell subpopulations in the scRNA-seq data was identified by extracting the top 10 differentially expressed genes (DEGs) in each cluster, and then, the potential prognostic significance of these genes was assessed using the LIHC data from GEPIA2 (http://gepia2.cancer-pku.cn/#index).
The Kaplan–Meier curves were also generated to graphically demonstrate the overall survival (OS) of the high-risk and low-risk groups, which were stratified by the liver zonation-related signature. The R package “survminer” was utilized to perform the survival analysis, and the optimal cut-off was ascertained by the “surv_cutpoint” function.
Bioinformatics Analysis
Gene set enrichment analysis (GSEA) was further used to investigate the functional enrichment of risk score-associated genes using the R package “clusterProfiler” (Yu et al., 2012). The Benjamini–Hochberg method was used to adjust the nominal p-values (false discovery rate, FDR) for multiple testing. A gene set variation analysis (GSVA) was performed to evaluate the pathway activities in the scRNA-seq data and bulk data. A single-sample gene set enrichment analysis (ssGSEA) implemented in the R package GSVA was used to quantify the relative infiltration of 28 immune cells in the TCGA-LIHC cohort. The gene sets used in the enrichment analysis were downloaded from the Molecular Signature Database (MsigDB, http://software.broadinstitute.org/gsea/msigdb/).
Tissue Samples
The tumor samples were collected from HCC patients at the First Affiliated Hospital of Zhengzhou University, China. They consisted of 136 paired samples of primary HCC tumor and paracancerous tissues from January 2014 to August 2019, each with a follow-up of more than 2 years. This study complies with the guidelines of the China Ethical Committee and the Helsinki Declaration. Informed consent was obtained.
The tissues were fixed with formalin, embedded in paraffin, and arranged into three tissue chips.
Multicolor Immunofluorescence
Tissue sections were dewaxed in xylene overnight and rehydrated in a graded alcohol series (ethanol:deionized water 100:0, 90:10, 80:20, 70:30, 50:50, and 0:100; 5 min each). After deparaffinization with xylene and rehydration, antigen retrieval was performed by microwave treatment in 10 mmol sodium citrate buffer (pH 6.0) for 20 min. The endogenous peroxidase was blocked with 3% H2O2 in methanol, and non-specific binding was blocked for 10 min using a protein-blocking buffer. The sections were washed in phosphate-buffered saline (PBS). In a microwave oven, heat-induced epitope retrieval was conducted in Tris-EDTA buffer at pH 9 for 25 min, and then, the sample was allowed to cool down to 25°C. The endogenous peroxidase activity was blocked by incubating the slides in 3% hydrogen peroxide for 25 min and then blocked with 3% bovine serum albumin (BSA) in Tris-buffered saline (TBS) for 30 min.
The ALAD (Abcam, ab151754), PON1 (Proteintech, 18155-1-AP), and FTCD (Proteintech, 21959-1-AP) antibodies were labeled with Alexa Fluor® 488, 555, and 647, respectively, using Lightning-Link Rapid Kits (Abcam, ab236553, ab269820, and ab269823, respectively). The primary antibodies were incubated at 4°C overnight. After overnight incubation at 4°C, the sections were washed with PBS and stained with DAPI.
Whole slide digital images were scanned using a Pannoramic DESK scanner (3DHISTECH), and all IF staining were quantified by QuPath software (Bankhead et al., 2017).
Statistical Analysis
Student’s t-test was conducted to make the statistical comparison, and the “pheatmap” R package was used to generate heatmaps. Survival analysis was conducted using the Kaplan–Meier method, and the prediction performance of the risk model was evaluated using the receiver operating characteristic (ROC) in the “time-ROC” R package. Multivariate Cox regression analyses were used to investigate the prognostic value of the risk score. The hazard ratio (HR) and 95% confidence intervals (CI) for each variable were also calculated where needed. p < 0.05 was defined as a statistically significant difference. All of our analyses were conducted by R software version 4.0.2 (https://www.r-project.org).
RESULTS
Summary and Characterization of Liver Zonation-Related Genes
We used zonation-related genes in normal liver lobules obtained from a literature review to obtain a representative list of liver zonation genes (Halpern et al., 2017; Halpern et al., 2018; Ben-Moshe et al., 2019; Droin et al., 2021). These genes are robust according to several different experimental platforms, including single-cell RNA sequencing (scRNA-seq), spatial transcriptomes, seqFISH, and spatial sorting proteomics (Halpern et al., 2017; Halpern et al., 2018; Ben-Moshe et al., 2019). Liver zonation-related genes can be divided into two main groups: peri-central vein genes and peri-portal vein genes (Ben-Moshe and Itzkovitz, 2019). These genes are controlled by factors such as oxygen, nutrients, and microorganisms and form the basis for normal liver function. To explore the liver zonation characteristics in HCC, we first investigated the expression of these genes in HCC and its paraneoplastic tissues in 15 HCC transcriptomic datasets (Lian et al., 2018). These genes had the highest expression levels in normal liver tissues. They were downregulated in cancerous liver tissues but were still higher than in other non-hepatic tissues, indicating their specificity in liver tissues (Figure 1A).
Construction and Validation of a Three-Gene Zonation-Related Signature
To obtain the prognostic genes, we retained the genes significantly associated with prognosis by univariate Cox analysis. The results of the univariate Cox regression analysis of 24 genes were used in the LASSO regression to identify robust markers in the TCGA-LIHC cohort (Ally et al., 2017). PON1, FTCD, and ALAD were 445 extracted and had the most significant HCC overall 446 survival times (Figure 1D, Supplementary Figures S1A,B). The ICGC dataset and GSE14520 were used as external validation cohorts to verify the predictive ability of the model (Zhang et al., 2019). There was a significant difference in survival among patients in the high- and low-risk groups within the three cohorts (Figures 1E,F; Supplementary Figures S1C–F), and the risk scores were upregulated with the increasing TNM stage (Figure 1C). The credibility of this model was validated by assessing the C-index in the three cohorts (0.67, 0.67, and 0.62, respectively) (Figure 1B).
Three-Gene Zonation-Related Signature Could Accurately Identify More Malignant Cells at the Single-Cell Level
The performance of the model was validated by the SMART-seq2–based high-quality scRNA-seq data for HCC (Figure 2A) (Sun et al., 2021). We calculated the feature score for each tumor cell by taking the negative value of the risk score. Cluster C14 had the highest feature score, and cluster C12 had the lowest feature score (Figures 2B,C). Differential genes were calculated for each cluster using the MAST algorithm (Finak et al., 2015). The top 10 differential genes were selected as the cluster-specific signatures for the survival analysis to assess the degree of malignancy for each cluster. We compared whether there was a survival difference between the two groups to determine the malignancy of the malignant cell clusters. Signature C14 represented a better prognosis, and signature C12 showed a worse prognosis (Figures 2D,E). In contrast, the other cluster signatures were not related to a prognosis, indicating that the model could accurately identify the more malignant cells.
[image: Figure 2]FIGURE 2 | Three-gene signature could identify more malignant cells well in the single-cell level. (A) UMAP plot shows the cluster of tumor cells. The annotation of cell types follows the original authors. (B,C) Feature plot and violin plot show the feature score of each cluster. The higher the feature score, the less malignant is the tumor. (D,E) Kaplan–Meier plot of the C14_Tumor signature and C12_Tumor signature in TCGA cohort. (F) Heat map shows the GSVA enrichment of each cell; cells are sorted according to the feature score.
Loss of Liver Zonation Features Is Associated With Proto-Oncogene Network Activation and Tumor Cell Immune Escape
To investigate the biological mechanisms underlying the loss of liver zonation-related features leading to a poor prognosis for HCC, we performed a GSVA on each cell and ranked the cells from the highest to the lowest according to the feature score (Hänzelmann et al., 2013) (Figure 2F). In general, the malignancy of HCC cells gradually increases as the feature score decreases in three significant ways: 1) the proliferation and activation of the proto-oncogene network (“G2M checkpoint,” “WNT/β-catenin signaling,” “MYC targets,” and “E2F targets”); 2) the loss of intrinsic hepatic features (“coagulation” and “complement”); and 3) the downregulation of the inflammatory response (“inflammatory response,” “IL2_STAT5 signaling,” “IL6_JAK_STAT3 signaling,” “TNFα signaling via NF-κB,” “interferon α response,” and “interferon γ response”). The upregulation of the “Hedgehog” and “WNT/β-catenin” signaling pathways and the metabolic pathways, such as glycolysis, in HCC were consistent with the variation in typical liver zonation (Rebouissou et al., 2016). They are the most relevant pathways for early liver cancer progression (Benhamouche et al., 2006; Sia et al., 2017; Perugorria et al., 2019). Notably, the bulk level analysis was consistent with the single-cell level analysis. We performed a GSVA on the TCGA cohort and calculated the differential pathways between high- and low-risk groups using the limma package (Ritchie et al., 2015). The high-risk group had a greater proliferative capacity and glycolytic activity, while the low-risk group had a more potent immune activation profile (Figure 3A). The GSEA results also confirmed this discovery (Figures 3B,C). These results suggest that the LZRS can be a good marker for predicting early proto-oncogenic pathway activation in HCC.
[image: Figure 3]FIGURE 3 | Functional enrichment analysis of the three-gene signature. (A) Bar plot of GSVA enrichment in the high-risk group and low-risk group. (B,C) GSEA enrichment results in the high-risk group and low-risk group. (D–J) Correlation of the risk score with infiltrative immune cells. (K) KEGG enrichment result of immune genes’ negative correlation with risk scores. (L) Boxplot shows the expression of immune checkpoints in the high-risk group and low-risk group (*p < 0.05, **p < 0.01, and ***p < 0.001).
The immune microenvironment of tumors is associated with their prognosis (Thorsson et al., 2018). Notably, both the bulk-level and single-cell resolution data showed negative correlations between tumor inflammation levels and the LZRS (Figure 2F, Figures 3A–C).
Deconvolution analysis of the tumor microenvironment showed that antitumor immune cells, such as CD8, CTL, B cells, and Th17, were negatively correlated with the LZRS, indicating poor immune infiltration in the high-risk group (Figures 3D–J). A total of 2,498 immune-related genes were extracted from the ImmPort database. We calculated the Pearson correlations between these genes and their risk score and selected immune genes that were negatively correlated with the risk score (r < −0.3 and p < 0.05). A KEGG pathway enrichment analysis showed that these genes were mainly involved in the immune activation process (Figure 3K). We examined the expression of classical immune checkpoints in the high- and low-risk groups; CTLA4, PDCD1, and HAVCR2 were significantly upregulated in the high-risk group (Figure 3L). This implies that immune infiltration may be an important cause of prognostic differences.
Multiplex Immunofluorescence Reveals the Alteration and Loss of Typical Zonation Characteristics in HCC
To determine the protein expression of three genes, we performed multicolor IF staining using 136 paired samples of primary HCC tumor and paracancerous tissues from January 2014 to August 2019, each with a follow-up of more than 2 years. The patient characteristics are listed in Supplementary Table S1. The genes were mainly expressed in adjacent tissues, but they were absent in tumor tissues (Figures 4A,B). Co-staining revealed that the normal tissues showed distinct zonation, the low-grade tumors lost their zonation, and the high-grade tumors showed no expression of these zonation-related genes (Figures 4C–E). Considering that liver function is mainly based on zonation, the alteration and loss of normal zonation characteristics represent the degree of tumor cell dedifferentiation. We divided the samples based on the calculated risk score for each sample. The results showed there were significant survival differences between the high- and low-risk groups (Figure 4F), and the validation results were consistent with the results of the study analysis.
[image: Figure 4]FIGURE 4 | Protein level validation for external cohorts. (A) Full tissue microarray scans with nuclei labeled with DAPI (blue), ALAD labeled with Alexa Fluor 488, FTCD labeled with Alexa Fluor 550, and PON1 labeled with Cy5. For better visualization, FTCD signals are converted to pseudo-color. (B) Distribution of the difference in staining intensities of ALAD, FTCD, and PON1 in HCC tissues compared with that in paired adjacent tissues. (****p < 0.001). (C–E) Representative images of multicolor IF staining in tissues. Adjacent tissues (C), triple-negative tumor tissues (D), and triple-positive tumor tissues with chaotic distribution (E). (F) K-M plot of the three-gene prognosis model in 136 patient external validation cohorts.
DISCUSSION
The liver exhibits a profound division of labor between hepatocytes residing in different regions of the liver, and such a division of labor is fundamental if the liver is to perform its normal functions (Jungermann, 1986; Jungermann and Keitzmann, 1996; Ben-Moshe and Itzkovitz, 2019; Gola et al., 2021). Recent studies have suggested that in addition to the functional differences, hepatocytes in different regions exhibit different responses to injury in pathological situations because only some of them can reproduce (Michalopoulos and Bhushan, 2021, 2021; Wei et al., 2021). Therefore, understanding and modeling the changes in the liver during disease progression require the characterization of hepatocyte function at each lobular coordinate. This study combined machine learning, single-cell sequencing, and multiplex IF approaches to extract signatures from liver zonation-related genes, most of which were associated with HCC prognosis, and determined the changes in liver zonation characteristics during HCC progression.
Our machine learning results showed that PON1, FTCD, and ALAD best responded to the changing characteristics of zonation during HCC progression. Paraoxonase 1 is a hydrolase located on HDL and has been postulated to have a protective effect on low-density lipoprotein oxidation (Mackness and Mackness, 2015). Previous studies have reported that PON1 is significantly upregulated during the regulation of chronic liver disease and plays an active role in oxidative stress, fibrosis, and hepatocyte apoptosis (Ferré et al., 2006). The FTCD encoded by this gene is a bifunctional enzyme that channels 1-carbon units from formiminoglutamate, a metabolite in the histidine degradation pathway, to the folate pool (Kanarek et al., 2018). The ALAD enzyme is composed of eight identical subunits and catalyzes the condensation of two molecules of delta-aminolevulinate to form porphobilinogen (Sassa, 1998). All three proteins are liver-specific and expressed at high levels. They showed significant downregulation at the RNA and protein levels in HCC.
Sorting tumor cells according to their feature score in the single-cell dataset revealed that the degree of HCC dedifferentiation progressively increased with the decreasing expression of these three genes. Our multiplex IF results also supported the conclusion that the highly differentiated HCC tissue still expresses these genes but loses zonation. In contrast, the hypodifferentiated HCC tissue completely lost the expression of these genes. On the one hand, it shows that this signature can be used to determine the degree of HCC differentiation and to assess the prognosis of patients. On the other hand, it suggests that the expression of these genes may be involved in the dedifferentiation of tumor cells.
The origin of HCCs remains a mystery (Sia et al., 2017). Previous studies have speculated that they originate from liver progenitor cells, but there is still no direct evidence for this speculation (Mokkapati et al., 2014). However, recent studies have found that only some regions of the hepatocytes can regenerate and participate in repairing the liver after injury and that these cells may be the origin of hepatocarcinogenesis (He et al., 2021; Wei et al., 2021). Once again, this shows the importance of the intrinsic zonation of the liver in liver cancer. The upregulation of the “Hedgehog” and “WNT/β-catenin” signaling pathways and metabolic pathways, such as glycolysis, in HCCs was consistent with the variation in typical liver zonation. Probably due to hypoxia, the metabolic and related regulation pathways in high-risk groups were similar to those in the perivenous zone of a normal liver. Previous studies proposed that the oxygen gradient was a regulator of liver zonation, where the low oxygen content in the perivenous zone would activate the β-catenin signaling pathway via the hypoxia-inducible factor (HIF) system (Matsumura and Thurman, 1983; Wolfle et al., 1983; Kietzmann, 2017). In this concept, gradients of morphogens, such as “WNT/β-catenin” and “Hedgehog,” restrict the gene expression to differentiated hepatocytes located in specific zones of the liver acinus (Benhamouche et al., 2006; Sekine et al., 2006; Lade and Monga, 2011; Kietzmann, 2017; Perugorria et al., 2019). The HCC cells that can adapt to the hypoxic environment are more likely to originate from the periportal zones.
There were several limitations to this study. The LZRS model can be reproduced using a simple immunohistochemistry assay, making it attractive for clinical translation and implementation. Although the clinical significance of the LZRS in HCC is promising, researchers should acknowledge some limitations. First, all of the samples from this study were retrospective, and future validation of the LZRS should be performed using prospective multicenter cohort studies. Second, there was a lack of single-cell sequencing datasets that explored advanced liver disease and early HCC, as well as focused on the changes in the hepatocytes themselves during liver disease. This made it difficult to determine the role of the LZRS in the hepatocarcinogenesis process. Third, the cause of liver lobular zonation disorder during the progression of chronic liver disease is unclear, and further in vivo and in vitro experiments need to be undertaken.
In summary, we showed that the characteristics of liver zonation were disrupted in low-grade HCC tissues and vanished in high-grade HCC tissues, representing a loss and dedifferentiation of liver features. Our results show that zonation-related genes can accurately classify patients into different risk groups and predict immunotherapy efficacy.
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Target Inhibitor/drug Effect References
IL-6/IL-6R Madindoline A Inhibits the dimerization of IL-6/IL.-6R/gpl30 trimeric complexes 97)
Siltuximab Neutralize the activity of IL-6 (©8)
Humanized anti-IL-6 antibody (ALD518) Neutralize the activity of IL-6 (100, 101)
CNTO-136 Neutralize the activity of IL-6 (99)
Tocilizumab inhibits the binding of IL-6 to IL-6R (102)
JAK AG490 Inhibit the activity of JAK (106)
Ruxolitinib Inhibit the activity of JAK (105)
AZG1480, ZAD9150 Inhibit the activity of JAK (110, 111)
TG101209 Inhibit the activity of JAK (106)
STAT3 S31-201 inhibits the activity of STAT3 (110)
C188-9 Inhibit the phosphorylation of STAT3 (111)
Curcumin Inhibit the phosphorylation of STAT3 (112)
LLL12 Inhibit phosphorylation and nuclear translocation of STAT3 (109)
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deletion
Colorectal adenocarcinoma 118 05 034 0 0 017
Stomach adenocarcinoma 1.59 0 023 0 023 0
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Disease

Prostate cancer

Acute Lymphoblastic Leukemia

Amyotrophic Lateral Sclerosis/Frontotemporal Dementia
Non-Small-Cell Lung Cancer

Oral Squamous Cell Carcinoma, Laryngeal Cancer,
Colorectal Cancer

Inflammation

Ischemic Cardiomyopathy, Dilated Cardiomyopathy, Non-
Small-Cell Lung Cancer

Esophageal Squamous Cell Carcinoma

Non-Small-Cell Lung Cancer

Cervical Cancer

Triple-A syndrome

Infertility

Primary Biliary Cholangitis

Prostate Cancer

Liver Cancer

Lung Cancer

Cervical Cancer

Amyotrophic Lateral Sclerosis
Focal cerebral ischemia
Endometriosis

Underlying Molecular Mechanism/Defect(s)

POM?121 upregulation, Nuclear import of transcription factors MYC, E2F1, AR,
GATA2 (59)

Gene translocation and fusion with PAX5 (60, 61)

Deregulation of other Nups, NCT defects (62)

Modulation of TGF-B/SMAD and PIBK/AKT pathways (63)

POM?121 upregulation (64-66)

P65 transport inhibition, NFkB pathway repression (67)
Upregulation of NDC1 (68, 69)

mRNA transport anomaly (70)

Apoptotic pathway modulation (69, 71)

Wnt/B-catenin pathway modulation (72)

Interaction with and recruitment of ALADIN (58)

NDC1 mutation, Interaction with regulatory molecule Septin12 (73, 74)
Nup210 upregulation, autoantibody-mediated heightened immunoreactivity
(75, 76)

Nup210 upregulation, Androgen receptor (AR) splice variant-7 (AR-V7)
mediated activation (77)

Nup210 upregulation, scaffold for SMARCB1 chromatin remodeler binding (78)
H3K27ac and H3K4me3 histone modifications (79)

Nup210 upregulation, miR-22-NUP210-Fas axis modulation (80, 81)
Age-dependent mislocalization and precipitation with Nup205 at NE (82)
Mislocalization of Nup210 with Nup205 (83)

Rs354476 polymorphism within NUP210 gene affecting miRNA hsa-miR-
125b-5p binding site (84)
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Downregulated

Upregulated

Upregulated

Downregulated

Upregulated

Downregulated

Upregulated

Upregulated

Upregulated

Upregulated
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Curcumin
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SRSF3
miR-423-3p
miR-500a-3p
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FasL

HDAC6

TRIM16
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methylamino-
L-alanine
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family
GSK3p

p53

1,25(0H)2D3
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Wnt/B-catenin
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GLUT4

Mechanism

TDP-43 35 kDa fragment
mRNA stability
mRNA splicing

miRNA interaction

miRNA processing and interaction

IncRNA stability

mRNA stability

mMRNA stability

mRNA stability

TDP-43 truncated forms (C-terminal
fragments), phosphorylated and high
molecular weight forms of TDP-43

Transcription inhibition

mRNA translation

DNA damage

Mutation rs9430161

Biological function

Promoted cell apoptosis
Promoted cell apoptosis
Inhibited cell cycle

Promoted proliferation and
metastasis
Promoted cell migration

Inhibited tumors

Promoted cell proliferation
and migration

Promoted cell apoptosis

Activated autophagy,
suppressed stress-induced
apoptosis

Inhibited cell cycle

Promoted glycolysis and
proliferation

Promoted proliferation and
metastasis

Promoted proliferation and
metastasis

Induced p53-dependent
G2/M arrest and p53-
independent cell death
Prevented R loops
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Higher tumor susceptibility

Function

Tumor
suppressor
Tumor
suppressor
Tumor
suppressor
Oncogenic
factor
Oncogenic
factor
Tumor
suppressor
Oncogenic
factor

Tumor
suppressor
Oncogenic
factor

Tumor
suppressor
Good
prognosis
indicator

Oncogenic
factor
Oncogenic
factor

Oncogenic
factor
Tumor
suppressor

Tumor
biomarker
Tumor
suppressor

Ref./
PMID

21239154

29421661

26902425

29581274

28952053

28952053

26265046

31978067

28915616

26902425

30394813

23665941

23389994

33163270
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miRNA Target genes of Downstream pathways

miRNA
miR-1914-3p YAP METTL3/MALAT1/miR-1914-3p/
YAP
miR-197-3p p120-ctn MALAT1/miR-197-3p/p120-ctn
miR-142-3p B-catenin miR-142-3p/MALAT1/B-catenin
miR-206 - MALAT1/miR-206/Akt/mTOR
signaling
miR-124 STAT3 MALAT1/miR-124/STAT3
miR-200a-8p  PD-L1 MALAT1/miR-200a-3p/PD-L1
miR-145 KLF4 MALAT1-miR-145-KLF4
miR-185-5p MDM4 MALAT1/miR-185-5p/MDM4
miR-515-5p EEF2 MALAT1/miR-515-5p/EEF2
miR-146a/ BRCA1 MALAT1/miR-146a/miR-216/
miR-216 BRCA1
miR-145-5p NEDD9 ERB/MALAT1/miR-145-5p/
NEDD9
miR-3874b-5p  SRSF7 MALAT1/miR-374b-5p/SRSF7
miR-613 COMMD8 MALAT1/miR-613/COMMD8
miR-101-3p MALAT1 miR-101-3p/MALAT1/PI3K/AKT

signaling

Biological functions

Promote drug resistance and tumor metastasis

Promote proliferation, viability, and EMT of NSCLC and depress
chemosensitivity and apoptosis

Promote proliferation, invasion, and tumor formation and inhibit apoptosis
Promote NSCLC cell migration and invasion

Promote the progression of NSCLC

Promote proliferation, mobility, migration, and invasion

Induce cisplatin resistance

Promote proliferation, migration, and invasion and impede apoptosis
Promote proliferation and invasion and reduce apoptosis

Participate in the DNA repair process of NSCLC cells and attenuate cisplatin
sensitivity

Promote VM and cell invasion

Promote proliferation and migration and inhibit apoptosis

Promote proliferation, colony formation, and glycolysis and attenuate
apoptosis

Promote growth and metastasis of NSCLC

Reference

(1)

(43)

EMT, epithelial-mesenchymal transition; VIM, vasculogenic mimicry.
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Tumor type Expression Malignant cellular behavior Potential mechanism Clinical features References

HNSCC down Inhibit transformation NF-xB signaling - 5)

HCC down Inhibit proliferation, migration, invasion, and - Tumor size, differentiation, serum (23)
xenograft tumor growth; induce apoptosis AFP, prognosis

Gastric cancer ~ down Inhibit proliferation, migration, invasion, and Wnt/B-catenin signaling prognosis (24-26)
xenograft tumor growth

Gastric cancer ~ down Inhibit proliferation and migration MCMB6 translocation TNM stage, prognosis (16)

Gastric cancer ~ down Inhibit self-renewal, invasion, EMT, and CD44 ERK1/2 signaling Lymph node metastasis, N stage, 83)
expression; promote chemoresistance prognosis

GNEC down Inhibit endothelial cell migration, tube formation, ~ AKT/HIF-10/VEGFA signaling Invasion depth, lymph node 27)
xenograft tumor growth and angiogenesis metastasis, TNM stage

Renal cancer down Inhibit cell viability; autophagy LC3 conversion in Caki-1 cell; - (28)

LC3 expression in 769-P cell

Lung up = - - (29)

adenocarcinoma

HCC up Promote proliferation, migration, invasiveness, PAK4 activation Tumor microsatellite formation, (11)
and xenograft tumor growth differentiation, extrahepatic

metastasis

HCC up Promote migration and invasiveness p14°7 transcription activity - (14)

Breast cancer  up Promote clonogenesis and migration STATS transcription activity - (17)

Cervical up Promote proliferation, invasion, migration, EMT,  AKT pathway " (30)

carcinoma and xenograft tumor growth
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Prostate cancer RBMS attenuated prostale  RBMS3 contributed 0 sfem ce-fke chasacter n prostate canoer  Prostats cancer ol ines 20667174
ancerstem colke properties by ishbiing CO4\BVIO spicing (PG3and DUM4S)
and tumorigeni potent.
RBMA  Breastcancer  SRPK1-RBMA natwork Breast cance cals ae deprived of poploi restanca through Breast cancer celine 25140042
moduated the sensiiiy of  the RBM-mediated up-roguiaion ofthe IR-B and MOL1S  (HBL100 cols and MOF-
reast cancer cels toward pro-  transcrpt. n
apoptotc agents.
Esophogeal  The capacty for col mration  Anatural antisenso TPMI-AS reguiates the aematve spichg  Esophageal sauamous. 28754317
cancor was bt after RBMA of TPMI hrough an neraction wih RBMA and imovesin call 0o SHEEC,
koockdoun. TPM1-medated flopodum formation and migraton of cancer  KYSE40, KYSE1S0,
oot KYSEIB0, KYSEAS0 and
KYSEs0)
Cancars RBMA innbits cancercal "RBMA reguiates Bl spicing to induce apoptoss, and Lung cancer (157, 25208320
profferation and migraton. - coexpression of BcxL partaly reverses the RBMA-medated  breast cancer (MOA'MB-
tumor supprosson. Moreover, RBNH antagonizos an oncogenic 231), ovaian cancar
splcing facto, SRSF, to it mTOR acthation (SKOVG), panceatc:
cancer Panc-1), ver
‘cancer (HepG2), andt
prostate cancer PO-3)
Gastic cancer  RBMA bt gastic carcnoma - RBM was inived i the activalion of MAPKC dependent Nomal astrc colline. 31145716
collool profferaion, miuaton . signaing patfiays n human GC, (GES1)and human
and invasion, gastic carchoma cet
nes (MKN2B, HGC27,
8GC823, MKKAS, and
Mao8as)
Nonsmalcsl  RBMAMnbisNSOLG cels  RBI was rosponsio for NSOLC progrossion roguated by NSCLG callnes (H1299 32271432
kingcancer  protfe-ation abity. usPa. and SPOAT)

RBMIO Lung cancer  RBMITO promoted cell growth  RBMIO actiated key proserative signaing pathiays such a3 Lung adenocarcinoma 30483773
and proferaion and increased the epidenal growth factor receptor (EGFR), miogen-aciiated  calings (AS49 and
el migratn. proten kinase (APK) and phosphoinosiido 3-kinasa (PGK)-  H1299)and human kg
MCT Dathwausl and Inhibied a00DMND DelieS. foroblast cals (HLF)
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Overexpression of RBM10
inniis cancer el prolfecaton,
‘migraton and miochondrial
faspiation and promotes
apoptosi.

RBM1O attenuates profectice
and invasio abis, bul dives.
apoptosis in HOG cels, thus
alevating the progression of
Hoo.

REM1O s tumor col
‘gouth of mouse tumar
senograts

REM10 overexpression
‘suppresses kg cancer call
protforaton.

RBMIO overexpresson inhted
vabity and oclony formaton of
ung adenocarcinoma cancer
cae

RBM1O can suppress LUAD.
‘deveopment and progression.

REM10 decreased the tumor cat
proiferaton, coony fomaton,
migraton and ivasion.

REMIO it cel prose aton,
invasion.colon formaton, and
enograt growth.

REM2 promotes he
proifraton of iaddor cancer
cols v,

REM24 s ver cancer ol
gonth and progresson and
uoes sorafont sensthy.
RBM2: oxpresson supprossed
NPC cols poffraton, migeation
and ivason.

RBMT piays an oncogen 10
n nasophanygea carcnoma
cols

RBNAT as a suppressor of
breast cancer progression and
metastass.

REM47 iibited CAC cet
migraton, inasion, and
metastask,

RBMI0 induoes apoptosis party by inducing pS:3 and acihating
s acty. Anct RBMIO can ixrease pS3 stabiy by hiing
NOM2-mectatod 53 ubquitnaton and dagradation.

Overexpression of RBM10 donveguiated proten ke of
EGFR and p-ERK it HOG-LVE and HoplG2 o9,

RBM1O represses Notch sigraing and ce proferaton hrough
he roguaton of NUMB atemative spicig.

RBM10 docreasos tho actvaton of RAP1 and reckces the
Phosphonyaton of GREB v the AKT signaling patay,
‘suggestig that RBA1O exibits s ofect on g
‘adenocarcinoma cel proferaton va the RAPY/AKT/CRES
‘spaling pathuay.

RBMIO regubtes many gens pattways g 1 the umor
‘development orprogression, such as focal adhesion,
perodsome prolferator-actated receptorrogusted gen
pathiay,cyckine ko receptor ntaacton, miogen-
activatod protein kinase sgnaing, complament and coaguation
cascades.

RBM10 mataton-assocated AS ovets entfed in LUADS are
largely induced by RBMO fos. RBMI0-medated roguaton of
EF4H ox0n 5 spicing lod 0 consistent changes at prote
Javels and RNA leves. RBM10,medited spicng swich of
EF4H plays acitical ol n reguiating LUAD progression.
RBM1O overexpresson induced osteosarcorma cel apoptos’s
Vi the nibtion of B0-2, the aciaton of caspase-3, and the.
ranscription and producton of TNF-a.

RBMIO promotes he exclusion of exons7 and 8 which resuts
inthe prodiuction of TERT-s transoris.

RBM24 reguiated BC cel proferation was modereted vi e
Rt /TCE4/mR 6255 feedback lop.

RBM2A inibis rucar anslocaton of GTNNB i ver cancer
ool

RBM24 inhbis the expression of MALATI through uproguation
of the xpression of mR.25, which diecty targes MALAT! for
‘degradaton

M7 binds o the promoter and reguaies th transcrpion of
BOATI, and s Overexpression partaly rescuss the PRIOY.
ofects of RBMAT-knockdow on NPC cals RBNAT promaios.
he progression of NPC through mulipe pathuays, acting as a
ansoriptionsl factor and a moduatorof aemative spicingin
‘cooperation with RNPM.

BT altere spicng and abundanco of a subsat of s target
mANAS. Somo of the mANAS stabized by FBMAT, as
‘exempifiod by Gickkopf WNT signaling patiiay ahidtor 1,
o temor progression downstream of ABVAT

Actvaton of condiioral SNAL and SLUG aeles suppressed
expression of RBMA7 at the mANA and prote kves n DLD1
(CRC cals. RBMAT is aiso repressed by EMT-TFs, which are

‘CRC call ines (HCT116,
H360), U87 and MCF7

HOG coll ines (HopG2
andHOCAMS)

NSCLC cel ines (4549)

NSCLG col ines (4549
andH1209)

Lung adenocarcnoma,
ool ioos (549 a0
Hizsg)

Lung adenccarcnoma.
coll i (4549, POS,
H17S and H194)

Osteosarooma colines.
waos)

PrCa o ines (ASPX-1,
BIPC.1, HPAC, PANC1,
(CFPAC-1) and pancreatc
ouctal epthetal col
)

e noma woepihesal
oll GVHUG-1) and
blackter cancar cl nes
UMUC-3, 2530, 724,
and 982)

HCC coll s (7,
HepaB and HepG2)

Human NPC catings
NPECH cal)

NP catings (526, 565
and HONE)

Breast cancer ol ines
(SKBR, 237530 ant
HOO1054)

(GG cll fnas (51480,
‘SWe20,Caco-2)

31501476

2572014

26853560

0985253

2sr202

satc0%97

006180

4021255

sasis200

27584701

4274258

24898756

28650090
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RBMY expression promated
evoutionary adaptaton and
estoraton f prolocati
propeties of tho tumor cols.
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proten, expresses generaly n
the developing and carcinogenic
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ranglommaton and ant-
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hepatoma el

3 e e R ke e
modalo EMT,tneroby promotng nvason and presumably
motastass.

BT suppresses N2 cty by uprogutatng KEAP1 and
CULS, and suppresingsomo N2 actators (g ), ladng
10 ho hbison of tmar growthin o,

847 could conto the AXNIWNT/B-catntnsgnaing ais
vough sabizing AXINT mRNA ko va v 3-UTR binding

RBNAX hvough BLACAT1 inducss tumorigeness. The
‘autophagylovel and cancer ool starmness were aso improved
vihen RBMX/BLACAT upreguited.
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i AML cots And RBVX and RBMXL1 mainta the chromatin

State that s ossentalfor tho survivalof AML ool hvough thoi

transariptonal regulation of GBS,

RBNX competivay inhbited the combinaton f he RGG mot
I hoRNP A and 1o soquences fanking PKM ex0n 9, ladng
0 tho formaton o kwer PKM2 an hghr PHMI oo, hich
aenuated the tumorgeniciy and progression of ECa.

RBMY may regusted genes tha invoked i vaious cel
proiferaivo patfays, such as tho RASRAFMAP and PG/
AT signaing patays.Y-irked RBMY coud serve dual tumor-
Suppressing and tumor-promoting unctons, depanding on the
spatitemporal and magritude of s exprossion during
‘oncogenic processos, thereby contrbutng 0 sexal
dmorphisms i ver cancer.

The Wnt-RBMY-GSK3D reguiaory ccut represents a criscal
mechanism for oncogenc actvaion of b-cateni and masgnant
pepatic siemness.

The oncogonic mocharism of RBMY may bo inked 1o s
requaton of AR rans-actation acihdy b the ncrease of ARS
vasan, tho nhitor of AR.

Human kg cance col
nes (4549, NCIHA41)

NSOLG cetnos (H1299
and As49)

Tha human nomal
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Huh7, SUMCT721
Hep38, HOCLMS and
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Mysod leukemia cal
nes (MOLMI3, KOL-22,
Kasumi-1, K562, THP-1,
U997, TF-1, N4, HL.
60, KG-1, Nomo-1);
Fom spemn mice
8Ca colnes (124 a0
5637

HOC callines (Hut-7
‘and HepG2 cets)

HOG calines (HH-7
and HepG2 cets)

HCC calines (HepG2
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RBMS5-
AS1

RBM7
RBM11

RBM15

RBM17

RBM23

RBM33

RBM39

Cancers

Hepatocellular
carcinoma

Osteosarcoma

Oral squamous
cell carcinoma

Breast cancer

Ovarian cancer

Chronic
myelogenous
leukemia
Laryngeal

squamous cell
carcinoma

Glioma

Hepatocellular
carcinoma

Hypopharyngeal
carcinoma

Hepatocellular
Carcinoma

Gastric cancer

Cervical cancer

Breast cancer

The role of RBMs in the
cancer

RBMS5-AS1 knockdown
dramatically restrains cell
proliferation, invasion and
migration of HCC cells.
RBM5-AS1 promoted Os cell
proliferation, migration, and
invasion.

RBM5-AS1 promotes the
proliferation, migration, and
invasion of OSCC cells.

RBM7 promotes breast cancer
cell proliferation.

RBM11 promotes ovarian
cancer cell growth and
invasion.

Knockdown of RBM15 slows
cell growth and induces
apoptosis in chronic
myelogenous leukemia cells.
RBM15 promotes LSCC cells
migration and invasion.

RBM17 functions in promoting
cell proliferation, affecting the
cell cycle, and inducing
apoptosis in human glioma
cells.

RBM17 silencing can inhibit cell
proliferation.

Knockdown of RBM17 inhibits
growth of hypopharyngeal
carcinoma cells.

Knockdown RBM23 expression
of HCC cells significantly
inhibited the tube formation by
the human vascular endothelial
cells in vitro.

circRBM33 promotes tumor
cell proliferation, migration, and
invasion.

circRBM33 exerted a
promoting influence on the
malignant behaviors and
glycolysis of cervical cancer
cells.

RBMB39 depletion reduces
tumorigenesis and cancer
hallmarks of breast cancer
cells.

Relative molecular mechanism

RBM5-AS1 acts as an epigenetic regulator to
promote the HCC progression by repressing
miR-132/212 expressions.

RBM5-AS1 targeted RBM5, but the underlying
mechanism is still unclear, and needs further
research.

RBMS5-AS1 regulates the level of miR-1285-3p
as a competitive endogenous RNA (ceRNA),
therefore regulate the expression level of an
oncogene-YAP1, a target of miR-1285-3p.
RBM?7 promoted breast cancer cell proliferation
by stabilizing CDK1 mRNA via binding to AREs
inits 3'-UTR.

RBM11 promotes ovarian cancer progression
through stimulating Akt/mTOR signaling
pathways.

Knockdown of RBM15 could induce G1 — S
phase arrest in chronic myelogenous leukemia
cells.

TMBIMG acted as a downstream target of
RBM15-mediated m6A modification. Furthermore,
RBM15-mediated m6A modification of TMBIM6
mRNA enhanced TMBIMB stability through
IGF2BP3-dependent.

RBM17 decreased the expression of Caspase-3,
Caspase-9, and PARP and active cleaved
caspase-3 and cleaved PARP in the U251 cell
line. RBM17 was capable of regulating these
apoptosis-related factors

RBM17 knockdown arrested the progression of
the cell cycle, causing cells to halt at the G2/M
phase.

The knockdown of RBM17 increased the
proportion of cells undergoing apoptosis and
arrested the cell cycle at the G2/M phase.
RBM23 activated the NF-kB signaling pathway
and promoted expression of the proangiogenic
cytokines selectively.

circRBM33 facilitates the progression of GC
through binding with miR-149 and modulating
IL-6 levels.

CircRBM33 fostered CC advancement via
absorbing miR-758-3p and upregulating PUM2.

RBMB39 functions as a master transcriptional
regulator that interacts with the MLL1 complex
to facilitate chromatin binding and H3K4
trimethylation in breast cancer cells.

Associate cell lines or animal models

Normal human hepatocytes (LO2) and
HCC cell lines(Huh7, HepG2, Hep3B,
Bel-7405 and SMMC-7721)

Os cell lines (MGB3, U20S, SAOS2,
HOS, 143B)and the normal osteoblast
cell line ("FOB1.19)

OSCC cancer cell lines (Tca8113, SCC9,
SCC25, CAL27, HN12, HSU3, FADU)
and normal human oral kerati nocytes
cell (NHOK ).

Breast cancer cell lines (SUM-1315,
MCF-7, BT474, ZR-75-1, and MDA-MB-
231)

Ovarian cancer cells (A2780 and
OVCAR-3)

Erythroleukemia cell line (K562)

LSCC cells (AMC-HN-8 cells, TU-212
cells, and TU-177 cells) and normal
human bronchial epithelial cell (NHBEC)

Glioma cell lines (U251 and U87)

HCC cell lines (Hep3B, SKHEP-1, Huh7,
HepG2, HCC-LM3, SMCC-7721, BEL-
7402, and MHCC-97L. SKHEP-1)
Hypopharyngeal carcinoma cell lines
(FaDu)

HCC cell lines (Huh-7, SK-HEP-1,
SMMC-7721, and HepG2)

GC cell lines (AGS, SGC-7901, BGC-
823, MGC-803) and healthy gastric
epithelial cells (GES-1)

CC cell lines (HeLa and SiHa) and normal
cervical epithelial cells (ECt1/E6E7)

Breast cancer cell lines (T47D,
HCC1428, ZR7530, HCC1954,
HCC2157, DU4475, HCC1395, HCC38,
MDA-MB361, MDA-MB453, MDA-
MB468, MDA-MB231 and Jurkat)

PMID

34019714

33816613

31869662

33145401

34434291

22497198

33637103

30227940

32497093

29562202

33791378

32044717

33398465

34077726
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The role of RBMs inthe.
cancor

RBMS promotes the
‘apoptoss o badder
cancer s,

RBMS s gastic
‘cancer oot proferation
RBMS s col
proferation, miraton
andinvasion.

RBIS it cat
proferation and
migaton of
meculobiastoma.
RBMS can it the
‘growth of g cancer
ol nd incce
apoptoss.

REMS 25 2 tumour
suppressor in the mouse
g,

RBMS iitod umor
groun

RBMS expression loss
may increase the
metastai potential of
tomors.

RBMS expression siows
SOLC catine growtr,
and increases sensivity
1o the chemotherapy
g cislatn.

RBMS ibiod
proterationand induoed
apoploss of PC-3 cals
RBNS reprosses the
‘growth and progression
inlayngocarcnoma.

RENGS overexpression
counteracted oot
miration and ivasion
induood by TGF-B in
breast cancer s
REMGS acts 2 a tumor
suppressor o breast

Relative molecular mechanism

e down-reguation of RBVS acthates catenin, which binds [0 the T-cal
factormympnocyte enhancer factor demen ofthe MIR-432-5p promoter and
ovates 1o exprossion of miR-432-5p i biadder cancor s,

"RBMS decreased pS3 transcriptiona acivy. And RBMS siencng reduosd
tho messonger ANA and profoi expression of 1ho pS3 target gono p21.
RBMS plays a suppressor rolo i human glommas by inbiong Wnvp-catenin
Signaing and inducing oot 2poploss.

MBS s tumorigoness of ghomas through hibtion of Watp-caterin
sgnaing

RBMS, by dacreasing Bc-2 exprossion, coud induce aspase-3, Caspase-9,
PAPP ceavage and promoted apoploss.

RBMS acs n Vi as a tumor suppressor that ke underpins at last part
ofthe pro-tumourigenic otcomes resuling from 3p21.3 dton n humars.

Athough RBMS's invovement i the death receptor-medated apoptot
pattiay i sl 10 bo nvestigated, ABMS-medated gouth suppression, al
Jeast i part, employs reguiaion of the mitochoncial poptotc pathwiys.
RBMS can roguatad e gones invoed i the functions o et adhesion,
migaton and iy, known {0 be important n the metastati process.

RBMS may play a deoct 0 i regulting 1ho col ¢yl and apoptosis
SoLC cats.

RBMS may induod the apoptosis of prostats cancor PO-3 st by
modhiatng the mtochondvial poplots patnvay

Upreguiation of RBM reduced the expression of EGFR, ERK and p-ERK in
viro and i o,

Transtomming growth fctor-Bnduced a remarkable dowrvegultion of
"RBM38 in broastcancer that was ooty reguiated by tanscrplion
eprossor Snal targatng the E-box semants i promolar 6gion of RBM3S
gono. Adonaly, RBNIGS posite reguited Z0-1 ansorpt va dvecty
bining to AUrich doments n s MANA 3"UTR.

"RBM8 destabized the c-Myc transcrpt by drecty targeting AU-rich
ements (ARES) i the 3-untanslated regon (3-UTR) of ¢:yo mANA 1o
Suppress c-Myc expresson. Moreover, Speciic DHOrS of C-Myc
transcriptonalactiy rbted REM3S induoed suppression of growh,
implying 1hat RBMS acts a5 a tumor suppressor viaa mechanism that
depends, at least partaly, 0 the reduction o ¢-Myc expxession  breast
'RBM38 promotes competing endogenous RNA (csRNA) network crossiak
among STARDI3, COHS, HOXD10, nd HOXD!1 (STARDIG-corelated
RRNA networ), which we previousy confrmed i breast cancer s
though stabizng tho transcrpts and thus facitaing tho oXpression of theso.
fou genes in breast cancer ces.

"RBM38a up-oguato E-cadhern and dowsroguate vmentn proton
exprossion n boast cancer cols

‘Associate coll
lines or animal
‘modals.

‘Badder cancer cat
nes (124, UMHUC-
3, 462, and RT4)
Gastric cancer ol
nes (MKINAS)
Gioma col ines.
(sHG44, Ua7,
s
Medutobiastoma
el s (Daoy osis
0 ONS76 cots)

Lung cancer el
ines (A549)

Tho Roms gene
rap movseino

Lung cancer cell
nes (A549)

Tho parental cot
nes (A549, Cau 6,
NCLH1299, BEAS.
28, and MOF-108)
‘Smal ool kng
cancor ol ines

(eLe20)

Prostate cancer oat
ines (PC-9)

Lanyngocarcinoma
ool s (U212,
MAE. M2 and
Hep:2)and nomal
nasophenyngeal
epihotal celine
oo

Breast cancor ol

nes (VCF7, BT74,

and MOANB-231)

et cancer ol
nes (MCF.7 and
7754)

Brast cancor ol
nes (VGF-7 and
MOAMB 231)

Breast cancor ol
nes (VGF-7, MDA
MB.231. BT474

PMD

1318608

28347247

28061901

2810014

20176507

20721005

27957556

20156808

sor72516

28883167

28300011

2073856

20884756
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RBM3S coud suppress
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o

RBM8 overexpression
atteuated the stemnoss
of endometial cancer
sphecs,
RBMB coukd b cof
migraion and ason.

Ectopic expression of
RBMGS coud xduce
v cancer cat
apoptosis and
‘sonesoance, hdit
peosecation and cobny
‘gouth, and suppress.
‘migaaton and nason
.

Romas funcions as
interganc supprossors
aging and tumorige-
Rom3s signfcanty.
atrs cancer
‘susceptbity n mutant
53 knock- mice by
Shortening Kespan.
g tumor ncidence,
aretpromating T-col
hmphomageness.
Ovrepression of
RBMB ihbted non-
‘smal callung cancer
cals prideaton
migraion and vasion,
andd promated cels
apoptosis.

Roms atencates.
E2F1-medated oot-
ycle progression.
RBMOS represses reral
‘cancor el prlferation,
migaton, and ivason

Ovepression of
RBMAS suppressed cel
peoieration n stue
anet resuted in the

PTEN was posiely reguiated by RBMGS va stabizing s anscrp! stabiy.
which i trm allviated RBMG8-mectated gronh Suppression.

'RBM38 ntbsits colorectalcancar progression by competiively binding to
PTEN SUTR with mA.92a:3p.

"RBMGS overexpression actaled the Hppo pattway though drectly bindng
10 MSTI72,Invbifon of MSTI/2 roscued RBM38 madiated ofects on
endometil cancer sphere stemness.

HOTAIR could promofe migraton and imasion of HOG cals by ntibiing
"REMG, which ndcated cial 9 of HOTAR and RENIGS i HOG
progression.

"RBM3S may be. core contiutor i stabizing the pS3-mm koop fction
0 prevent HOG, and a potental novel target to provide a thecapeutc
stategy for HCC by inhibiing mam2 and resing pGS3 from inacivatn.

o8 and B3 orm a feedoack requiatory oop. I additon, mice defident
7 Roma8 or TAP63 are prone to spontaneous tumors. RTS8 defcency
xtends the Hespan an reduces tumor penatrance in TADE3+/- mice.

Loss of RomaB ennanced mutant pS3 expression and decreased expression
ofthetumor suppressor Pen, a key rogiator o T-osl doveiopment. Rom38.
‘ontros T-cet mphomagenasis by jonty modating mutant p53 and Pln.

'RBM38 Gould increase CASC2 expression via competvey indng o
‘GASC2 with mR-181a. NPGT intibits NSCLC progression at last party.
rough mAR1818/CASCR axs.

E2F acctly eguiates expression of RO ina pS3-ndependent manner
8exiog of E2F1 10 the RBM3S promater was sigicanty enhanced upon
ERE2F1 achation.

'RBM38 innbited ROC cel ines migrtion and invasion through EMT
‘Suppression,wich may oocur ot ony by peguiating E-cadher but fso
oy down-reguiaing mesenchymal genes. such as fcatenn. 40 Horvaver,
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Protein Function
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OE, Overexpression; KD, Knockdown, KO, Knockout; NA, not applicable.
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Colorectal cancer
Melanoma
Pancreatic cancer

Lung cancer

Breast cancer
Ovarian cancer

Glioma

Downstream gene

STK35
STK35
LTF
ULK1
MRP1
GCN2
NOTCH1
TGF-B
FOXO1
CTR1
Sphk2

Function

accelerates glycolysis, decreases apoptosis, attenuates chemosensitivity
enhances TH2 differentiation

binds to iron and transports iron

involves in initiating cell autophagy

relates to multidrug resistance

increases the cell apoptosis

takes part in TIC induction

inhibits the cell proliferation
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Cancer Upstream gene Function Reference

Pancreatic cancer miR-23A promotes proliferation, migration and invasiveness (45, 96)
NDRG1 suppresses iron-regulated metastasis (46)
Lung cancer EZH2 regulates cell cycle, apoptosis and metastasis (61)
miR-93 enhances TGF-B-induced EMT (57)
miR-3679-5p stabilizes the c-Myc protein to induce chemoresistance (58)
Ovarian cancer DDBP2 participates in gene transcription and cell cycle regulation (65)
Breast cancer miR-106b-25 takes part in TIC induction (75)
TRIB3 possesses tumor initiation capacity (77)
Glioma miR-513a-5p influences the growth of glioma cells and reduces the cytotoxicity of TMZ 87)
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Gender
Age

Tumor size
Histology grade
Tumor site

Depth of invasion
Lymphatic invasion

TNM stage

0 < 0.05.

Group

Male
Female

<55

=55

<4om

>4 cm
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Poorly

Cardiac
Non-cardiac
T14T2

T3+ T4

No
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Low
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3
4
a7
6
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9
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BCAT2 expression
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16
32
17
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28
17
31

p value
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Compound Target Brief Summary Citation

Tocilizumab  IL-6Ra.  Tested in combination with trastuzumab and pertuzumab in metastatic trastuzumab-resistant HER2+ breast cancer patients NCT03135171,
(Phase I: Completed); Under current investigation for treatment of COVID-19 in breast cancer versus non-cancer patients NCT04871854,
(Phase Il); Immunotherapy-based treatment combinations in metastatic or inoperable locally advanced TNBC under current  NCT03424005
investigation (Phase Ib/Il)

Sarilumab IL-6Ro. - Combination therapy with capecitabine in metastatic TNBC (Phase ), and in Stage I-lll TNBC with high risk residual disease =~ NCT04333706
(Phase II).

Ruxolitinib  JAK1/2 Combined with capecitabine in advanced or metastatic HER2- breast cancer (Phase II: Terminated); Investigated in pSTAT3  NCT02120417;
+ patients with metastatic or unresectable locally advance breast cancer (Phase II: Terminated); Combination therapy with NCT01562873;
Trastuzumab in metastatic HER2+ breast cancer (Phase I/ll: Completed); Evaluated combination therapy with paclitaxel in NCT02066532;
advanced or metastatic breast cancer (Phase I/ll: Completed); Combination therapy with exemestane in ER+ advanced NCT02041429;
breast cancer (Phase Il: Completed); Current investigation of combination therapy with paclitaxel, doxorubicin, or NCT01594216;
cyclophosphamide in TNBC (Phase Il); Under current investigation of combination therapy with pembrolizumab in metastatic  NCT02876302;
stage IV TNBC (Phase I); Under current clinical investigation in patients with high risk and premalignant breast conditions NCT03012230;
(Phase II). NCT02928978

(193-195)
TTI-101 STAT3 TTI-101 given by mouth; administration of TTI-101 in mice blocked growth of multiple cancers including breast and was NCT03195699

safe at high doses; Phase | study of TTI-101 in patients with advanced cancers as an interventional clinical trial.
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Compound Target Models Used Citation

Sittuximab IL-6 Human marrow stromal-cell conditioned MCF-7 engraftment in MFP xenograft mouse model as single (134,
agent and in combination with Fulvestrant; Treatment in six orthotopically implanted PDX lines in vivo. 135)

MEDI5117 IL-6 Treatment as a single agent in MCF-7 xenograft, combination with taxanes or gefitinib in KPL-4 orthotopic (136)
mouse model, and trastuzumab-resistant breast tumor xenograft mouse model (BT474-PTEN-LTT).

Tocilizumab (Actemra®) IL-6Ro Intracardiac inoculation of MDA-MB-231 in vivo; metastatic trastuzumab-resistant SUM-159-HER2+-PTEN" (137)
cells implanted into MFP mouse model to analyze tocilizumab +/- perifosine compared to docetaxel, (78,
trastuzumab-resistant BT474-PTEN" xenograft mouse model to assess tocilizumab +/- trastuzumab; MFP 122,
xenograft mouse model injected with MCF10A-Erb2*, MDA-MB-361, BT-474, or HCC1954 cells and PDX 128,
xenograft mouse model; MDA-MB-231 and 4T1 mammosphere assays in vitro; Tamoxifen-resistant cell 138)
line, LCC2, used in xenograft mouse model and analyzed tocilizumab +/- tamoxifen in vivo.

Diacerein IL-6Ro MDA-MB-231 xenograft mouse model. (139,

140)
Manuka Honey IL-6Rat In vitro findings using MDA-MB-231 cells. (141)
Tubulosine IL-6Ro/ In vitro findings using MCF10A, Hs578T, MCF-7, MDA-MB-231, and MDA-MB-468 cells. (142)
gp130

Chikusetsusaponin IVa Butyl IL-6Ra In vitro findings using MCF-7 and MDA-MB-231 cells. (143)

Ester (CS-IVa-Be)

Bazedoxifene gp130 Xenograft mouse model inoculated with SUM159 or MDA-MB-231 cells in MFP and both sides of flank (144,
area. 145)

Raloxifene gp130 In vitro findings using SUM-159 cells; in vitro findings using MDA-MB-231 cells. (144,

146)

Ruxolitinib JAK1/2 Treated as a single agent in MFP xenograft mouse model injected with MCF10A-Erb2*, HCC-70, T47D, or (138)
MDA-MB-231 cells, treated +/- trastuzumab in MFP mouse model inoculated with either PDX or MDA-MB-
361, BT-474, or HCC1954 cells, transgenic MMTV-ErB2 +/- trastuzumab.

Glyceryl Trinitrate JAK2 In vivo findings using 4T1 cells inoculated in right flank using syngeneic mouse model. (147)

Pentadecanoic acid JAK2 In vitro findings using normal MCF10A and MCF-7 stem-like cells (MCF-7/SC). (148)

1-ferrocenyl-3-(4- JAK2 In vitro findings using MCF-7 cells. (149)

methylsulfonylphenyl)propen-1-

one

LYF-11 JAK2 In vitro findings using MCF-7 cells. (150)

Withaferin A JAK2 In vitro findings using MCF-7 and MDA-MB-231 cells. (151)

AG490 JAK2 In vitro findings using MDA-MB-231 cells. (152)

Naphtho[1,2-b]furan-4,5-dione JAK2 In vitro findings using MDA-MB-231 cells. (163)

(NFD)

3-deoxy-2p,16- JAK2 In vitro findings using MDA-MB-231, MDA-MB-453, MDA-MB-468, and A549 cells. (154)

dihydroxynagilactone E

Tagalide A JAK2 In vitro findings using MDA-MB-231, MDA-MB-453, SKBR3, MCF-7, MT-1, ZR-75-1 cells. (155)

Ganoderic acid A JAK2 In vitro findings using MDA-MB-231 cells. (156)

Methylseleninic acid JAK2 In vitro findings using 4T1 cells, and use of syngeneic MFP mouse model using 4T1 cells. (157)

7B-(3-Ethyl-cis-crotonoyloxy)-1a- JAK1/2 In vitro findings using MDA-MB-231 cells. In vivo findings using MFP xenograft mouse model using MDA- (155)

(2-methylbutyryloxy)-3,14- MB-231 cells.

dehydro-Z-notonipetranone

(ECN)

Stattic STAT3 Identification of Stattic and in vitro findings in MDA-MB-435S and MDA-MB-456 cells; Stattic treatment (113,
decreases cell survival of MCF7-HER2 cells in vitro; In vitro findings with doxorubicin on ZR-75-1 breast 158,
cancer cells. 159)

STA-21 STAT3 In vitro findings using MDA-MB-231, MDA-MB-435s, and MDA-MB-468 cells in vitro. (160)

FLLL31/FLLL32 STAT3 Xenograft mouse model inoculated with MDA-MB-231 cells in flank. (161)

6a STAT3 In vitro findings using MDA-MB-231 cells. (162)

LLL12 STAT3 Inoculated MDA-MB-231 cells in right flank in xenograft tumor mouse model. (163)

CDDO-Me STAT3 In vitro findings using MDA-MB-468 cells; in vivo findings of CDDO-Me and its impact on breast tumor (164,
microenvironment. 165)

Naringenin STAT3 In vitro findings using MDA-MB-231 cells. (166)

llamycin C STAT3 In vitro findings using MDA-MB-231, BT-549, MCF-7, and normal MCF10A cells. (167)

Esculentoside A STAT3 Reduces IL-6/STAT3 signaling through targeting breast CSCs, and inoculated murine breast CSCs (168)
(EMT6M) in syngeneic xenograft mouse model.

Catechol STAT3 In vitro findings using MDA-MB-231 and MCF-7 cells. (169)

Dihydrotanshinone STAT3 In vitro findings using MCF-7 and MDA-MB-231 cells. MFP xenograft mouse model inoculated with MCF7 (170)
cells.

WP1066 STAT3/JAK2  In vitro findings in MDA-MB-231BR and BT-474BR cells; WP1066 reduces brain metastasis incidence (94)
in vivo

DT-13 gp130/ In vitro findings using MDA-MB-231 and MDA-MB-468 cells. (171)

STAT3

S31-201 STAT3 In vitro findings using MDA-MB-231, MDA-MB-435, and MDA-MB-468 cells, and suppresses tumor (172)
growth of MDA-MB-231 tumors in vivo.

Cucurbitacin E STAT3/JAK2  In vitro findings in MDA-MB-231 and Bcap37 cells. (173)

5,15-diphenylporphyrin STAT3 Usage of MDA-MB-435 cells in vitro. (174)

Sabutoclax STAT3 Bcl-2 antagonist, sabutoclax, reduces MCF7/A02 CSC population through inhibiting IL-6/STAT3 signaling. (175)

Niclosamide STAT3 Usage of MDA-MB-468 and MCF-7 cells in vitro. (176)

Galiellalactone and two STAT3/ In vitro findings in MDA-MB-468 cells; analysis of combination with radiotherapy; in vivo treatment using 177)

analogues (SG-1709 and SG- JAK1/2 breast xenograft tumor growth in vivo.

1721)

Nifuroxazide STAT3 In vitro findings using MCF-7, MDA-MB-231, and 4T1 cells in vitro; Nifuroxazide suppressed in vivo (178)
investigation using 4T1 mouse model and analysis of lung metastases in vivo.

LLY17 STAT3 Usage of T47D cells in vitro, MDA-MB-468, MDA-MB-231, SUM159, and BT-549 cells in vitro. (179

Schisandrin A STAT3 In vitro findings using MCF7 cells. (180)

6Br-6a STAT3 In vitro findings in MDA-MB-231 and MCF-7 cells; MDA-MB-231 mouse xenograft tumors in vivo (181)

Pyrimethamine STAT3 In vitro findings using TUBO and TM40D-MB. (182)

Pectolinarigenin STAT3 Findings using MCF-7, 4T1, and MDA-MB-231 cells in vitro; 4T1 breast cancer lung metastasis mouse (183)
model in vivo

Flubendazole STAT3 In vitro findings using MDA-MB-231, Hs578T, BT-549, and 4T1 cells. In vivo metastasis models using 4T1-  (184)
derived stem-like cells.

Eupalinolide J STAT3 In vitro findings using HEK293 and MDA-MB-468 cells. (185)

Betulinic acid STAT3 In vitro findings using 4T1 and MDA-MB-231 cells. In vivo syngeneic subcutaneous mouse model using (186)
4T1 cells.

Napabucasin STAT3 In vitro findings using MDA-MB-231 cells. (187)

Coumarin-benzo[b]thiophene 1, STAT3 In vitro findings using MDA-MB-231, HCT-116, MCF-7, and MCF-10 A cells. In vivo subcutaneous mouse (188)

1-dioxide model using 4T1 cells.

Carfilzomib STAT3 In vitro findings using MDA-MB-231 cells. (189)

Deguelin STAT3 Usage of MDA-MB-231, MDA-MB-468, BT-549, and BT-20 cells in vitro; Deguelin reduced tumor growth (190)
of MDA-MB-231 cells in vivo.

Picrasidine G STAT3 MDA-MB-468 cells compared to other breast cancer cells in vitro; Picrasidine G increases apoptosis in (191)
MDA-MB-468 cells in vitro.

Cantharidin STAT3 In vitro findings in MDA-MB-231 cells. (192)
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HR
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reference
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Univariate analysis
95% CI
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P value
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HR
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Antigens Molecular Weight Manufacturers Application
MED19 36kDa ab251866, Abcam, England 1:50 for IHC, 1:200 for WB
AKT1 55kDa A11016, Abclonal, China 1:500 for WB
p-AKT1-s473 55 kDa AP0098, Abclonal, China 1:500 for WB
mTOR 289 kDa A2445, Abclonal, China 1:500 for WB
p-mTOR(59.Ser2448) 220 kDa 5¢-293133, Santa Cruz, USA 1:200 for WB
elF4EBP1 18kDa A19045 1:500 for WB
p-EIF4EBP1-S65 18kDa AP0032 1:500 for WB
p70S6K1 68kDa A4898 1:500 for WB
p-p70S6K1 68kDa AP0482 1:500 for WB
LC3BI/II 14/16 kDa A19665, Abclonal, China 1:500 for WB
B-actin 43 kDa BF0198, Affinity Biosciences, USA 1:5000 for WB
GAPDH 37 kDa AF7021, Affinity Biosciences, USA 1:3000 for WB
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Immune cell types

CD8+ T cell

T cell

B cell

Monocyte

TAM

Neutrophil

Natural killer cell

Dendritic cell

Thi cell

Th2 cell
Tth cell
Th17 cell

T cell exhaustion

Treg cell

Markers

CD8A
CD8B
CD2
CD3D
CD3E
CD27
CD19
CD79A
CD14
CD86
CCL2
CD68
IL10
CCR7
ITGAM
KIR2DL1
KIR2DL2
KIR2DL3
CD1C
CD209
NRP1
ITGAX
STATH
STAT4
GATA3
STAT6
BCL6
21
IL17A
STAT3
CTLA4
LAG3
HAVCR2
PDCD1
CCR8
FOXP3

LGG

0.227
0.31
0.65

0.592

0.621

0.441

0.243

0.384

0.757

0.733

0.539

0.816

0.644

0.439

0.625

0.031

0.194

0.251

0.479

0.342

0.347

0.533

0.439

-0.206

0.441

0.371

0.055

0.096

0.009

0.513
0.46

0.334

0.746

0.571

0.232

-0.151

p value

1.96e-07
6.29e-13
2.66e-26
4.84e-50
2.02e-56
5.17e-26
2.18e-08
1.42e-19
5.63e-97
5.1e-88
3.84e-40
3.33e-124
7.22e-62
1.1e-25
2.86e-57
0.485
9.27e-04
7.1e-09
6.01e-37
1.34e-15
5.29e-16
3.31e-39
1.01e-25
2.46e-06
6.13e-26
2.71e-18
0.21
0.029
0.83
6.01e-36
2.53e-28
6.11e-15
7.28e-93
5.2e-46
9.91e-8
5.61-04

GBM

0.388
0.43
0.607
0.65
0.591
0.149
0.534
0.256
0.705
0.691
0.607
0.649
0.756
0.484
0.491
0.157
0.12
0.028
0.434
0.255
0.333
0.268
-0.021
0.284
0.167
0.43
-0.139
0.005
-0.049
-0.109
0.468
0.023
0.684
0.295
0.4
0.166

p value

7.36e-07
2.92e-09
8.79e-17
1e-19
9.41e-16
0.066
1.18e-12
1.41e-03
2.41e-24
4.52e-23
9e-17
1.24e-19
1.33e-29
2.37e-10
1.19e-10
0.053
0.138
0.731
2.11e-08
1.48e-03
2.55e-05
8.13e-04
0.798
3.71e-04
0.039
2.86e-08
0.085
0.95
0.546
0.179
1.08e-09
0.778
1.77e-22
2.11e-04
2.93e-07
4.09e-02

The bold indicates statistical significance.
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Immune cell subtype CGGA database TCGA database
R p value R p value

B cells naive 0.036076 0.342977 -0.12421 0.002403
B cells memory 0.32466 0 0.155444 0.000141
Plasma cells 0.244242 7A7E-11 -0.31393 4.44E-15
T cells CD8 0.357901 0 0.380746 0

T cells CD4 naive -0.08797 0.020555 -0.24484 1.43E-09
T cells CD4 memory resting 0.256971 6.50E-12 0.372284 0

T cells CD4 memory activated 0.214495 1.18E-08 0.366744 0

T cells follicular helper 0.283902 2.58E-14 -0.029 0.480172
T cells regulatory Tregs. 0.209735 2.50E-08 0.283553 1.83E-12
T cells gamma delta 0.315129 0 -0.03139 0.444718
NK cells resting 0.048392 0.203244 0.413341 0

NK cells activated 0.430056 0 -0.04948 0.228169
Monocytes 0.41221 ) 0.260145 1.17E-10
Macrophages MO 0.40638 0 0.149611 0.00025
Macrophages M1 0.264746 1.40E-12 0.161756 7.39E-05
Macrophages M2 0.711729 0 0.745743 0
Dendritic cells resting 0.06904 0.069317 0.089228 0.029536
Dendritic cells activated 0.052962 0.163716 0.08712 0.033616
Mast cells resting 0.212427 1.64E-08 0.155258 0.000143
Mast cells activated 0.255813 8.13E-12 -0.03399 0.407893
Eosinophils 0.021589 0.570466 0.035063 0.393248
Neutrophils 0.085387 0.024585 0.463626 ]

The bold indicates statistical significance.
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Gene

Sequences of primers (5’-3’)

MD2-F
MD-R
TLR4-F
TLR4-R
CSF-1F
CSF-1R
CCL-2F
CCL-2R
IL10-F
IL10-R
TGF-B-F
TGF-B-F
CXCL-2F
CXCL-2R
CXCL-5F
CXCL-5R
G-CSF-F
G-CSF-R
GM-CSF-F
GM-CSF-R

AGCTCTGAAGGGAGAGACTGT
AGAGCATTTCTTCTGGGCTCC
TGCGTGAGACCAGAAAGC
TTAAAGCTCAGGTCCAGGTTC
CGCCCACTCCGCAGC
CCAGCCATGTCGTGGGAG
TCTGTGCCTGCTGCTCATAG
GGGCATTGATTGCATCTGGC
CGCATGTGAACTCCCTGG
TAGATGCCTTTCTCTTGGAGC
GTGGTATACTGAGACACCTTGG
CCTTAGTTTGGACAGGATCTGG
AACCGAAGTCATAGCCACAC
CTTCTGGTCAGTTGGATTTGC
TCTGCAAGTGTTCGCCATAG
CAGTTTTCCTTGTTTCCACCG
TTCCTGCTCAAGTGCTTAGAG
AGCTTGTAGGTGGCACAC
CTGAACCTGAGTAGAGACACTG
GCCCTTGAGCTTGGTGAG
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Threshold probability Net benefits per 100 patients Nomogram
(%) Treat all Nomogram ESD indication Sensitivity (%) Specificity (%) FNR (%) NPV (%)
5 130 139 136 %3 229 07 993
10 82 103 04 88.4 445 6 948
15 28 788 46 768 625 232 928
20 a8 564 07 ) 736 362 206

ESD, endoscopic submucosal dissection; FNR, false negative rate; NPV, negative predictive value.
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ESD indications LMN LMN with HER2 positive Proportion in LNM
group with HER2

Yes No Yes No i

positive

1) 2(1.38%) 143 (08.62%) 1 1 1/2 (50%)

e 4 (5.63%) 67 (94.37%) 0 4 0/4 0%)
@ 6(10.71%) 50 (89.29%) 1 5 116 (16.67%)
@ 16 (14.68%) 93 (85.32%) 2 14 2/16 (12.5%)

'Differentiated-type adenocarcinoma without ulcerative findings (UL (<)), of which the depth of invasion is clinically diagnosed as T1a and the diameter is <2 cm.
?Tumors clinically diagnosed as T1a and of differentiated-type, UL (=), but >2 cm in diameter.

*Tumors clnically diagnosed as T1a and of differentiated-type, UL (+), and < 3 cm in diameter.

“Tumare ciinically disgnosed as T1a and of undiferentiated-type, UL (), but < 2 crm in chameter.
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Clinicopathological parameters

Age (years)
<55
>55
Sex
Male
Female
Ulceration
UL (+)
UL ()
Tumor size (om)
<2
23
>3
invasion Depth
M
sM
Tumor location
Upper third
Middle third
Lower third
Histology subtype
tub1/tub2/pap
Sig
Muc
Por
LVI
Present
Absent
PNI
Present
Absent

Univariate analysis

HER2 HER2
positive (n = 132) negative (n = 1,080)
30 (22.73%) 360 (33.33%)
102 (77.27%) 720 (66.67%)
90 (68.18%) 715 (66.2%)
42 (31.829%) 365 (33.8%)
65 (49.24%) 378 (35%)
67 (50.76%) 702 (65%)
80 (60.6%) 726 (67.22%)
26 (19.7%) 237 (21.94%)
26 (19.7%) 117 (10.83%)
32 (24.24%) 544 (50.37%)
100 (75.76%) 536 (49.63%)
27 (20.45%) 83 (7.69%)
39 (29.55%) 341 (31.57%)
66 (50%) 656 (60.74%)
62 (47%) 356 (32.96%)
5(3.79%) 65 (15.28%)
1(0.76%) 0 (1.85%)
64 (48.48%) 539 (49.91%)
34 (25.76%) 97 (8.98%)
98 (74.24%) 983 (91.02%)
2(1.52%) 18 (1.67%)
130 (98.48%) 1,062 (98.33%)

“Comparisons between enumeration data were conducted by the fisher exact method,
UL (+), uicer or ulcer scar s present; UL (-}, ulcer or ulcer scar is absent; M, mucosal; SM, submucosal; tubl, well-differentiated tubular adenocarcinoma; tub2, moderately differentiated
tubular adenocarcinoma; pap, papilary adenocarcinoma; sig, signet-ring cell carcinoma; muc, mucinous adenocarcinoma; por, poorly differentiated adenocarcinoma; LV,

lymphovascular invasion: PN, perineural invasion.

P (Chi-square)

0.181 (5.59)

0.721 (0.127)

0.002 (9.683)

0012 (8.88)

<0001 (31.159)

<0001 (23.564)

<0001 (18.623)

< 0.001 (32.62)

1.00000*

Multivariate analysis OR
(95%CI)*, P

1.34 (0.86, 2.09), 0.201

1.05 (0.69, 1.58), 0.826

0.70 (0.47, 1.03), 0.067

1.54 (0.92, 2.56), 0.098

0.40 (0.25, 0.63), < 0.001

2.41 (1.42, 4.07), 0.001

1.75 (1.14, 2.68), 0.010

0.37 (0.22, 0.60), < 0.001

2.91(0.63, 13.42), 0.172
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Clinicopathological

Univariate logistic regression

Parameters

Age as continuous variable, years
Age as categorical variable, years
<55
>55
Sex
Male
Female
Size as continuous variable, cm
Size as categorical variable, om
<2
23
>3
Tumor Location
Lower third
Midde third
Upper third
Ulceration
UL ()
UL+
Histology subtype
tub1/tub2/pap
Sig
Muc
Por
Lymphovascular invasion
Perineural invasion
Submucosal invasion
HER2 positive

OR (95% Cl)
0.99 (097, 1.00)

1.00
0.60 (0.42, 0.88)

1.00
1.20 (0.82, 1.75)
1.23 (1.07, 1.42)

1.00
175 (1.13, 2.68)
2,00 (1.17,3.34)

1.00
0.80 (053, 1.18)
0.85 (0.41, 1.64)

1.00
1.82 (1.26, 2.64)

1.00
1.69 (0.84, 3.33)
2.26 (0.33, 9.29)
3.82 (238, 6.40)
504 (3.11,8.13)
6.13 (1.60, 25.04)
4.20 (2.74, 6.60)
3.04 (184, 4.99)

0.078
0.009

0.340
0.003

0.012
0.009

0.260
0.645

0.002

0.131
0311
< 0.001
< 0.001
0.007
< 0.001
< 0.001

Multivariate logistic regression

OR (95% Cl)

1.00
0.56 (0.37, 0.86)

1.00
1.64 (1.03, 2.60)
2.04 (1.14,3.57)

1.00
1.23 (0.81, 1.85)

1.00

2.27 (1.08, 4.75)
1.81(0.26, 8.00)
3.48 (2.08, 6.03)

3.44 (216, 5.61)
2.66 (1.52, 4.62)

P

0.007

0.037
0015

0326

0029
0.481
< 0.001

< 0.001
< 0.001

UL (-), ulcer or ulcer scar s absent; UL (), ulcer or ulcer scar is present; tub, well-diferentiated tubular adenocarcinoma; tub2, moderately differentated tubular adenocarcinoma; pap,
paDilary SdIOCAICHOME: 8k, Signal-ring call CARGNOME; MU, MUCTIoUS adenocamsinoma: par. poorly differentiated SNOCATTINOMS.
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Clinicopathological Variable No miR-29b-3p p-Value

Age, years <55 17 3.383 + 1.494 0.001*
255 31 1.825 + 1.348

Gender Male 15 1.399 + 1.632 0.003*
Female 33 2.821 +1.355

Tumor T1-T2 25 3.176 +1.271 0.000*
T3-T4 23 1.507 + 1.427

Lymph node metastases NO 22 3.228 + 1.337 0.000*
N1 26 1.656 + 1.413

TNM tumor stage | 22 3.228 + 1.337 0.000*
I-n 26 1.656 + 1.413

n <0.05.
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Genes
miR-29b-3p
COL1A1
COL5A1
GAPDH

ue

Primer sequences (5'-3')

(Sense) GCGGCGGTAGCACCATTTGAAATC
(Antisense) GTCGTATCCAGTGCAGGGT
(Sense) GAGGGCCAAGACGAAGACATC
(Antisense) CAGATCACGTCATCGCACAAC
(Sense) GCCCGGATGTCGCTTACAG
(Antisense) AAMATGCAGACGCAGGGTACAG
(Sense) ATTCCATGGCACCGTCAAGGCTGA
(Antisense) TTCTCCATGGTGGTGAAGACGCCA
(Sense) CGCTTCGGCAGCACATATAC
(Antisense) TTCACGAATTTGCGTGTCAT
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sustained proliferation Tumor immunity

Tumor immunity Metastasis

EMT Invasion

Senescence Angiogenesis
UPR Apoptosis resistance
Immunosuppression OXPHOS regulation
EMT Cancer cell stemness
Cell proliferation Invasion
Metastasis

HIE-1 stabilization
inflammation
Apoptosis resistance
ps3inhi
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EMr
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Autophagy
Lipid metabolism ‘ -
CD47 regulation

Caspase inhibition|
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MAO0077.15S0X98.501770.87106297128ENST00000435128| ANXA2P215891597
MAO0077.1S0X97.904280.85391074494ENST00000435128| ANXA2P220002008
MAO0077.1SOX97.80750.85113253148ENST00000435128| ANXA2P2793801
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ID Antigen class Antigen Cell class Cell Number of peaks Overlaps/My data Overlaps/Control

SRX092576 TFs and others SOX9 Uterus Hela 1,646 0/0 1,412/18,550
SRX190209 TFs and others SOX9 Uterus ECC-1 14,363 0/0 7,631/18,550
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Patients number Age FIGO stage Histological subtype (SCC, ADC, other) Sensitive to DDP
1 52 i Cip SCC Y
2 56 i C1p ScC Y
3 66 i cir SCC Y
4 56 b SCC Y
5 55 ncir SCC Y
6 39 ITA2 SCC ¥
7 67 B SCC ¥
8 47 IrA2 ADC Y
9 50 B ScC Y
10 42 i C1p SCC ¥
1 45 B SCC ¥
12 48 B SCC Y
13 61 ncir SCC Y
14 53 nB SCC ¥
15 55 i Cir ScC ¥
16 56 mns SCC ¥
17 41 ncir ADC Y
18 67 B SCC Y
19 47 B SCC Y
20 53 B SCC Y
21 4l B SCC ¥
22 49 1B2 ADC Y
23 52 ITA2 SCC ¥
24 51 VA SCC Y
25 53 B SCC ¥
26 52 ' C2p SCC+ADC ¥
27 65 nB SCC Y
28 57 cip SCC ¥
29 55 A SCC+ADC+NETs Y
30 57 ITA2 SCC Y
31 38 i C1p Scc X
32 57 I1A2 SCC Y
33 54 lncir SCC ¥
34 55 VA SCC Y
35 36 cip ADC Y
36 52 i C1p SCC ¥
37 Gl lncar SCC ¥
38 56 B SCC ¥
39 47 i C1p SCC ¥
40 48 i C1p SCC ¥
41 48 ncir SCC Y
42 50 nB SCC ¥
43 62 B SCC ¥
44 56 i Cir Scc Y
45 56 B SCC Y
46 51 nB SCC Y
47 60 i cir SCC ¥:
48 69 ns ADC Y
49 57 mnB Small cell carcinoma ¥
50 59 nB SCC ¥
51 46 nB SCC N
51 51 B SCC N
53 52 VB SCC N
54 57 i C1p SCC N
55 43 VB ADC+NETs N
56 56 lcar SCC N
57 48 lncar SCC N
58 42 IrA2 SCC N
59 51 1B2 SCC N
60 39 i C1p SCC+ADC N
61 37 1B2 SCC N
62 57 VB SCC+ADC N
63 57 B SCC N
63 51 1B3 ADC N
65 68 B SCC N
66 40 B SCC N
67 56 VA SCC N
68 45 B SCC N
69 44 1B3 Scc N
70 59 B ADC N
7 54 1B3 Scc N
72 45 mnB SCC N
73 46 B ADC N
74 36 ITA1 ADC N
75 51 IrA2 Scc N
76 56 ITA1 Scc N
7 39 B SCC N
78 57 B Scc N
79 51 1B2 ADC N
80 47 B ADC N
81 59 nctr SCC N
82 70 B SCC N
83 57 B SCC N
84 56 VA Scc N
85 49 1 G2R Sarcomas N
86 51 Il C2R Scc N
87 63 ncip SCC N
88 54 I c2p ADC N
89 52 B SCC N
90 59 cip ADC N
91 46 i cir Sarcomas N
92 49 VB Small cell carcinoma N
93 61 mnB ADC N
94 69 B SCC N
95 54 ITA2 ADC N
96 45 VB SCC N
97 47 VA Small cell carcinoma N
98 63 VB Sarcomas N
99 56 VA Scc N
100 52 IrA2 ADC N

SCC, squamous cell carcinoma; ADC, adenocarcinoma; NETs, Neuroendocrine carcinoma; Other, small cell carcinoma, sarcomas.
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