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Editorial on the Research Topic 


Stress response signaling in tumor development and its implications for cancer treatment


Organisms are inevitably exposed to environmental stress during daily life. Homeostasis maintaining programs, such as unfolded protein response, oxidative stress response, and integrated stress response, help restore homeostasis or adapt to the stress. However, the severe and prolonged stress or dysregulated stress response could cause tissue injury, metabolic dysfunction, inflammation, and even cancer. Therefore, dysregulated stress response is closely related to the incidence and progression of cancer. During tumorigenesis, genomic mutations and alterations in gene expression and protein functions could influence stress response, and thus promote cancer progression and metastasis. On the other hand, cancer treatments cause stress in cancer cells to induce cell death. Therefore, stress response within cancer cells substantially affects the efficacy of therapeutics. In this Research Topic, mechanisms of dysregulated stress response signaling pathways leading to cancer and involving in cancer treatment are explored to shed light on cancer development, progression, treatment as well as follow-up management (Figure 1).




Figure 1 | Understanding the interaction among dysregulated stress response, cancer development and progression, and cancer treatment benefits cancer diagnosis, therapeutics development, and post-treatment management.




Dysregulated stress response in the initiation and progression of cancer

Dysregulated stress response is closely associated with cancer development and progression. The studies reported in this special issue further investigated molecular mechanism that underlies stress response during tumorigenesis. Tao et al. indicated that as a molecular link between persistent endoplasmic reticulum (ER) stress and metabolism, ER protein disulfide isomerase-associated 2 regulates metabolic reprogramming and mitigate cancerous transformation of chronic colitis. Su et al. reported that DNA polymerase Iota could induce Erk-O-GlcNAc transferase to excessively activate glucose-6-phosphate dehydrogenase, thus promoting the proliferation and progression of esophageal squamous cell carcinoma. Besides, long non-coding RNA (lncRNA) BCAS1-4_1 and H19 were shown to upregulate ZEB1 and then enhance the proliferation and metastasis of ovarian cancer cells and glioma cells (Xue et al., Chen et al.). Additionally, inositol requiring enzyme 1 alpha (IRE1α), a key regulator of unfolded protein response, was reported to enhance the progression of castration-resistant prostate cancer cells by a positive feedback loop of IRE1α/IL-6/androgen receptor pathway (Yang et al.).

With the emergence of COVID-19, patients with cancer may suffer from double stress from COVID-19 and cancer. In this issue, researchers tried to review and figure out the connection between COVID-19 and cancer via dysregulated stress response signaling, with the goal to alleviate their mutual impacts. They found that COVID-19 was associated with lung cancer and head and neck cancer via reactive oxygen species (ROS) signaling pathway and renin angiotensin system axis (Zhu et al., Iftikhar et al.).

Moreover, stress granules (SGs) play a critical role in the stress response, as they could reduce stress-related damage and improve cell survival through regulating translation, mRNA stability, and ability to work in cytoplasm and nucleus. Two detailed reviews summarized that SGs took part in initiation, progression and metastasis of cancer, and functioned in the mechanism of action of anti-cancer medications, such as sorafenib and 5-fluorouracil (Asadi et al., Asadi et al.).



Cancer treatment

Cancer treatment methods include surgery, chemotherapy and radiotherapy, as well as immunotherapy and targeted therapy. These treatments could induce stress not only to cancer cells, but also to normal tissue cells. Stress response signaling could affect the treatment efficacy, with clinical implications for prognosis prediction and individualized treatment.

Different chemotherapy drugs could exert anticancer effects by affecting different stress response signaling pathways. It was reported that valproic acid and hydroxyurea could regulate homologous recombination and cell cycle through an MUS81-pRPA2 pathway in a synergistic manner to reduce breast cancer cells (Su et al.). Costunolide could activate apoptosis and autophagy of gastric cancer by promoting ROS pathway and meanwhile inhibiting AKT/GSK3β pathway (Xu et al.). Besides, cardiac glycoside ouabain could effectively reduce the expression and phosphorylation of STAT3 to inhibit the growth of cancer cells, such as non-small cell lung cancer (NSCLC) (Du et al.).

Radiotherapy is one of the most precise cancer treatments. For better therapeutic efficacy, researchers tried to enhance radiation sensitivity. Disulfiram could be applied as a radiosensitizer on pancreatic cancer treatment both in vitro and in vivo (Xu et al.). In addition, lncRNA TLCD2-1 was associated with radiation resistance and growth of cancer cell, suggesting that it could be targeted to improve radiation sensitivity and used as a prognostic biomarker in colorectal cancer (Yu et al.). Feng et al. summarized that 5,6,7,8-Tetrahydrobiopterin (BH4)/nitric oxide synthases (NOS) axis is a double edge sword in the regulation of radioactive sensitivity, because BH4 could lead to the generation of NOS and large oxidative free radicals after ionizing radiation, while promoting vascular normalization and thus enhancing radiotherapy efficacy.

Although the number of cancer cells could be reduced by radiotherapy, normal tissue cells also suffer from radioactive injury meanwhile. Therefore, the radiation-induced side effects can’t be ignored. It is important to understand the mechanisms of the incidence and treatment of complication. It was believed that over-activating radiation-induced immunological side effects could be harmful, as it could dramatically increase the secretion of pro-inflammatory cytokines, although moderate immune activation could be beneficial for cancer treatment (Zhang et al.). Besides, Xue et al. demonstrated that NF-E2-related factor 2 ameliorates the radiation-induced skin injury by regulating ROS pathway. Li et al. used network pharmacological analysis to identify the possible target genes and signaling pathways that underlies how radix salvia miltiorrhizae relieves radiation-induced pneumonia. Moreover, Chen et al. reviewed the physical classification, basic pathogenesis, clinical characteristics, predictive and diagnostic factors, and possible treatment targets of radiotherapy-induced digestive injury, and pointed out that more precise radiotherapy plan and gut microbiota modulation may help improve radiogenic gastrointestinal syndrome.

In addition to chemotherapy and radiotherapy, immunotherapy is an emerging and effective cancer treatment that significantly improves survival and life quality of patients. However, not all patients are sensitive to immunotherapy. Therefore, it is great importance to identify patients who may be beneficial from immunotherapy and develop individualized treatments. Sun et al. found that smoking patients of NSCLC had stronger immunogenicity and more activated immune microenvironment than non-smoking ones, so that immune checkpoint inhibitors may be more suitable for smoking patients of NSCLC. Xie et al. reported that Titin mutation was related to higher tumor mutation burden and better antitumor immune response in lung squamous cell carcinoma.



Post-treatment management of cancers

After cancer treatment, proper follow-up management of patients can help recognize tumor metastasis or recurrence immediately, so that corresponding treatment measures can be taken to improve prognosis. Risk prediction of metastasis or recurrence could provide valuable reference for clinical individualized treatments. Chen et al. explored risk factors on the incidence and prognosis of colorectal cancer with brain metastasis (CRCBM). They found that the positive level of CEA, pN2a-b, and distant metastases were risk factors for the incidence of CRCBM, while systematic treatment was related to better survival of CRCBM patients.



Hepatocellular carcinoma

Among various kinds of cancers, hepatocellular carcinoma (HCC), as one of the most common malignant cancers, attracted the attention of many researchers. The main causes of HCC include infectious factors (like virus or parasite), and non-infectious factors (like alcohol, metabolic disorders, or aflatoxin). Recently, metabolic syndrome and its hepatic manifestation, nonalcoholic fatty liver disease, have been proved as a major cause of HCC. It was reported that cholesterol could contribute to lipotoxicity, inflammation, and fibrosis by reducing its exportation and excretion in HCC, however, higher cholesterol level might indicate a better disease-free and overall survival for HCC patients. Therefore, Zhou et al. reviewed and discussed contradictory roles of cholesterol in HCC, aiming to evaluate the potential of cholesterol as a therapeutic target (Zhou and Sun). Besides, the incidence of HCC is associated with stressful syndrome and relevant liver toxicity, such as cholestasis. Wu et al. demonstrated that arbutin exerts a protective effect on α-naphthylisothiocyanate-induced cholestasis liver toxicity via increasing levels of farnesoid X receptor and downstream enzymes that associate with bile acid metabolism.

Concerning treatments of HCC, Yan et al. indicated that under hypoxia autophagy-induced activation of histone deacetylase 6 (HDAC6) does not only promote the nuclear translocation of β-catenin, but also increases the interaction between β-catenin and the transcription repressor chicken ovalbumin upstream promoter-transcription factor 2. As a result, HDAC6 suppresses mitochondrial oxidative phosphorylation-related genes transcription and serves as a potential target to reduce the survival of HCC cells. Okuda et al. revealed that the combination of L-asparaginase and lenvatinib could synergistically inhibit proliferation and induce amino acid depletion-related oxidative stress, leading to the death of HCC cell lines, except Huh7 cells.



Prospect and conclusion

As dysregulated stress response closely associates with cancer initiation and progression as well as the therapeutic effect of anti-cancer treatments, a better understanding of the dysregulated stress response during cancer development helps target key elements to achieve the anticancer purpose. The combination of different therapies could exert synergistic effects via modulating stress response signaling pathways. Besides, knowledges on the stress response could benefit the prediction of therapeutic efficacy and prognosis, which is critical for developing individualized treatment and follow-up management.

Although a lot of effort has been made to answer how cancer treatments modulate dysregulated stress response signaling to exert anticancer effects, the molecular mechanism underlying the connection between stress response and the regulation of therapeutic efficacy is still not clear. Cancer cells may develop resistance to therapies by different mechanisms, including patho-physiological, genetic, epigenetic, and micro-environmental changes in cancer cells during treatments (1–3). From a clinical point of view, it is important to further explore how cancer drug resistance associated with dysregulated stress response during cancer progression, so as to develop more effective therapeutic interventions. Also, more attention is needed to understand and balance benefits of treatment and related side effects of current cancer therapies.

In conclusion, this Research Topic aimed to discuss dysregulated stress response signaling pathways that are associated with cancer development and progression, as well as their implications for cancer treatments and post-treatment management.
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Radiotherapy (RT) shows advantages as one of the most important precise therapy strategies for cancer treatment, especially high-dose hypofractionated RT which is widely used in clinical applications due to the protection of local anatomical structure and relatively mild impairment. With the increase of single dose, ranging from 2~20 Gy, and the decrease of fractionation, the question that if there is any uniform standard of dose limits for different therapeutic regimens attracts more and more attention, and the potential adverse effects of higher dose radiation have not been elucidated. In this study, the immunological adverse responses induced by radiation, especially the cytokine storm and the underlying mechanisms such as DAMPs release, pro-inflammatory cytokine secretion and cGAS-STING pathway activation, will be elucidated, which contributes to achieving optimal hypofractionated RT regimen, improving the killing of cancer cells and avoiding the severe side effects.
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Cytokine Storm and Inducers


Cytokine Storm

Cytokine storm, also named as cytokine release syndrome (1), hypercytokinemia (2), refers to an overactive immune response to external stimuli. Cytokine storm is first presented by Ferrara JL who hypothesized that inflammatory cytokines might act as mediators of acute graft versus host disease (GVHD) (3). The term is widely used in the research of severe acute infection and immunotherapy. Recently, studies have shown that not only viral infectious diseases, such as COVID-19 (4) and avian influenza (5), can induce cytokine storms, but many therapeutic interventions can also induce cytokine storms, such as Chimeric antigen receptor (CAR) T immunotherapy (1). It has been known that radiotherapy (RT) could elicit both immune activation and suppression responses (6, 7), however, if RT could induce cytokine storm or not, is still unclear.



Different Inducers of Cytokine Storm


Graft Versus Host Disease

The understanding of the concept “cytokine storm” is relatively naïve in 1980s when it was first proposed (3, 8). Hill GR et al. hypothesized that most of the clinical manifestations of GVHD is due to the dysregulated production of cytokines by T cells and other inflammatory cells. Further study showed that the gastrointestinal (GI) tract is critical to the propagation of the cytokine storm because the GI tract increases the translocation of inflammatory stimuli such as endotoxin, which promotes further inflammation and additional GI tract damage, and the GVHD can be prevented by fortification of the GI mucosal barrier through novel “cytokine shields” such as IL-11 or keratinocyte growth factor successfully (9). Sato A et al. found that plasmin is activated during the early phase of acute graft-versus-host disease (aGVHD) and correlates with aGVHD severity. Plasmin inhibition could control the deadly cytokine storm in patients with aGVHD through impairing the infiltration of inflammatory cells or the release of membrane-associated proinflammatory cytokines including tumor necrosis factor-α and Fas-ligand directly. It could also relieve the cytokine storm via matrix metalloproteinases (MMPs) and alteration of monocyte chemoattractant protein-1 (MCP-1) signaling indirectly (10).



Severe Infection

Infectious disease is the second area of application of the concept “cytokine storm”. In the majority cases of Epstein-Barr virus (EBV)-associated hemophagocytic lymphohistiocytosis (EBV-HLH), clonally proliferating T-cells or NK-cells are involved. These cells produce massive cytokine followed by severe immune reactions for the host. To control the cytokine storm is important for the relieving of disease (11). Clinical data showed that cytokines such as interferon-gamma (IFNγ), interleukin-18 (IL-18), transforming growth factor β (TGF-β), interleukin-6 (IL-6) were highly elevated in the acute phase sera of severe acute respiratory syndrome (SARS) patients and their expression levels are related to the mortality (12). IFNγ could induce proliferation inhibition and enhancement of Fas-mediated apoptosis in alveolar epithelial cells and fibroblasts. These cells were able to secrete large quantities of T cell targeting chemokines and induced a Th1-type mediated cytokine storm in SARS patients (13). Clinical studies have detected cytokine storm in critical patients with COVID-19 and the cytokine storm is considered to be one of the major causes of ARDS and multiple-organ failure (4, 14). There are several mechanisms through which SARS-Cov-2 induces cytokine storm. Firstly, SARS-Cov-2 uses angiotensin converting enzyme II (ACE2) and transmembrane serine protease 2 (TMPRSS2) as cell entry receptors, ACE2 molecules on the cell surface are occupied by SARS-Cov-2. Then, angiotensin 2 (Ang II) increases in the serum due to a reduction of ACE2-mediated degradation. SARS-Cov2 activates NF-κB via pattern recognition receptors (PPRs), and the accumulated AngII induces inflammatory cytokines including TNFα and (s)IL-6R via disintegrin and metalloprotease 17 (ADAM17), followed by activation of the IL-6 amplifier (IL-6 AMP), which describes enhanced NF-κB activation machinery via the coactivation of NF-κB and transcription factor STAT3 (15). Secondly, Neutrophil extracellular traps (NETs), the extracellular NETs released by neutrophils can induce macrophages to secrete IL-1β which enhances NET formation in various diseases, the NET-IL-1β loop may contribute to cytokine release (16–19). Thirdly, IL-6 can work through classic cis signaling or trans signaling, in cis signaling IL-6 binds to membrane-bound IL-6 receptor (mIL-6R) in complex with gp130 and then activates acquired immune system (B and T cells) as well as the innate immune system (neutrophils, macrophage and NK cells); in trans signaling, high circulating concentration of IL-6 bind to the soluble (sIL-6R) also in complex with gp130 dimer on potentially all cell surfaces such as endothelial, this results in a systemic cytokine storm (20). Furthermore, cytokine storm may also occur in sepsis (14), dengue (21), influenza (22) etc.



Immunotherapy

CAR-T therapy is emerging as a promising new treatment for hematological and non-hematological malignancies (23), most remarkably in anti-CD19 CAR-T cells for B cell acute lymphoblastic leukemia (B-ALL) with up to a 90% complete remission rate (24). However, it may also induce rapid and durable clinical responses, such as cytokine storm. Features of CAR-T therapy-induced cytokine storm manifested as fever, hypotension and respiratory insufficiency associated with elevated serum cytokines such as IL-6. Cytokine storm usually occurs within days of T cell infusion at the peak of CAR T cell expansion and it is most frequent and more severe in patients with high tumor burden (25). In addition to CAR-T therapy, immunotherapy such as chimeric monoclonal anti-CD20 antibody rituximab (26), blinatumomab (27), nivolumab (28),brentuximab (29) etc. can also induce cytokine storm. Mechanically, cytokine storm is usually due to on-target effects induced by binding of the bispecific antibody or CAR T cell receptor to its antigen and subsequent activation of bystander immune cells and non-immune cells, such as endothelial cells. Activation of the bystander cells results in the massive release of a range of cytokines (1).





RT and Immunological Effects


RT Regimens

RT has been widely used for cancer treatment for more than a century (30). With the advance of clinical practice and the pursuit of a better prognosis, more and more types of RT have been developed. According to the fractionation way, the RT regimens can be divided into three types, conventional fractionated radiation, hypofractionated RT and hyperfractionated RT. Moreover, the RT regimens also contain 3-dimensional conformal radiation therapy (3D-CRT), intensity modulated radiotherapy (IMRT) and stereotactic body radiation therapy (SBRT), etc. Due to the higher local control rates, protection of local anatomical structure and relatively mild impairment, SBRT is widely used in the treatment of early-stage non-small cell lung cancer and localized pancreatic and prostate cancer in recent years (31). According to the most recent National Comprehensive cancer network (NCCN) guideline, RT is an option for patients with unresectable or inoperable HCC include external beam radiotherapy (EBRT) and SBRT. In patients with a limited number of liver or lung metastases, ablative RT to the metastatic site can be considered in highly selected cases or in the setting or clinical trial.



The Killing Mechanisms Mediated by RT

The killing mechanism of ionizing radiation (IR) contains direct and indirect damage. IR can direct damage biomolecules, such as proteins and lipoids, particularly DNA, resulting in DNA double-strand breaks (DSBs) and other types of DNA damage (32). Indirect damage destroys biomolecules through free radicals, mainly by reactive oxygen species (ROS) (33, 34). The DNA damage response and repair (DRR) processes may determine tumor responses primarily (35). IR generates ROS through water radiolysis react with oxygen, high level of hydroxyl radicals induced by IR increases oxidative stress to destabilize cancer cells integrity and induces DNA damage, and subsequently results in cell death (33).

Cancer cells die in different ways after exposure to IR. Apoptosis, autophagic cell death, necrosis, and necroptosis are most common modalities that have been extensively studied and characterized. According to doses and cell types, IR might induce intrinsic apoptotic or extrinsic apoptotic pathway (36). Autophagy induced by IR is a double-edged sword, on one hand, it has a cytoprotective function allowing the cell to eliminate toxic species (37); on the other hand, it can serve as additional cell death pathway (38). Mitotic catastrophe is another modality of cell death induced by IR, resulting from premature induction of mitosis before completion of the S and G2 phase (39).

RT can be prescribed for curative or adjuvant therapy, depending on multiple factors especially the radiosensitivity of tumors. When certain tumors are treated at the early stage, for example, most lymphomas, carcinoma of the larynx, prostate or cervix, and some types of the central nervous system neoplasms, RT could be eutheraputic (34). With the gradual increase in high-dose hypofractionated RT applications, the indications of RT is expanding SBRT is an ablative radiation approach that has become an established standard of the treatment of a variety of malignancies, including intraabdominal malignancies such as primary and metastatic liver tumors and pancreatic tumors with excellent local control (40).

However, research regarding the impact of RT on the tumor immune microenvironment or systemic immune system is relatively fewer.



Immune Activation Effects

As shown in Figure 1A, RT could induce damage- associated molecular patterns (DAMPs) (41). DAMPs can be divided into three classes, exposed on the cell surface including calreticulin (CRT), released by cancer cells passively (such as HMGB1 and mitochondrial DAMPs) (42), secreted by cancer cells actively (such as ATP). By interacting with their pattern recognition receptors (PRRs) respectively, immunogenic cell death (ICD) of cancer cells was induced (43). The most common PRRs include transmembrane proteins such as Toll-like receptors (TLRs) and C-type lectin receptors (CLRs), cytoplasmic proteins such as Retinoic acid-inducible gene (RIG)-I-like receptors and NOD-like receptors (NLRs) (41).




Figure 1 | The potential of radiotherapy to induce cytokine storm. Radiotherapy (RT) has three or more ways of immune activation. (A) The first is damage- associated molecular patterns (DAMPs). RT could induce three types of DAMPs, namely exposed on the cell surface (CRT), released by cancer cells passively (HMGB1 and MTDs), secreted by cancer cells actively (ATP). DAMPs could interact with their pattern recognition receptors (PRRs) and activate downstream immune effects. (B) Meanwhile, radiotherapy could also stimulate the secretion of chemokines such as CXCL16 and CCL5, then recruit various pro-inflammatory immune cells into the tumor microenvironment. (C) Furthermore, radiotherapy could also arise the neoantigens presentation of neoantigens and active cGAS-STING signal pathway to increase the expression of interferon. All of the above immune activation effects could induce cytokine storm potentially.



CRT is a soluble protein in the lumen of the endoplasmic reticulum (ER). In the ER, CRT has several functions, including chaperone activity and the regulation of Ca2+ homeostasis and signaling. CRT also assists in the proper assembly of major histocompatibility complex (MHC) class I molecules and the loading of antigen. Outside the ER, CRT regulates nuclear transport, cell proliferation and migration. A proportion of CRT on the plasma membrane of viable cells (ecto-CRT) serves various non-immunological functions. Ecto-CRT is an important signal that enables phagocytes to efficiently engulf dead cells. And the exposure of CRT on the surface of cancer cells also facilities the engulfment by dendritic cells, which leads to tumor antigen presentation and tumor-specific cytotoxic T lymphocyte (CTL) responses (43, 44). HMGB1, a member of the high mobility group (HMG) protein family, is a DNA-binding nuclear protein (45). It could bind multiple receptors including receptor for advanced glycation end-products (RAGE), TLRs (such as TLR2,4,7 and 9) etc. HMGB1 could stimulate different immune cells to produce a variety of inflammatory-related proteins, such as cytokines, adhesion molecules and tissue factors through the activation of several pathways (46, 47). Mitochondrial DAMPs (MTDs) include formyl peptides and mitochondrial DNA, they activate human polymorphonuclear neutrophils (PMNs) through formyl peptide receptor-1 and TLR9, respectively. Mechanically, MTDs promote PMN Ca2+ flux and phosphorylation of mitogen-activated protein (MAP) kinases, leading to PMN migration and degranulation in vitro and in vivo. Furthermore, circulating MTDs can elicit neutrophil-mediated organ injury (42). ATP, one of the most ancient and conserved DAMPs, exerts its phlogistic activity mainly through activation of the P2X7 receptor which is an ATP gated ion channel expressed by most immune cells (48). When released into tumor microenvironment, ATP acts on P2X7 purinergic receptors and triggers the NOD-like receptor family, pyrin domain containing-3 protein (NLRP3), allowing for the secretion of interleukin-1beta (IL-1β) then primes IFNγ-producing tumor antigen-specific CD8+ T cell in mice (49).

RT can also induce the expression of pro-inflammatory factors such as cytokines and chemokines which recruit immune cells to local sites of cancer (Figure 1B). Matsumura S et al. found that in mouse and human breast cancer cells IR markedly enhanced the secretion of CXCL16, followed by the recruitment of CXCR6+ Th1 and activation of CD8 effector T cells in vitro and in vivo (50). Tumor-infiltrating leucocytes (TILs) isolated from locally advanced hepatocellular carcinoma after Yttrium-90 (Y90)-radioembolization (RE) exhibited signs of local immune activation including higher expression of granzyme B (GB) and infiltration of CD8+ T cells, CD56+ NK cells and CD8+CD56+ NKT cells. Chemotactic pathways involving CCL5 and CXCL16 correlated with the recruitment of activated GB+CD8+ T cells to the Y90-RE-treated tumors (51).

RT is well suited for transforming poorly immunogenic tumors based on the tumor neoantigens. Radiation can increase existing tumor neoantigens through either radiation-induced transcription or increase antigen presentation, or RT induces neoantigens creation owing to DNA damage-induced mutations (52). 10 Gy RT can significantly increase the production of IFNγ through CD8+T cells, IFNγ inducible chemokines (CXCL9 and CXCL10) are increased with RT in vitro and in vivo (53). RT-induced micronuclei activate cytosolic nucleic acid sensor pathways, such as cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING), and propagation of the resulting inflammatory signals remodels the immune contexture of the tumor microenvironment (Figure 1C) (52).



Immune Suppression Effects

Studies have also revealed that RT could recruit suppressive immune cells to tumor microenvironment including myeloid derived suppressor cell (MDSC) (54), regulatory T cell (Treg) (55), tumor associated macrophage (TAM) (6), N2 neutrophils (56) etc. T cell activation could be repressed through these recruitments. IR can induce the secretion of granulocyte-macrophage colony-stimulating factor (GM-CSF) which promotes the migration of MDSCs to the circulatory system and to inflammatory tissue. MDSCs produce high levels of Arg1, which suppresses the activation and function of T cells through the degradation of arginine and expression reduction of the zeta chain of the CD3 complex, MDSCs may also limit the availability of cysteine and produce ROS that destroy T cell receptors, they can also trigger the PD-L1 pathway or IL-10 secretion (6). Similarly, the presence of Tregs may affect the efficiency of RT. RT significantly increased tumor-infiltrating Tregs (TIL-Treg), which had higher expression of CTLA-4, 4-1BB, and Helios compared with Tregs in non-irradiated tumors. TIL-Treg from irradiated tumors had equal or improved suppressive capacity compared with non-irradiated tumors. Tregs proliferate more robustly than other T-cell subsets in the TME and the increased Treg frequency is likely due to preferential proliferation of intratumoral Treg after radiation (57). RT can also upregulated CCL2 chemokine in tumor cells, leading to a CCR2-dependent accumulation of tumor necrosis factor alpha (TNFα)-producing monocytes and CCR2+ regulatory T cells (Treg) in a murine model of head and neck squamous cell carcinoma (55). Ovarian cancer cells and microenvironmental macrophages produce the chemokine CCL22 which mediates trafficking of Treg cells to the tumor (58). Radiation-induced 12-LOX overexpression in esophageal cancer cells (ESCC) upregulates CCL5 expression, thereby attracting THP-1-derived macrophages and promoting their polarization to the M2 subtype, consequently enhances cellular metastasis (59). Furthermore, radiation promotes secretion of TGF-β from tumor cells or increasing the expression of immune suppressive checkpoint molecules such as PD-L1 so that it has an immunosuppressive microenvironment (7).



Immune Responses Based on Different Doses of Radiation


Low-Dose RT

There is no uniform standard for the definition of low-dose radiation (LDR). Radiation oncologists consider a single dose less than 1.0 Gy as a low one (60), United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) defines it to be less than 100 mSv (61). Most studies show that LDR cannot trigger robust immune responses as high-dose radiation (62–64). LDR modulates a variety of immune response processes, and the regulatory effect of LDR on innate and adaptive immunity depends on the status of immune cells, the microenvironment and the interaction of immune cells ect (65). LDR suppressed release of mediator from mast cells activated by the antigen-antibody reaction via FcϵRI suppression (66). Neoadjuvant local low-dose gamma irradiation programs the differentiation of iNOS+ M1 macrophages that orchestrate CTL recruitment into and killing within solid tumors, the mechanisms include activation of endothelial, the expression of Th1 chemokines and the production suppression of angiogenic, immunosuppressive, tumor growth factors. All these effects eventually lead to T-cell-mediated tumor rejection and prolonged survival in human pancreatic carcinomas, immune refractor spontaneous and xenotransplant mouse tumor models (67). Yu N et al. found that X-ray irradiation (0.2 Gy) significantly increased CCR7- mediated DC migration and IL-12 production in dendritic cells (DCs), and the author identified ATM/nuclear factor kappaB (NF-κB) pathway as the central signaling pathway that mediated LDR-enhanced expression of IL-12 and CCR-7 (68). Our previous studies show that IL-12 level in macrophages increased after whole body irradiation (WBI) with 0.075 Gy x-rays in Kunming mice, which might contribute to a shift of the immune response in favor of Th1 differentiation (69, 70).



High-Dose RT

High-dose RT can induce necrosis and senescence which are considered more pro-inflammatory (71), for they are associated with release of damage-associated molecules (DAMPs) (72). SBRT can enhance the expression of intercellular and vascular adhesion molecules which associated with CTLs stimulation and binding effects by increasing IFNγ expression. Moreover, through releasing cytokines and adhesion molecules, SBRT can initiate the cellular immune response, enhance immune-cell extravasations and migration. It can also enhance antigen presentation by the pathway of OX40 stimulation (73). Ablative RT (20 Gy×1) dramatically increases T-cell priming in draining lymphoid tissues, leading to eradication of the primary tumor or distant metastasis in a CD8+ T cell-dependent pattern (63). Morisada M et al. found that compared with low-dose daily fractionated IR (2 Gy×10), high-dose hypofractioned IR (8 Gy×2) preserves or enhances anti-tumor immunity to control primary and distant tumors through accumulating and activating peripheral and tumor-infiltrating CD8+T-lymphocyte and reducing peripheral and tumor gMDSC accumulation (64). Similarly, they found that 8 Gy was superior to 2 Gy for induction of antigen-specific immune response and enhancing tumor cell susceptibility to T-lymphocyte killing in mouse oral cancer cells (74). Radiation in the ‘ablative’ doses range can not only effectively destroy tumor cells directly but also encourage these killed cells to function as an antitumor vaccine in situ (75).




The Combinatorial Effect of RT and Immunotherapy

Recently, research on RT combined with immunotherapy has become more and more popular. The theoretical basis includes ‘in-situ vaccination’ and ‘abscopal effect’ of RT which are all connected to mechanisms involving the immune system, the combination of RT with immunotherapy potentially boost the killing of tumor (76, 77). The term ‘abscopal’ is used to describe an immune-medicated response to radiation by tumor cells located distant from the irradiated site (78, 79). Multiple preclinical studies have demonstrated that RT induces immunomodulatory effects in the local tumor microenvironment, different doses of hypofractionated radiotherapy have been shown to induce immunogenic cell death and in-situ vaccination in several tumor models (80), RT increases expression of tumor-associated antigens (TAAs), causes the release of cytokines, stimulates recruitment of dendritic cells and, most importantly, stimulates the proliferation and priming of cytotoxic CD8+ T cells in the tumor microenvironment (77), all these mechanism supporting a synergistic combination approach with immunotherapy to improve systemic control (81). Studies also found that RT could upregulate tumor PD-L1 expression, while the combination of RT and immune checkpoint inhibitors (ICIs) enhanced the anti-tumor effect of radiation consistent with the synergistic effect of both modalities (82–84). Furthermore, intratumoral injection of DCs (85), DC growth factor Flt3-ligand (86, 87), toll-like receptor 9 agonist C-G enriched synthetic oligodeoxynucleotide (CpG) (88) etc. all showed synergistic antitumor effects in preclinical research. Gratifyingly, clinical evidence such as case report and clinical trial showed that combination ICIs (cytotoxic T-lymphocyte associated protein 4 inhibitor, programmed cell death-1/programmed cell death ligand-1 blockers) with RT could improve progression-free survival of non-small cell lung cancer (NSCLC) patients (89, 90). No additional effect with concomitant regimens was found, furthermore, the combination of RT with ICIs seems better tolerated than radiotherapy combined with targeted or chemotherapy agents (77).



Clinical Evidence for Cytokine Storm Induced by High-Dose RT

A case report from Memorial Sloan Kettering Cancer Center exhibits the capability of RT to elicit immune-related adverse events, i.e., cytokine storm/cytokine release syndrome. A 65-year-old man with untreated chronic lymphocytic leukemia (CLL) and recurrent, metastatic Merkel cell carcinoma undergoing anti-PD1 immunotherapy was referred for palliative RT (total dose of 24 Gy in three fractions given once weekly) to sites of progressing metastases. Within hours of each weekly dose of RT, he experienced fever, tachycardia, hypotension, rash, dyspnea, and rigors. Based on clinical suspicion for cytokine storm, blood cytokine measurements were performed 1 h after the second and third RT, TNF-α and IL-6 increased ten-fold higher. He experienced rapid regression of irradiated tumors, with development of new sites of metastases soon thereafter (91). The author inferred that RT produced tumor or tissue injury, released molecules that express DAMPs and caused activated macrophages to release the proinflammatory cytokines, then cause endothelial expression of adhesion molecules and leukocyte extravasation from the periphery at the site of RT. However, the underlying immune dysfunction caused by CLL, the ongoing immunotherapy with anti-PD1 therapy, MDSC depletion by RT and the advanced age of the patient may all have contributed to the observation of an atypical immune response to cancer therapy. Above all, this was the first report of cytokine storm after the receipt of RT and this case demonstrates the capability of RT to elicit immune-related adverse events.

As we mentioned earlier, RT could induce various immune activation responses (in-situ vaccination) including DAMPs release, pro-inflammatory cytokine secretion and cGAS-STING pathway activation etc. No evidence could rule out that RT would induce immune suppressive response. Under certain conditions such as immune system imbalance or combined with immunotherapy (91), an inflammation cascade can be involved and consequently lead to a cytokine storm.




Prospect

With the increasing of RT dose, the adverse effect is what we concern. High-dose RT has an activating effect on the immune system. Moderate immune activation is beneficial for antitumor effect or therapy; however, overreaction might be harmful due to the possibility of superfluous pro-inflammatory cytokines secretion. Besides the efficacy, we must attach importance to the adverse immune response induced by radiation. Further research needs to confirm the existence of cytokine storm after RT and clarify the threshold of its occurrence to facilitate the dose limits setup in the clinic.

The mechanism of RT on the immune system is very complicated. RT could induce dual effects on immune response, which can be either activated or suppressive. However, the means to regulate different immune responses are not yet clear, for example dose and fractionation. Further research is needed to clarify the means in order to provide theoretical guidance for the rational use of its immune activation effect to achieve anti-tumor effects and to avoid its immune suppressive effect.

At present, RT combined with immunotherapy has entered the stage of clinical trials, but the following issues need to be solved before it is actually applied to the clinic: expanding the sample size of clinical trials to confirm safety and effectiveness; optimizing the complex immunological effects of RT and its compatibility with ICI interaction; treatment sequence and the issue of different doses and fractionation of RT, etc. Only by solving these problems can the two therapy be better integrated and their synergistic effects can be optimized.
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Cardiac glycosides are plant-derived steroid-like compounds which have been used for the treatment of cardiovascular diseases. Ouabain, a cardiotonic steroid and specific Na+/K+-ATPase inhibitor, has been rediscovered for its potential use in the treatment of cancer. However, the cellular targets and anticancer mechanism of ouabain in various cancers remain largely unexplored. In this study, we confirmed the cytotoxic effects of ouabain on several cancer cell lines. Further examination revealed the increase of apoptosis, intracellular ROS generation and DNA double-strand breaks induced by ouabain treatment. Besides, ouabain effectively suppressed STAT3 expression as well as phosphorylation in addition to block STAT3-mediated transcription and downstream target proteins. Interestingly, these inhibitory activities seemed to be independent of the Na+/K+-ATPase. Furthermore, we found that ouabain inhibited protein synthesis through regulation of the eukaryotic initiation factor 4E (eIF4E) and eIF4E binding protein 1 (4EBP1). Taken together, our study provided a novel molecular insight of anticancer activities of ouabain in human cancer cells, which could raise the hope of using cardiac glycosides for cancer therapeutics more rational.
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Introduction

Ouabain belongs to a large family of plant-derived steroid-like compounds known as cardiac glycosides which have been used for the treatment of congestive heart failure for a long time (1). The pharmacological action of cardiac glycosides is based on the inhibition of Na+/K+-ATPase on the cardiomyocyte membrane, causing an increase in the levels of intracellular sodium ions which further increase the levels of calcium ions and exert positive inotropic effects (2). The first evidence of cytotoxic effects of cardiac glycosides on human cancer cells in vitro was reported in 1967 (3). In the 1980s, it was reported a considerable reduction of recurrence rate of breast cancer in the patients who were treated with cardiac glycosides for heart failure (4). A 20-year follow-up study revealed that breast cancer patients taking cardiac glycosides had a lower mortality rate compared with the control group (5). These encouraging data promoted the repurposing of cardiac glycosides for cancer treatment and numerous reports have affirmed the antineoplastic activity of many kinds of cardiac glycosides, such as ouabain, digoxin and lanatoside C (6).

The structure of ouabain has a steroid core with a five-membered unsaturated butyrolactone ring at position 17 and a rhamnose residue at position 3 (Figure 1A) (7). Increasing literatures have demonstrated the antiproliferative effects of ouabain on various cancer cells including breast cancer (8), lung cancer (9), prostate cancer (10), colon cancer (11) and leukemia (12). Although the detailed mechanisms have not been fully elucidated, ouabain has been shown to exert antitumor effects manifested in the activation of various modes of cell death, including apoptosis, autophagy and immunogenic cell death (13–15). A better understanding of the cytotoxic effects of ouabain on cancer cells would pave the way for their clinical application and rational design of combination treatment.




Figure 1 | Effects of ouabain on the viability and clonogenicity of various cancer cells. (A) Chemical structure of ouabain. (B–D) A549, Hela and HCT116 cells were treated with ouabain (0-100 nM) for 24, 48 or 72 hours and cell viability was determined by CCK-8 assay. (E) A549, Hela and HCT116 cells were treated with different doses of ouabain (0, 25, 50, 100 nM) for 24 hours and cell clonogenicity were measured by colony formation assay.



Signal transducer and activator of transcription 3 (STAT3) is a DNA-binding protein playing dual roles as signal transducers and transcription factors. Recently, ouabain has been shown to suppress the IL-6/STAT3 signaling but promote the secretion of IL-6 and other cytokines in the cultured human skeletal muscle cells (16). In contrast to the transient nature of STAT3 activation in normal cells, the constitutive or aberrant activation of STAT3 signaling has been found in a wide-range of human cancers in which STAT3 promotes cell proliferation, anti-apoptosis, metastasis, angiogenesis, immune evasion and resistance to chemotherapy and radiotherapy (17–19). However, only limited data regarding the effect and molecular mechanism of action of ouabain on STAT3 in human cancer cells is available. More details involved in ouabain inhibition of STAT3 are worthy of assessment.

In this study, we confirmed the cytotoxic effects of ouabain on several cancer cell lines and found that ouabain decreased the expression of STAT3 and thus prevented the activation of STAT3 signaling. Interestingly, these effects seemed to be independent of the Na+/K+-ATPase. Further experiments suggested that the inhibitory effects of ouabain on STAT3 might be through attenuating the translation of STAT3 protein.



Materials and Methods


Drugs and Reagents

Ouabain (purity ≥ 99%), digoxin and lanatoside C were purchased from MedChemExpress (Monmouth Junction, NJ, USA).MG132 was purchased from Selleck Chemicals (Houston, TX, USA). Cycloheximide (CHX) was purchased from Sigma (St. Louis, MO, USA). All drugs were dissolved in dimethyl sulfoxide (DMSO) to obtain a stocking solution and stored at -20°C. Recombinant human interferon-γ (IFN-γ) was purchased from Beyotime Biotechnology (Shanghai, China) and reconstituted in sterile distilled water containing 0.1% bovine serum albumin.



Cell Culture

Human non-small-cell lung cancer cell line A549 and H460, colorectal carcinoma cell line HCT116, pancreatic cancer cell line PANC1 and cervical cancer cell line Hela were obtained from American Type Culture Collection. Cells were cultured in Dulbecco’s modified Eagle’s medium (H460, PANC1 and HeLa cells) or Ham’s F12K medium (A549 cells) or McCoy’s 5A medium (HCT116 cells) supplemented with 10% fetal bovine serum, 100 μg/ml streptomycin and 100 U/ml penicillin at 37°C under a humidified atmosphere containing 5% CO2.



Cell Viability Assay

Cells were seeded in 96-well microplates at 5,000 cells/well and cultured overnight to allow cells to adhere. Then cells were treated with different concentrations of ouabain or DMSO. After treatment for 24, 48 or 72 hours, cell viability was evaluated by using Cell Counting Kit-8 (CCK-8) (Yeasen, Shanghai, China) referring to the manufacture’s protocol. The OD values at 450 nm were detected after incubation for 2 hours.



Clonogenic Survival Assay

Cells were counted and plated into 6-well plates at 250 cells/well in triplicate. The next day, cells were incubated with different concentrations of ouabain for 24 hours. Then the cells were replaced with fresh medium and further cultured for 7-14 days. Cell colonies were fixed with methanol and stained with 1% crystal violet.



Flow Cytometry Analysis

Cells were seeded in 6-well plates. After incubation with ouabain for 24 or 48 hours, cells were harvested and washed twice with phosphate-buffered saline (PBS). Apoptosis cells were quantified using Annexin V-FITC/PI double staining with an Apoptosis Detection Kit (BD Biosciences, San Jose, CA, USA). The stained cells were analyzed by BD LSRFFortessa X-20 Flow Cytometer.



Western Blotting

Total cell lysates were prepared using cell lysis buffer containing protease inhibitor cocktail (Beyotime Biotechnology, Shanghai, China). Nuclear and cytoplasmic proteins were extracted using a commercial kit (Beyotime Biotechnology, Shanghai, China). Equal amounts of total protein were separated by SDS-PAGE, and electrically transferred to PVDF membranes (Millipore, Bedford, MA, USA). After blocking with 5% non-fat milk, the membranes were incubated with primary antibody for STAT3, phospho-STAT3Tyr705, mTOR, phospho-mTORSer2448, eIF4E, eIF4G, phospho-4EBP1Thr70, Caspase3, PARP, γ-H2AXSer139, Lamin B, c-Myc, Survivin, Bcl-2 (Cell Signaling Technology, Danvers, MA, USA) and β-actin, 4EBP1 (Abcam, Cambridge, UK). Next, the membranes were washed with Tris-buffered saline with Tween 20 (TBST) buffer 3 times and incubated with horseradish peroxidase-conjugated second antibody. Immunoblotting signals were detected using an enhanced chemiluminescence method.



Measurement of Intracellular Reactive Oxygen Species (ROS)

After incubation with ouabain for 24 hours, cells were harvested and incubated with 2’,7’-dichlorofluorescein diacetate (DCFH-DA) at 37°C for 20 min. After washing with serum-free DMEM three times, the cell pellets were gently resuspended in PBS. DCF-fluorescence intensity of each sample was analyzed by flow cytometry.



Immunofluorescence

Hela cells were grown on coverslips and treated with vehicle or ouabain for 24 hours and fixed with 4% paraformaldehyde in the presence of 0.2% Triton X-100 for 20 min. Primary antibody against STAT3 or γ-H2AX (Cell Signaling Technology, Danvers, MA, USA) was diluted 1:500 to immunostain the cells at 4°C overnight. After washing, cells were further incubated with Alexa Fluor 555-labeled goat anti-mouse IgG (Invitrogen, CA, USA). A total of 100 randomly selected cells were analyzed for each group.



siRNA Transfection

SiRNA duplexes against human Na+/K+-ATPase α1 subunit (siRNA-1: 5’-GATTCGAAATGGTGAGAAA-3’, siRNA-2: 5’-GTCGTCTGATCTTTGATAA-3’, siRNA-3: 5’-GAATTTCCCTATCGATAAT-3’) and control scrambled siRNA were synthesized by RiboBio (Guangzhou, China). The siRNA transfection was conducted using lipofectamine 3000 (Invitrogen, CA, USA) following the manufacturer’s protocol.



Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted using TRIzol Reagent (Invitrogen, CA, USA). Reverse transcription was performed by PrimeScript RT Reagent Kit (Takara, Dalian, China) to obtain cDNA and mRNA analysis was performed by UltraSYBR Mixture (CWBio, Beijing, China). For semi-quantitative PCR, reverse transcription was carried out using PrimeScript® RT-PCR kit (Takara, Dalian, China). PCR products were separated on a 2% agarose gel, stained with ethidium bromide. The primer sequences for PCR were as follows: STAT3, forward 5′-GGAGGAGTTGCAGCAAAAAG-3′, reverse 5′-TGTGTTTGTGCCCAGAATGT-3′; Na+/K+-ATPase α1 subunit, forward 5′-GCTGCTCTGTGCTTTTCTCTCT-3′, reverse 5′-CTGAAACAGCTGCAGGCTCATA-3′; GAPDH, forward 5′- GGATATTGTTGCCATCAATGACC-3′; reverse 5′- AGCCTTCTCCTGGTGAAGA-3′.



Immunoprecipitation

For immunoprecipitation, cells were lysed on ice using RIPA buffer and then centrifuged at 12,000 rpm for 15 min. Subsequently, the cell lysates were subjected to immunoprecipitation using antibody-conjugated Protein A/G-Sepharose beads (Millipore, MA, USA), which were incubated overnight at 4°C. Immune complexes were extensively washed for three times and analyzed by Western blotting with specific antibodies.



Statistical Analysis

Data were expressed as mean ± standard deviation (SD). Analysis was performed by Student’s t-test or one-way ANOVA following multiple comparisons using SPSS 20.0 software (SPSS Inc., Chicago, IL). Results with a P-value less than 0.05 were considered statistically significant.




Results


Cytotoxic Activity of Ouabain on Cancer Cells

A panel of human cancer cell lines was treated with ouabain at different concentrations for different durations. CCK-8 assay revealed that ouabain treatment impaired cell viability in a dose- and time-dependent manner (Figures 1B–D, S1A). Though the sensitivity of different cell lines to ouabain varied, nanomolar concentration of ouabain was capable to significantly decrease the cell viability of all these cell lines.

In the case of A549 cells, cell survival was reduced at 24, 48, and 72 h, respectively, to 71.7%, 52.6%, and 27.6% by 25 nM; to 35.6%, 18.9%, and 10% by 50 nM; to 27.8%, 12.3%, and 6.1% by 100 nM, compared to the vehicle control. Hela cell survival was reduced at 24, 48, and 72 h, respectively, to 94.4%, 84.7%, and 69.5% by 25 nM; to 60.9%, 42.4%, and 38% by 50 nM; to 35.9%, 35%, and 28% by 100 nM, compared to the vehicle control. HCT116 cell survival was reduced at 24, 48, and 72 h, respectively, to 59.2%, 46%, and 40.3% by 25 nM; to 48.3%, 28.9%, and 24.1% by 50 nM; to 39%, 21%, and 9.9% by 100 nM, compared to the vehicle control. The IC50 values of ouabain ranged from 10.44 nM (H460 cells) to 42.36 nM (PANC1 cells) when the cells were incubated with ouabain for 72 hours. Next, we evaluated the effects of ouabain on colony formation ability of A549, Hela and HCT116 cells. As shown in Figure 1E, incubation with 50 nM or 100 nM of ouabain for 24 hours greatly decreased the number of colonies (Figure 1E). All these findings suggested that ouabain exerted various growth inhibitory activities against all the cell lines tested.



Induction of Apoptosis of Ouabain in Cancer Cells

To determine whether ouabain-mediated cell death was due to the induction of apoptosis, we measured apoptosis with V-FITC/PI staining in the presence and absence of ouabain treatment. A549 cells, Hela cells and HCT116 cells were incubated with ouabain for 24 or 48 hours, and the apoptotic cells were quantified by flow cytometry. As shown in Figures S1B, 1C, ouabain induced apoptosis in a dose-dependent manner in A549, Hela and HCT116 cells. Flow cytometric analysis showed that ouabain treatment for 24 hours led to apoptotic rates from 5.73 ± 0.61% in the control group to 16.00 ± 1.3% (50 nM) and 27.77 ± 0.31% (100 nM) in A549 cells; from 4.43 ± 0.42% in the control group to 7.57 ± 0.12% (50 nM) and 13.87 ± 1.63% (100 nM) in Hela cells and from 5.73 ± 0.15% in the control group to 13.10 ± 0.17% (50 nM) and 18.30 ± 2.52% (100 nM) in HCT116 cells, respectively. After treatment with ouabain for 48 hours, the apoptotic rates were 42.03 ± 3.04% (50 nM), 44.68 ± 4.30% (100 nM) in A549 cells, 20.03 ± 5.18% (50 nM), 24.90 ± 3.21% (100 nM) in Hela cells and 35.28 ± 3.55% (50 nM), 37.75 ± 4.30% (100 nM) in HCT116 cells (Figures 2A, B). To further confirm these outcomes, we explored the hallmarks of apoptotic cell death. Western blot analysis showed the increased expression of cleaved Caspase3 and PARP in these three cell lines treated with ouabain for 48 hours (Figure 2C).




Figure 2 | Ouabain induced apoptosis of cancer cells. (A, B) A549, Hela and HCT116 cells were treated with indicated dose of ouabain (0, 50, 100 nM) for 48 hours, apoptosis was tested by flow cytometric analysis with Annexin V-FITC/PI staining. (C) The expressions of PARP, cl-PARP, Caspase3, cl-Caspase3 were analyzed by Western blotting. β-actin was used as a loading control. *P < 0.05; **P < 0.01; ***P < 0.001 versus control group, n = 3.





Ouabain Increased ROS Production and Generated DNA Double-Strand Breaks

Intracellular ROS generation by ouabain treatment in cancer cells was monitored by flow cytometry analysis. As shown in Figure 3A, ouabain treatment for 24 hours significantly increased ROS production to 195.3%, 240.8% and 162.0% compared to controls in A549, Hela and HCT116 cells, respectively (50nM); to 474.3%, 450.7% and 299.7% compared to controls in A549, Hela and HCT116 cells, respectively (100nM).




Figure 3 | Ouabain increased ROS production and generated DNA double-strand breaks. (A) A549, Hela and HCT116 cells were treated with different concentrations of ouabain for 24 hours, and ROS generation was determined by staining the cells with DCFH-DA. (B) Cells were treated with ouabain (0, 50, 100 nM) for 24 or 48 hours, and expression of γ-H2AX were measured by Western blotting. (C) Hela cells were immunostained for γ-H2AX foci (red) after exposed to ouabain for 24 hours. (D) The number of γ-H2AX foci per cell. ***P < 0.001 versus control group, n = 3.



As highly unstable and reactive molecules, high levels of ROS could generate various DNA lesions. We performed Western blot analysis and immunofluorescence to detect the expression of γ-H2AX and γ-H2AX foci formation. The results showed that the expression of γ-H2AX significantly increased at 48 hours after treatment with ouabain in A549, Hela and HCT116 cells (Figure 3B). Additionally, γ-H2AX foci were significantly increased at 24 hours after treatment of ouabain (Figures 3C, D).



Ouabain Downregulated the Expression of STAT3

Since the overexpression or persistent activation of STAT3 plays a critical role in the malignant progression in cancer cells, we then examined the effects of ouabain on STAT3 in the A549, Hela, HCT116 and PANC1 cells. Both concentration- and time-dependent decreases of STAT3 expression were observed in these cell lines (Figures 4A, B, S2A). The expression of p-STAT3 was also downregulated (Figures 4A, S2A). Immunofluorescent staining confirmed the reduced STAT3 levels in Hela cells treated with 100 nM ouabain for 24 hours (Figure 4C). Furthermore, subcellular fraction analysis revealed the reduction of STAT3 expression in both nucleus and cytoplasm (Figure 4D). It has been demonstrated that IFN-γ activates STAT3 phosphorylation and STAT3-dependent transcription. To further study the roles of ouabain on STAT3 inhibition, we investigated its effects on IFN-γ-dependent activation of STAT3. As shown in Figure S2B, ouabain treatment blocked the phosphorylation of STAT3 induced by IFN-γ. In addition, diminish of STAT3 expression by ouabain also reduced the expression of downstream target genes, such as c-Myc, Survivin and Bcl-2, which are involved in regulation of cell proliferation and apoptosis (Figure 4E).




Figure 4 | Ouabain downregulated the expression of STAT3. (A, B, E) Cells were incubated with ouabain at the indicated concentrations and time. The expressions of STAT3, p-STAT3, c-Myc, Survivin, Bcl-2 were determined by Western blotting using specific antibodies. (C) Hela cells treated with vehicle or 100 nM ouabain for 24 hours were analyzed by immunofluorescence. (D) Cytoplasmic and nuclear extracts from Hela cells treated with ouabain were analyzed by Western blotting using anti-STAT3.





Downregulation of STAT3 by Ouabain Was Independent of Na+/K+-ATPase

Since the positive inotropic effects of ouabain are via binding and inhibition of the α1 subunit of Na+/K+-ATPase, we therefore further evaluated the role of Na+/K+-ATPase in ouabain-induced reduction of STAT3 expression. However, the reduction of STAT3 expression by ouabain treatment seemed to be independent of Na+/K+-ATPase α1 subunit, since knockdown of Na+/K+-ATPase α1 subunit by siRNA transfection did not affect the expression of STAT3 in A549 and Hela cells (Figures 5A–D).




Figure 5 | Downregulation of STAT3 by ouabain was independent of Na+/K+-ATPase. (A, C) Real-time qPCR verification of the Na+/K+-ATPase α1 subunit in A549 cells or Hela cells transfected with siRNAs specifically targeting the Na+/K+-ATPase α1 subunit. (B, D) Western blotting analysis of STAT3 in transfected cells from (A) or (C). ***P < 0.001 versus control group, n = 3.





Ouabain Inhibited the Protein Synthesis of STAT3

To elucidate the mechanism by which ouabain decreased STAT3 expression, we firstly performed semi-quantitative and quantitative real-time PCR to determine whether ouabain has a direct effect on the mRNA level of STAT3. As illustrated in Figures 6A, B, ouabain treatment did not alter the transcriptional levels of STAT3. To further determine whether ouabain-induced changes are associated with translational regulation, we treated cells with ouabain in the absence or presence of CHX, an inhibitor of protein synthesis. As shown in Figure 6C, the degradation rates of STAT3 were similar in both the CHX- treated and untreated cells, which indicates that ouabain-triggered reduction of STAT3 does not involve accelerating STAT3 protein degradation. Next, we used a proteasome inhibitor MG132 to verify this hypothesis. Our results showed that MG132 did not reverse the decreased STAT3 protein levels induced by ouabain (Figure 6D). Taken together, these data suggested that the reduction of STAT3 induced by ouabain might be the result of protein synthesis inhibition, rather than the promotion of protein degradation.




Figure 6 | Ouabain inhibited the protein synthesis of STAT3. (A, B) A549 and Hela cells were exposed to ouabain for 24 hours, and STAT3 mRNA expression was determined by PCR. (C, D) A549 and Hela cells were treated with vehicle or ouabain in the presence or absence of cycloheximide (CHX) (C) or MG132 (D), the expressions of STAT3 were analyzed by Western blotting. (E) A549, Hela and HCT116 cells were treated with different concentrations of ouabain for 24 hours, the expressions of p-mTOR, mTOR, p-4EBP1, 4EBP1 and eIF4E were analyzed by Western blotting. (F) Immunoprecipitation analysis of eIF4E and eIF4G in Hela cells treated with or without ouabain.



Protein synthesis initializes with the binding of eIF4F to the m7G cap at the 5’ end of eukaryotic mRNAs (20). The mTOR pathway could stimulate the phosphorylation of 4EBP1 and trigger the dissociation of 4EBP1 from eIF4E, allowing the association of eIF4E and eIF4G. To determine whether ouabain blocks protein synthesis at the level of initiation, we investigated the regulation of 4EBP1 and eIF4E. Western blot analysis revealed that ouabain treatment suppressed the activation of mTOR, as well as the phosphorylation of 4EBP1 in a dose-dependent manner (Figure 6E). In addition, immunoprecipitation showed the decreased association of eIF4E and eIF4G induced by ouabain treatment without affecting the protein expression of eIF4E and eIF4G (Figure 6F). We also observed that treatment with digoxin and lanatoside C downregulated the expression of STAT3 and phosphorylated 4EBP1 (Figures S2C, D). These results indicated that ouabain suppressed the STAT3 expression at the translational levels.




Discussion

Cardiac glycosides are natural steroid compounds used for various cardiac diseases due to inhibition of Na+/K+-ATPase pumping activity. Actually, in recent years a growing body of research shows that the portfolio of diseases potentially treatable with cardiac glycosides is much broader. Classical drug digitoxin has been shown to block cytokine storm via suppressing the levels of the cytokines TNFα, GRO/KC, MIP2, MCP1 and IFN-γ, with implications for influenza and potentially for COVID-19 (21). Besides the well-known effect of ouabain on the cardiovascular system and blood pressure control, compelling evidences indicate that ouabain also acts as a regulator of various immune system functions including inflammation. Ouabain can modulate many inflammatory events such as cell migration, vascular permeability, cytokine production (16) and neuroinflammation. A previous report demonstrated that ouabain was capable to negatively modulate allergic airway inflammation induced by ovalbumin (22). However, more details about ouabain mechanism of action are needful on account of that ouabain has a pro- and anti-inflammatory effect, which mainly depends on its concentration and functional state of cells (23). Currently, cardiac glycosides are mostly studied as anticancer agents. The mechanisms of these anticancer effects may include induction of cell cycle arrest (24); inhibition of IL-8 production and of the NF-κB pathway (25); activation of the AMPK-Src signaling pathway (26) and suppression of HIF-1α protein synthesis (27). However, the efficacy of cardiac glycosides in cancer treatment remains controversial. A population-based case-control study reported that digoxin treatment was associated with an increased incidence of breast cancer (28). The conflict among these clinical observations suggests that more experimental evidences would contribute to solve the puzzle of anticancer mechanisms triggered by cardiac glycosides.

In present study, we verified the universal negative regulation of ouabain on human cervical cancer cells, non-small-cell lung cancer cells, colorectal carcinoma cells and pancreatic cancer cells. Nanomolar concentration of ouabain impaired cell viability, declined the colony formation ability and promoted apoptosis in a dose- and time-dependent manner. Further examination revealed the increase of intracellular ROS generation and DNA double-strand breaks induced by ouabain treatment in these cancer cell lines. In addition to its known actions, ouabain was capable to lower the expression of STAT3 and prevent the activation of STAT3 pathway signaling. Unexpectedly, specific knockdown of Na+/K+-ATPase α1 subunit by siRNA had no effect on STAT3 activation, indicating that Na+/K+-ATPase plays a negligible role in the ouabain-triggered reduction of STAT3. Furthermore, we provided experimental evidences that ouabain could decrease STAT3 expression at the translational levels.

In normal physiological conditions, the extent and duration of STAT3 activation are tightly controlled. However, abnormal upregulation of STAT3 activity would trigger malignant transformation and cancer progression by promoting oncogenic gene expression. Hence, abrogation of the STAT3 signaling pathway might represent an efficacious strategy for cancer prevention and therapy. Our results suggested that STAT3 might be one of the targets of ouabain, since the total expression and phosphorylation of STAT3 were greatly inhibited by ouabain. Accordingly, we found that the expression of anti-apoptotic proteins c-Myc, Survivin and Bcl-2, all of which have been reported to be regulated by STAT3, were downregulated following ouabain treatment. Consistent with our results, another two cardiac glycosides, oleandrin and odoroside A, have been reported to inhibit STAT3 activation in breast cancer cell line (29). Ouabain treatment could induce apoptosis through the decrease of intracellular K+ and increase of intracellular Na+ and Ca2+ (30–32), and the suppression of anti-apoptotic and pro-survival genes by STAT3 inactivation could synergistically promote these apoptosis-inducing effects. In addition, it has been shown digoxin and lanatoside C upregulated the ROS generation in hepatocellular carcinoma cells (33), and our data also revealed similar effects in ouabain-treated cancer cells. Ouabain was able to inhibit DNA damage repair directly by the Fanconi anemia/BRCA pathway (34) or indirectly by STAT3 inactivation (35–37), thus ouabain treatment could remarkably induce DNA double-strand breaks. Together, ouabain could exert its cytotoxic effects on cancer cells via multifaceted mechanisms.

To explore how ouabain suppressed STAT3 abundance, we measured the expression of STAT3 both in the mRNA and protein levels. Our data demonstrated that the reduction of STAT3 expression by ouabain occurred at the post-transcriptional levels. Further examination indicated that ouabain prohibited the protein synthesis of STAT3, possibly through the inhibition of mTOR/4EBP1 axis. The suppression of mTOR activity by ouabain led to hypo-phosphorylation of 4EBP1 which could bind and sequester eIF4E, thus prevented the formation of eIF4 complex and blocked translation initiation (38).

The Na+/K+-ATPase is the primary target of ouabain, and most of the biological actions of ouabain are dependent on the inhibition of Na+/K+ ion exchange and Na+/K+-ATPase-associated Src tyrosine kinase (26). However, transfection of siRNA targeting Na+/K+-ATPase α1 subunit did not alter the expression of STAT3 protein, implying a Na+/K+-ATPase-independent mechanism. Indeed, there are additional intracellular targets for cardiac glycosides. For example, ouabain-induced internalization of the Na+/K+-ATPase into endosomes has been reported in different kinds of cells (39, 40), and cardiac glycoside-induced endosomal recycling could further activate the degradation of other proteins, thus perturb cancer cell homeostasis (41). Cardiac glycosides could inhibit the L-type calcium current without the inhibition of Na+/K+-ATPase (42). In addition, ouabain and its metabolite, ouabagenin, are the ligands of estrogen receptor and the liver X receptor, respectively (43, 44). Recently, anti-coronaviral activity of ouabain has been reported to be Na+/K+-ATPase-independent proteolysis of Janus kinase 1 (45). Here, our data suggested that inactivation of STAT3 pathway signaling was not via the canonical Na+/K+-ATPase on the plasma membrane, and further investigation should be performed to fully illuminate the mechanism underlying the STAT3 inactivation by ouabain treatment in cancer cells.

In summary, although the pharmacological properties of ouabain are well-recognized, the mechanisms underlying potent antitumor activity of ouabain remain elusive. The current study provided the experimental evidence for STAT3 inhibition by ouabain in cancer cells. Regarding the compelling evidence for the oncogenic role of STAT3, abrogation of the STAT3 signaling pathway might play a fundamental role in the antitumor activity of ouabain. The current study might help to repurpose these cardiac glycosides as antitumor agents, alone or in combination with other therapeutic modalities.
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COVID-19 and lung cancer are two severe pulmonary diseases that cause millions of deaths globally each year. Understanding the dysregulated signaling pathways between them can benefit treating the related patients. Recent studies suggest the critical role of reactive oxygen species (ROS) in both diseases, indicating an interplay between them. Here we reviewed references showing that ROS and ROS-associated signaling pathways, specifically via NRF2, HIF-1, and Nf-κB pathways, may bridge mutual impact between COVID-19 and lung cancer. As expected, typical ROS-associated inflammation pathways (HIF-1 and Nf-κB) are activated in both diseases. The activation of both pathways in immune cells leads to an overloading immune response and exacerbates inflammation in COVID-19. In lung cancer, HIF-1 activation facilitates immune escape, while Nf-κB activation in T cells suppresses tumor growth. However, the altered NRF2 pathway show opposite trends between them, NRF2 pathways exert immunosuppressive effects in both diseases, as it represses the immune response in COVID-19 patients while facilitates the immune escape of tumor cells. Furthermore, we summarized the therapeutic targets (e.g., phytochemicals) on these ROS pathways. In sum, our review focus on the understanding of ROS Signaling in COVID-19 and lung cancer, showing that modulating ROS signaling pathways may alleviate the potentially mutual impacts between COVID-19 and lung cancer patients.
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Introduction

The 2019 coronavirus disease (COVID-19) is a pandemic acute respiratory disease breaking out in Wuhan and has spread throughout China and worldwide. Up to February 28th, 2021, 113,745,002 people have suffered from COVID-19 globally (1). The symptoms include fever, cough, headache, diarrhea, etc. (2). The pathogen of COVID-19 is SARS-CoV-2, an RNA virus of the Coronaviridae family, composed of a protein envelope and a single-stranded RNA genome (3). Spike glycoprotein (S protein) is the most distinctive protein envelope structure, crucial in the recognition and infection of the virus to host cells (3). It interacts with angiotensin-converting enzyme 2 receptor (ACE2R), expressing in multiple organs, such as lungs, heart, kidneys, intestine, brain, and testes (3). After the S protein binds to ACE2R, the virus fuses with the host cell, followed by its entry into virus genome. Replication and proliferation of the SARS-CoV-2 lead to mitochondria dysfunction, stimulating reactive oxygen species (ROS). Consequently, an aberrant cytokine storm is triggered to exacerbate inflammation, eventually causing organ damage (3).

With the highest incidence and mortality rates worldwide among various malignant tumors (4), lung cancer is a molecularly heterogeneous disease that predominantly occurs in lung epithelial cells (5). It includes two major subtypes: small-cell lung cancer (SCLC) and non-small-cell lung cancer (NSCLC), of which NSCLC accounts for about 80–85% (5). NSCLC was categorized into lung adenocarcinoma (LADC), lung squamous cell carcinoma (LSCC), and large lung cell carcinoma (6). Frequent genetic alterations have been identified in epidermal growth factor receptor (EGFR) and proto-oncogene KRAS (7, 8). Of note, targeting EGFR has been effective in treating LADC patients (9). Although LKB1 loss or IKKа mutant has been shown to drive LSCC development in mice (10, 11), no driver mutation is currently clinically validated for LSCC treatment and thus limited its targeted therapies (12). Therefore, there is an urgent need to explore new effective adjuvant drugs for patients with LSCC.

Reactive oxygen species (ROS), as critical factors involved in COVID-19 and lung cancer, is a class of vital signaling molecules produced predominantly in mitochondria by cellular metabolism to regulate several biological processes, including autophagy, immunity, and differentiation (13). An optimal level of ROS maintains oxygen homeostasis, while an imbalance between ROS production and the ability of antioxidant system to neutralize ROS leads to oxidative stress (13). Excessive ROS causes the structural and functional impairment of DNA, RNA, and protein, which is involved in disease development, such as cancer, diabetes, neurodegeneration, etc. (13). Therefore, targeting ROS and ROS-related signaling pathways is attractive.

Recently, multiple studies have shown that lung cancer patients are more prone to a deteriorated outcome and high fatality of COVID-19 (14, 15). A Meta-analysis shows that cancer patients present severer symptoms (p <0.01) and higher mortality (p = 0.03) (15) when infected with SARS-CoV-2 than those without COVID-19 infection. Besides, compared to non-cancer patients, the COVID-19 patients with cancer have significantly higher circulatory levels of proinflammatory cytokines and lower concentrations and viability of CD4 T cells and CD8 T cells (16, 17). Among the patients with all types of cancers, lung cancer patients have the second-highest risk of severe symptoms, ICU admission, and death when infected with SARS-CoV-2, indicating a possible correlation between COVID-19 and lung cancer (15). Therefore, understanding the mechanistic interplay between these two diseases will profoundly impact basic science and clinical treatment. Moreover, recent studies have revealed that ROS plays critical roles in both COVID-19 and lung cancer. Here, we compared ROS signaling pathways in COVID-19 and lung cancer, discussed how COVID-19 theoretically affects lung cancer initiation and progression via interacting with ROS and pointed out the promising therapeutics targeting oxidative stress for both diseases.



ROS Systems in COVID-19 and Lung Cancer

ROS is reported to accumulate in both COVID-19 and lung cancer. This indicates the significance of understanding the homeostatic maintenance of ROS under normal conditions and the pathological alteration of ROS in COVID-19 and lung cancer. It is also essential to learn the conservative ROS alterations in both diseases to understand the interplays between them.


ROS Systems

ROS is partially reduced O2, a highly reactive byproduct of aerobic metabolism. It comprises superoxide anion (O2−·), hydrogen peroxide (H2O2), and hydroxyl radical (OH∙), etc. (3). The enzymatic antioxidant systems, which primarily involve the glutathione (GSH) system and the thioredoxins (TRXs) system, keep ROS at a low level under unstressed conditions (18). Excessive ROS produced under pathological conditions disturb the balance between antioxidants and free radicals or redox, leading to a state of “oxidative stress”. The oxidative stress leads to the intracellular change of redox state and an oxidative modification of proteins (3), which is considerably associated with the pathogenesis of COVID-19 and lung cancer.

The types and levels of ROS presentation modify protein structures to regulate ROS homeostasis (18). For example, oxidative stress causes the release of TRX, an oxidoreductase activating redox-associated transcription factors, to regulate oxidative signaling pathways. The oxidized disulfide form (TRX-S2) requires the catalyst of TRX reductase (TRXR) to become functionalized (3). The reduced dithiol form [TRX-(SH2)] is active and capable of scavenging free radicals. Typically, TRX is primarily localized in the cytoplasm. In response to oxidative stress, it translocates to the nucleus to regulate the transcriptional activities by targeting Ref-1, an endonuclease promoting the DNA-binding of transcriptional factors (19).

The enzymatic antioxidant system is the predominant defense against oxidative stress (Figure 1). The superoxide anion radicals are decomposed to H2O2 by superoxide dismutase (SOD) (3). H2O2 is further reduced to water and oxygen catalyzed by either catalase (CAT) or glutathione peroxidase (GPX). GSH is a detoxification tripeptide that maintains the thiol status (3). Oxidative stress triggers GSH production, which reduces the superoxide, and leaves as oxidized glutathione (GSSG). Nicotinamide adenine dinucleotide phosphate (NADPH) plays a vital role in the reduction of GSSG, with glutathione reductase (GR) being the catalyst. The oxidation of NADPH is also catalyzed by NADPH oxidase (NOX) and TRXR (3).




Figure 1 | (Created with Created with BioRender.com). Schematic diagram of the antioxidant system.  , superoxide anion; H2O2, hydrogen peroxide; CAT, catalase; GPX, glutathione peroxidase; SOD, superoxide dismutase; GSH, glutathione; GSSG, oxidized glutathione; NADPH, nicotinamide adenine dinucleotide phosphate; NOX, NADPH oxidase; GR, glutathione reductase; TRX, thioredoxin; TRXR, TRX reductase.





Dysregulated ROS Systems in COVID-19

In COVID-19, the main target of SARS-CoV-2 is ACE2R, a vital enzyme of the renin–angiotensin–aldosterone system (RAAS), which causes oxidative stress, accompanied by the viral infection, leading to the deleterious or lethal consequence (20). In the RAAS system, angiotensinII (AngII) enhances oxidative stress by stimulating NOX (20). Under normal conditions, ACE2R degrades AngII into Ang1–7, which inhibits NOX and decreases oxidative stress (21). Following the infection of SARS-CoV-2 to ACE2R, ACE2R fails to degrade AngII, consequently accumulating AngII and ROS and causing oxidative stress and cell damage (3). ROS oxidizes the S protein of SARS-CoV-2, triggering the conformational transformation of S protein and ACE2R from the reduced thiol form to the oxidized disulfide form (22). This mechanism probably increases the affinity of SARS-CoV-2 to ACE2R, which exacerbates the symptoms (3). Besides, ACE2R deficiency has been proved to increase the NOX activity in ACE2R knockout mice (23). As ACE2R in COVID-19 patients is occupied by SARS-CoV-2, failure to catalyze the AngII degradation, the NOX activity is probably increased in COVID-19 patients (3), which reduces free NADPH in circulation.

Moreover, the activation of NOX induced by COVID-19 infection may contribute to the development of pulmonary fibrosis, a typical symptom of COVID-19 infection (24). Although there is no research revealing the relationship between NADPH/NADP+ equilibrium and SARS-CoV-2 infection (3), the decreased NADPH concentration can impede the ROS clearance by slowing down the reduction of GSSG to GSH. The increased ROS also impairs normal endothelial function, causes excessive vasoconstriction and platelet aggregation, leading to ischemia and hypoxemia (25). Excessive oxidative stress also damages red blood cells and alveolar lung cells, which dysregulates neutrophil migration, and the local inflammation becomes global. Consequently, systemic thrombosis and atherosclerosis emerge in patients with severe COVID-19 (26).



Dysregulated ROS Systems in Lung Cancer

Notably, the antioxidant systems and related proteins are essential for ROS regulation in cancer development. Antioxidant enzymes, such as SOD, GPX, CAT, are reduced in NSCLC compared with noncancerous lung tissues (27). GSH and its related enzymes that detoxify ROS, are accumulated in lung cancers (28). Also, the ROS-positive regulators, including NOX, are dysregulated in lung cancers. These studies indicate that targeting detoxifying reactive metabolites or antioxidant-related reactions benefits the treatment of lung cancers.

Accumulating evidence suggests that the upregulated activity and expression of the NOX family play essential pathogenic roles in oxidative stress-induced lung cancer development through ROS production (29). The NOX family member DUOX1, which plays a critical role in innate host defense mechanism mediated by H2O2 production and redox-dependent signaling pathways, is frequently downregulated in lung cancers (30). Moreover, one isoform, NOX4, is predominantly overexpressed and hyperactivated in lung cancer (31). Notably, NOX-derived ROS promotes lung cancer angiogenesis and tumor growth through potentiating receptor tyrosine kinase (RTK) signaling. Phosphorylated RTK activates downstream PI3K/Akt signaling upon the binding of growth factors. And then leads to the generation of superoxide anion, subsequently converted to H2O2 and other ROS (32). In turn, ROS upregulates the expression of NOX and growth factors by activating the redox-dependent transcription factors (e.g., NF-κB), forming a positive feedback mechanism (32). Inhibiting the function or expression of NOX4 via pharmacologic inhibitors or RNAi strategy (29) significantly blocks lung cancer progression (33). Thus, targeting tumor microenvironment by suppressing NOXs might be an effective approach for preventing and treating oxidative stress-related lung cancer.



Conserved Changes of ROS System Components Between COVID-19 and Lung Cancer

Only a few conserved ROS system components are verified between the two diseases, probably due to a lack of understanding of COVID-19. Of note, the NOX activation is conserved in both diseases. NOX level is upregulated in both diseases, which increases oxidative stress and exerts pathogenic effects, suggesting it can be a promising target for the treatment of both COVID-19 and lung cancer (34, 35). Interestingly, GSH levels show opposite trends in COVID-19 and lung cancer. The decreased GSH level in COVID-19 infection is a consequence of decreased NADPH concentration (3). In contrast, the increased GSH level in lung cancer serves as a protective mechanism for cancer cells to survive from great oxidative stress (29).




ROS-Related Pathways in COVID-19 and Lung Cancer

An accumulation of ROS is detected in both diseases, which triggers cellular responses by altering redox-sensitive pathways, including NRF2, HIF-1, and Nf-κB pathways. A summary of the ROS-associated signaling pathways in both diseases is shown in Figure 2. ROS-relevant factors and their expression patterns, molecular functions, and potential roles in COVID-19 and lung cancer are summarized in Table 1.




Figure 2 | (Created with BioRender.com). A summary of the ROS-associated signaling pathways in both diseases. The COVID-19-specific pathways are marked in blue, the lung cancer-specific pathways are shown are marked in red, and the common pathways shared by both diseases are marked in purple. NRF2, HIF-1, and Nf-κB pathways play significant roles in both COVID-19 and lung cancer and probably bridges the mutual impact between them. HIF-1 and Nf-κB pathway, which are typical ROS-associated pathways, are activated in both diseases, which promote inflammation and tumor progression. The altered NRF2 pathway show opposite trends between the diseases, as it is downregulated in COVID-19, making the cells less resistant to oxidative stress, while upregulated in lung cancer, promoting the proliferation of cancer cell. NOX, NADPH oxidase; ACE2R, angiotensin-converting enzyme 2 receptor; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; Ang 1–7, angiotensin 1–7; AngII, angiotensin II; AT1R, angiotensinII type 1 receptor; TNFα, tumor necrosis factor α; IL-6, interleukin 6; STAT3, signal transducer and activator of transcription 3; ROS, reactive oxygen species; TRX, thioredoxin; HO-1, heme oxygenase-1; TRXR, TRX reductase; CBM signalosome, CARD11-BCL10-MALT1 CBM signalosome; IKK, IκB-kinase; PI3K, phosphatidyl inositol 3-kinase; Akt, protein kinase B; mTOR, mammalian target of rapamycin; 4E-BP1, eIF4E-binding protein; ELF4, E74 like ETS transcription factor 4; HRE, hypoxia-responsive element.




Table 1 | Key ROS-relevant factors and their expression patterns, molecular functions, and potential roles in COVID-19 and lung cancer.




Transcription Factor NRF2

The nuclear factor erythroid-2-related factor 2 (NRF2) is a vital redox-sensitive transcription factor, controlling cellular antioxidant responses via regulating the expression of GSH metabolism-related enzymes and enzymatic antioxidant systems and their cofactors (NADPH, FADH2) (36). NRF2 expression levels are usually kept low during unstressed conditions in all cell types; while in response to oxidative stress, NRF2 activation results in transcriptional upregulation of a wide range of enzymes involved in xenobiotic detoxification, antioxidant response, and maintenance of cellular redox homeostasis (36). Kelch-like ECH-associated protein 1 (KEAP1) is an adapter protein of the CUL3 ubiquitin ligase that negatively regulates the protein level of the critical stress response mediator NRF2 (37). Cellular ROS level is usually regulated by NRF2 and its repressor KEAP1, which promotes NRF2 degradation by the proteasome (37). In response to oxidative stresses, conformational change of KEAP1 leads to nuclear translocation of accumulated NRF2 (37). NRF2 activates the transcription of genes involved in defenses against ROS (38).


NRF2 in COVID-19

In COVID-19 patients, Heme Oxygenase 1 (HO-1) pathway induced by NRF2 was repressed in the Vero-hTMPRSS2 cells infected by SARS-CoV-2 (39). HO-1 protects cells from inflammation and oxidative stress (40). Moreover, NRF2 activation downregulates ACE2R expression in respiratory epithelial cells (41), minimizing the entry sites of SARS-CoV-2. Additionally, NRF2 activation promotes TRXR expression, which activates TRX and decreases oxidative stress (42). TRX reduces the disulfide bonds of SARS-CoV-2 and ACE2R, potentially impairing the binding of the ligand to the receptor and thus inhibiting COVID-19 progression (43).

Besides, the repressed NRF2 pathways also deteriorate inflammation by upregulating proinflammatory cytokines and chemokines and recruiting immune cells. As NRF2 represses the transcriptional expression of IL-1β, IL-6, and TNFα via inhibiting the recruitment of RNA polymerase II in macrophages under unstressed conditions (44), its downregulation promotes the proinflammatory transcription (45). Moreover, the repressed NRF2 pathways promote the production of proinflammatory cytokines via activating the macrophage NLRP3 and AIM2 inflammasome to recognize pathogen-associated molecular patterns (PAMPs) (46, 47). Thus, activating NRF2 and related pathways (e.g., HO-1) may attenuate the effect of SARS-CoV-2 infection and reduce the inflammatory response.



NRF2 in Lung Cancer

Large-scale genomic studies have revealed alterations of the KEAP1/NRF2 pathway in 23% of LADC and 34% of LSCC, approximately (48). Constitutive NRF2 activation and subsequent ROS suppression resulted from Keap1 deletion in a mouse model of LSCC promote aggressive proliferation, metastasis of tumors, and tumor resistance to oxidative stress, chemo- and radiotherapy (38). Under oxidizing conditions, high intracellular ROS promotes the dissociation of NRF2 and KEAP1 via activating PI3K (49). Then PI3K phosphorylates NRF2 to upregulate the expression of metabolic genes promoting cancer cell proliferation (49). Moreover, sustained PI3K signaling with NRF2 pathway activation may promote lung tumorigenesis (50). These imply that targeting PI3K and NRF2 is promising to treat lung cancer.

One study showed that combined loss of Pten and Keap1 promotes the formation of LADC in mice. Sustained NRF2 activation induced by loss of Pten and Keap1 leads to reprogrammed cellular pentose phosphate pathway (PPP) and an immunosuppressive microenvironment, characterized by specific upregulation of programmed death ligand-1 (PD-L1) on tumor cells and an enhanced expression of PD-1 on CD8 T cells (50). As an important immune checkpoint, the PD-1/PD-L1 pathway can be exploited in lung cancer therapeutics. Notably, combinational immunotherapy of anti-PD-1/anti-CTLA-4 treatment resulted in tumor regression, associated with the increased numbers of infiltrating lymphoid cells, robust T cell activation, and reduced hyperplasia in tumor-bearing lungs (50).



NRF2 in COVID-19 and Lung Cancer

The activity of the KEAP1/NRF2 pathway is distinct in COVID-19 and lung cancer. In COVID-19, NRF2 is inactivated and its associated genes are downregulated. Although no evidence has shown relevance between PI3K/Akt pathway and NRF2 in COVID-19, PI3K/Akt is probably associated with the inactivated NRF2, as such mechanism has been verified in chronic obstructive pulmonary disease (51). The suppressed NRF2 pathway represses its downstream HO-1 pathway and decreases the protective effects against ROS, leading to overloaded oxidative stress and deteriorated inflammation (39). Contrarily, NRF2 is overexpressed as a result of excessive KEAP1 deletion and PI3K/Akt activation in lung cancer, which results in the resistance to oxidative stress and causes uncontrollable proliferation and metastasis of tumor cells (52). The difference of NRF2 expression in the two diseases might be associated with PI3K/Akt pathway, as it possibly inactivates NRF2 in COVID-19 while activates NRF2 in lung cancer. Thus, mechanisms of how PI3K/Akt regulates NRF2 expression require further clarification. NRF2 pathways exert immunosuppressive effects in both diseases, as it represses the immune response to SARS-CoV-2 in COVID-19 patients and facilitates the immune escape of tumor cells (45, 50).




HIF-1 and Hypoxia

Hypoxia is a common characteristic shared in both COVID-19 and lung cancer due to altered energy metabolism caused by constant oxidative stress and diminished oxygen and nutrient availability (53). The cells tend to adapt anaerobic metabolism, known as aerobic glycolysis or the Warburg effect, to survive in hypoxia (54). A central hypoxic signaling pathway is the activation of hypoxia-inducible factor-1 (HIF-1) that is composed of HIF-1α and HIF-1β subunits (55). Under hypoxic conditions, HIF-1α dimerizes with HIF-1β and binds to hypoxia response element (HRE) to regulate glycolysis and angiogenesis, drive pro-survival signaling and cell proliferation (55).


HIF-1 and Hypoxia in COVID-19

In COVID-19 patients, hypoxia and ROS both promote the transcription and stabilization of HIF-1α (56, 57). Detailed mechanism of HIF-1α upregulation is still unclear, but it is hypothesized to be regulated by the PI3K/Akt/mTOR pathway. In detail, PI3K activation leads to Akt phosphorylation, which consequently activates mTOR. Downstream signaling cascades are then triggered, including activation of the 4E-BP1 and ELF4 complex and HIF-1α expression (58). Consequently, HIF-1α promotes the expression of glycolytic genes and facilitates glycolysis, which generates ATP and triggers the release of calcium ions, thereby facilitates ROS synthesis (57). Glycolysis is also necessary for the replication and proliferation of SARS-CoV-2 and triggers monocyte inflammatory response (56). The metabolic change of proinflammatory monocytes upregulates the expression of cytokines, such as TNF-α, IL-1β, and IL-6, leading to the cytokine storm. Consequently, it leads to T cell dysfunction and lung epithelial cell death (56). The PI3K/Akt/mTOR/HIF-1α pathway has been verified in various diseases associated with inflammation, such as allergic airway inflammation (59). However, the only research focus on the PI3K/Akt/mTOR/HIF-1α in COVID-19 pathogenesis (60) is in contradiction to the evidence of overexpressed HIF-1α in other studies (56, 57). The Akt-mTOR expression was upregulated, while downstream expression of HIF-1α was suppressed in human hepatocyte-derived cellular carcinoma cell line Huh7 infected by SARS-CoV-2 (60). Thus, further study is still required to clarify the role of PI3K/Akt/mTOR pathway in regulating HIF-1α expression in COVID-19.

Besides, HIF-1α plays a key role in regulating the immune and inflammatory response. It activates dendritic cell and neutrophil activation by increasing glycolysis (61, 62). Moreover, it stabilizes the M1 signal required for macrophage stabilization and polarization by regulating the expression of glucose transporters (63, 64). HIF-1α also delays the exhaustion of neutrophils by downregulating the transcription of proapoptotic mediators, such as Sival (65, 66). However, overactivation of HIF-1α leads to tissue damage and organ failure, including acute lung injury, due to the exacerbation of cytokine storm and inflammation (66).



HIF-1 and Hypoxia in Lung Cancer

Regulation of HIF-1α is a crucial way of hypoxia-induced metabolic reprogramming. Although prolonged lack of oxygen inhibits normal cell metabolism, hypoxia promotes glycolytic phenotype in tumor cells via stabilizing HIF-1α (67). HIF-1α is usually overexpressed in NSCLC (68). In NSCLC, hypoxia-induced activation of PI3K/Akt/mTOR signaling further activates the 4E-BP1 and ELF4 complex and promotes HIF-1α expression (69). The accumulated HIF-1α increases ROS levels and converts cellular metabolism into aerobic glycolysis under prolonged hypoxia, promoting metastasis of lung cancer cells (53). In NSCLC, cancer cells maintain their vitality under hypoxic conditions by restraining ROS production in the mitochondrial oxidation respiratory chain (70). The Warburg effect induced by HIF-1α activation promotes cell proliferation and tumor growth (71). Besides, hypoxia-induced HIF-1 increases the expression of PD-L1 on the cell surface. Overexpressed PD-L1 enables tumor cells to escape from immune system surveillance via binding to PD-1 expressed by T cells, thus preventing tumor-infiltrating T cell activation and promoting tumor cell survival (67).



HIF-1 and Hypoxia in COVID-19 and Lung Cancer

COVID-19 infection might contribute to lung cancer development via HIF-1-associated pathways. SARS-CoV-2 activates the PI3K/Akt/mTOR signaling pathway, which probably increases HIF-1α expression and promotes cancer development (59). On the other hand, the hypoxic and inflammatory microenvironment of COVID-19 can also induce hypoxemia in patients and directly upregulate HIF-1α expression. As the overexpressed HIF-1α can result in the occurrence, angiogenesis, invasion, and metastasis of lung cancer (72), we hypothesized that COVID-19 infection might promote lung cancer development via HIF-1α-associated pathways. Moreover, the hypoxia-dependent immune system escape based on the PD-1/PD-L1 pathway in lung cancer might also occur in COVID-19 (67). Thus, further studies on hypoxia and HIF-1 can gain insight into COVID-19 and lung cancer treatment.




Inflammation and NF-κB

The metabolic dysregulation and hypoxic microenvironment due to oxygen and nutrient depletion in tumor propagation often lead to inflammation, facilitating COVID-19 and lung cancer progression (73). Nuclear factor-kappa B (NF-κB) is a family of crucial transcription factors, acting as vital mediators in inflammatory responses and tumor-progression mechanisms via multiple pathways. NF-κB regulates downstream antioxidant and pro-oxidant targets to affect intracellular ROS amounts. Recent evidence has indicated that the expression of TRX1 and TRX2, the two most critical cellular antioxidants, can be upregulated by NF-κB, thus protecting cells from ROS-induced oxidative stress (74).


Inflammation and NF-κB in COVID-19

The oxidative environment in COVID-19 can activate the redox-sensitive NF-κB via AngII-AngII Type 1 Receptor (AT1R) axis (75). On the one hand, the AngII-AT1R axis activates metalloprotease 17 (ADAM17) to induce the activation of NF-κB upstream regulators, such as epidermal growth factor and TNFα (75). Additionally, ADAM17 also mediates the activation of Signal Transducer and Activator of Transcription 3 (STAT3) to induce NF-κB activation in IL-6Rα-negative nonimmune cells (75). ADAM17 can modify IL-6Rα to form a sIL-6Rα-IL-6 complex which promotes the formation of IL6-STAT3 complex, finally activating its downstream NF-κB (75). In turn, the activated STAT3 and NF-κB further stimulate the IL-6 amplifier to activate NF-κB, thus forming a positive feedback loop that leads to deteriorated inflammation (75). On the other hand, the AngII-AT1R axis promotes the formation of membrane-associated guanylate kinase-like protein, B-cell lymphoma 10, and mucosa-associated lymphoid tissue lymphoma translocation protein 1 (CBM) signalosome (76). CBM signalosome activates IκB kinase complex to induce the phosphorylation and degradation of IκB, leading to NF-κB activation (76).

Secondly, NF-κB induces the expression of pro-inflammatory cytokines, stimulated by pro-oxidant cytokines produced in the AngII-AT1R axis, such as TNF (77). The cytokine storm triggers ROS production primarily through the respiratory burst activity of macrophages, monocytes, and neutrophils (77, 78). Moreover, the cytokine storm driven by NF-κB pathways can trigger neutrophil extracellular traps (NET) formation (79, 80), suggesting the programmed death of neutrophils (81). NET contains ample cationic enzymes that lead to cell lysis, tissue damage, and local or systemic inflammation (82, 83).

NF-κB is suggested to be a vital determinant of the severity of COVID-19 (84). Aging-related upregulation of NF-κB expression, as a redox-sensitive transcription factor associated with the proinflammatory condition, causes an extreme immune response in aged non-human primates infected with SARS-CoV (85). A recent study shows that the old are more vulnerable to SARS-CoV-2 infection and present more severe symptoms (86). This is because of antioxidant system deprivation, increased ROS level, and ROS susceptibility (87, 88). Since the infection effects of the SARS-CoV and SARS-CoV-2 on ROS and its associated pathways are conserved, ROS level affects the severity of COVID-19 (89). It may serve as a diagnostic biomarker to distinguish the infection stage of COVID-19.



Inflammation and NF-κB in Lung Cancer

Depending on the cellular context, ROS plays either inhibitory or stimulatory roles in modulating upstream or downstream targets of NF-κB transcriptional activity (74). For instance, ROS could disturb NF-κB activity via inhibiting IκB activation (90). Secondly, IKKβ, the upstream kinase phosphorylating and activating IκB, is another major target of ROS, whose activity is inhibited as ROS induces the S-glutathionylation of IKKβ on cysteine179 (90). Furthermore, canonical NF-κB-activating pathway relies on two processes, the phosphorylation and activation of IKKβ, as well as the ubiquitination and degradation of phosphorylated IκB, both of which have interrelation with ROS (74).

NF-κB pathway plays a crucial role in regulating inflammation and mediating immune surveillance in lung cancer, especially promoting antitumor T cell responses. Enhanced NF-κB activity leads to tumor rejection and suppresses tumor growth via upregulating the expression of several T cell chemokines, including CCL2, CCL5, and recruiting cytotoxic CD8 T cells (91).



Inflammation and NF-κB in COVID-19 and Lung Cancer

Emerging evidence suggests that COVID-19 may affect a particular stage in the life cycle of tumor cells via NF-κB pathway, especially the dormant cancer cells (DCCs). DDCs often localize in a quiescent state as metastatic dormancy (92) and can be reactivated by microenvironmental cues, including inflammatory and immune-mediated signals in COVID-19 infection, to initiate and progress metastasis.

During the severe COVID-19 infection, elevated IL-6 and other released pro-inflammatory cytokines lead to a widespread activation of NF-κB in both immune and non-immune cells (93). Activated NF-κB in lung inflammation would then trigger DCCs reawakening via directly stimulating cancer cell proliferation and indirectly inducing the formation of a pro-metastatic microenvironment (93). Additionally, clinical studies on long-term effects of COVID-19 in cancer patients will clarify the relationship between COVID-19 infection and the risk of pulmonary metastatic recurrence (94). If the correlation is confirmed, anti-inflammatory agents interfering with the immune-mediated NF-κB pathways might be helpful in the prevention of subsequent tumor relapse. Thus, NF-κB and components of NF-κB-related pathways might be potent and important targets in therapeutics for both COVID-19 and lung cancer.





Drug Targets in ROS-Related Pathways

Besides traditional treatments for the two diseases (i.e., immunotherapy for COVID-19 and chemotherapy and radiotherapy for lung cancer), modulation of intracellular oxidative stress has emerged as a potential treatment. ROS-related pathways (e.g., NRF2, HIF-1, and NF-κB, etc.) might become therapeutic targets. Hence, current understanding of potential therapies related to these pathways will be mainly discussed below. ROS-modulating compounds and their effects in reversing COVID-19 and lung cancer are summarized in Table 2.


Table 2 | ROS-modulating compounds and their effects in reversing COVID-19 and lung cancer.




Drug Targets in NRF2-Related Pathways


Regulation of NRF2 Through the KEAP1-NRF2 Feedback Loop

Though the NRF2 pathway seems to play opposite roles in COVID-19 and lung cancer, it is still a viable target for lung cancer patients with COVID-19. Curcumin, an active polyphenolic compound of the Curcuma longa plant, is a promising antioxidant, anti-inflammatory, and anticancer agent (95) that probably benefits the therapy of both diseases. It activates the NRF2/KEAP1 pathway while represses NF-κB-mediated pathways (95). Curcumin may benefit the treatment for COVID-19, as it decreases the infiltration of immune cells and suppresses the proinflammatory responses (96). Besides, it can either directly clear ROS or indirectly reduce oxidative stress via increasing SOD, which transforms superoxide anion into H2O2, and then reduced it in GSH antioxidant system (97). Curcumin induces cancer cell apoptosis and inhibits growth, proliferation, and invasion of tumors via ameliorating various cellular responses to oxidative stress (98). One curcumin-derivative, bis [2-hydroxybenzylidene]acetone (BHBA), broadly protects human lung epithelial cells against cytotoxicity via potently inducing NRF2 activation in KEAP1-dependent manner (98). As clinical trials have already shown remarkable protective and therapeutic effects of curcumin in oxidative-associated liver disorders (99), its usage in lung cancer deserves future study. Of note, activation of the NRF2 expression in COVID-19 patients with lung cancer using the non-selective drug delivery system should be under a delicate tone manner as the overactivated NRF2 pathway is carcinogenic (100). Moreover, nanomaterial delivery systems can be utilized to further finely regulate NRF2 expression by specifically inactivating NRF2 pathways in cancer cells (101). In detail, those nanomaterials with surface modification become highly bio-sensitive and can get through the “biological barriers”, such as the tumor cell membrane penetration and the attack of the immune system (102, 103). And then, the modified nanomaterials recognize biomarkers identifying the cell type and then release cargoes in an intelligence-controllable manner (102, 103). Therefore, although the NRF2 pathway appears to play opposite roles in COVID-19 and lung cancer, targeting the NRF2 pathway by applying nanomaterial delivery systems can be a viable approach for lung cancer patients with COVID-19 symptoms.



Regulation of NRF2 via PI3K/Akt Signaling Pathway

Resveratrol (RSV), a plant-derived polyphenol acting as a vital antioxidant, can protect various organs from oxidative stress at least partially via the PI3K/Akt-mediated NRF2 signaling pathway (104). The potential role of RSV in preventing and treating COVID-19 has been suggested by various studies (105). Studies revealed that RSV pretreatment directly increases cell viability and expression of SOD, CAT, and GPX, while decreases intracellular ROS levels and cell apoptosis. Moreover, RSV significantly attenuates H2O2-induced intestinal cell damage from oxidative stress through upregulating phosphorylated Akt levels to activate NRF2 (104). Collectively, these findings have shown cytoprotective effects of RSV against oxidative stress, which may also be a potentially effective agent in lung cancer therapy.




Treatments Related to Hypoxia and HIF-1 Pathways


Through the Alteration of Oxygen Exposure

The optimal hypoxic pre-conditioning training is possibly beneficial for of COVID-19 patients (57). After intermittent hypoxia/normoxia or hypoxia/hyperoxia training, the niche becomes adaptive to hypoxic state and HIF-1α expression is promoted (57). Consequently, the expression of downstream protective factors, such as antioxidant enzymes, is increased (106). Besides, HIF-1α reverses acute respiratory diseases by promoting angiogenesis, mitochondrial biogenesis, and preventing apoptosis (55).

For lung cancer, recent studies have focused on reversing the hypoxic state in tumors. Hyperbaric oxygen (HBO) treatment increases blood oxygen and retardates tumor growth (107). However, oxygen toxicity may be harmful to the central nervous system (108). An alternative of hyperoxic treatment is normobaric hyperoxia (NBO), a feasible therapy that increases ROS activity and cancer cell apoptosis with a low complication rate, easy administration, and non-invasiveness (109).



Through the Gene Expression Products That Inhibit HIF-1α

Long noncoding RNAs (lncRNAs) regulates gene expression, which probably influences the COVID-19 progression by regulating HIF-1α (110). HOTAIR decoys miR-130a-3p and alters HIF-1α in hepatocellular carcinoma (110). Although the role of lncRNA in SARS-CoV-2 infection is still unclear, it at least brings us new thoughts to studying the mechanism of COVID-19.

miRNAs precisely regulate NSCLC progression and metastasis. Studies have reported that several miRNAs prevent the hypoxia-induced proliferation of NSCLC cells through targeting HIF-1α. In response to hypoxia, miR-200c negatively regulates hypoxia-induced cellular responses by downregulating HIF-1α, leading to a decreased mRNA level of HIF-1α downstream genes and an inhibited metastasis of lung carcinoma cells (111). Additionally, ectopic expression of miR-130a suppresses the Warburg effect, migration, and invasion of NSCLC cells under hypoxia via targeting HIF-1α (112). NSCLC cells with low miR-199a levels have higher HIF-1α expression and proliferation capacity, while overexpressed miR-199a suppresses the hypoxia-induced cell proliferation through silencing HIF-1α expression and blocking HIF-1α-mediated glycolytic pathways (68). Therefore, beneficial regulation of miRNAs on HIF-1α strengthens their tumor-suppressive activity, suggesting that miRNAs or their mimics may serve as anticancer agents through inhibition of tumor metastasis and multiple hypoxia-induced responses.



Through Plant Metabolites and Their Synthetic Derivatives Targeting HIF-1-Related Pathways

Inhibitors to HIF-1α and HIF-1-associated signaling pathways are promising in reversing both diseases. RSV inhibits hypoxia-mediated overexpression of HIF-1α, thus might have a protective effect on COVID-19 (105). Inhibitors to the Akt/mTOR/HIF-1 signaling are also promising in treating COVID-19. MK-2206 (Akt inhibitor), rapamycin (mTORC1 inhibitor), Torin-1 (mTORC1&2 inhibitor), and PX-478 (HIF-1α inhibitor), significantly downregulates viral transcripts in SARS-CoV-2 infected Huh7 cell culture, indicating they could be repurposed and potentially used to treat COVID-19 (60).

Although potent inhibitors directly targeting HIF-1α pathways against hypoxic tumors are still limited, chloramphenicol, an inexpensive and excellent bactericidal antibiotic, has been found to inhibit HIF-1α accumulation in a concentration-dependent manner in NSCLC (113). Chloramphenicol not only induces autophagy but also prevents the formation of HIF-1α/SENP-1 (Sentrin/SUMO-specific-protease-1) protein complex, essential for HIF-1α stabilization during hypoxia (113). Both inhibitors destabilize HIF-1α protein and promote their degradation (113).




Therapeutic Potential of Targeting NF-κB


NF-κB Inhibitors Targeting Kinase Activity

In recent years, advancements have been made in developing and characterizing both natural and synthetic agents blocking NF-κB activity. Those NF-κB inhibitors exert anti-tumor or antiviral effects in lung cancer or COVID-19 mainly affecting NF-κB induction, NF-κB nuclear translocation, and DNA binding (90), all of which have interrelation with ROS as indicated above.

Various IKK inhibitors have been developed to inhibit the kinase activity of IKK directly or block upstream proteins targeting IKK to prevent IKK activation indirectly. Proteasome inhibitors are used to interfere with IκB protein degradation, thus blocking NF-κB activation. For example, Bortezomib, a proteasome inhibitor, has shown beneficial antitumor outcomes with manageable side effects. Moreover, clinical trials have demonstrated high anticancer efficacy and better responses when combining Bortezomib with other anticancer drugs in NSCLC, such as EGFR/HER2-targeting agent cetuximab (114).

Vitamin D and its analogs have therapeutic effects against COVID-19, as its binding with vitamin D receptor facilitates IκB expression and blocks NF-κB activation (97). Consequently, uncoupling protein-2, a downstream target of NF-κB, is downregulated, which leads to cell death (97). Calcitriol, an active form of vitamin D, was also found to reduce ROS via increasing the concentration of GSH, SOD, and CAT (115). However, one caveat is that blocking or deregulation of NF-κB signaling may compromise immunity since systemic administration of NF-κB inhibitors may deteriorate the protective immune responses (116).



Combinational Therapy Using Chemotherapeutics With NF-κB Inhibitors

Currently, a study shows that using chemotherapeutics in combination with NF-κB inhibitors seems to be a preferred approach for cancer treatment, especially for tumors with chronic inflammation (73). Indeed, combinational therapy using both NF-κB inhibitors and inhibitors of other transcription factors, such as STAT-3, has shown effective antitumor outcomes, as the STAT-3 signaling pathway that fuels tumor promotion and mediates immune escape has important crosstalk with NF-κB (117). Since STAT-3/NF-κB signaling plays an important role in deteriorated inflammation in SARS-CoV-2 infection, the combination therapy may also show potential outcomes in COVID-19 treatment. Additionally, further understanding of upstream regulators and downstream effectors within NF-κB pathways might identify more selective targets for antiviral therapy and preserve effective antitumor immunity (117).



NF-κB Inhibitors Targeting NF-κB-Related Pathways via miRNA Regulation

Increasing evidence has demonstrated that many miRNAs play important roles in COVID-19 and lung cancer progression via NF-κB-related pathways (118, 119), serving as potential diagnostic markers, prognostic markers, and therapeutic targets. Upregulation of miRNAs, such as miR-21, is associated with the initiation and development of NSCLC (118). Meanwhile, miRNAs regulate the expression of the viral genome and even hijack the host gene expression during SARS-CoV-2 infection (119). For instance, miRNA is largely associated with the expression of ACE2R, the entry site of SARS-CoV-2 (119). Furthermore, miR-21 downregulation induced by miR-21 inhibitor was found to suppress tumor migration and invasion and promote cell apoptosis in NSCLC through inhibiting PI3K/Akt/NF-κB signaling (120). Moreover, NF-KappaB Interacting LncRNA (NKILA) suppresses tumor metastasis in NSCLC via NF-κB/Snail pathway, in which activated NKILA inhibits IκB phosphorylation and NF-κB activation (121). Indeed, NF-kB inhibitors are used to reverse NKILA-regulated malignancy (121). These findings collectively reveal novel mechanisms of miRNA and noncoding-RNAs in NF-κB-related pathways and provide potential targets in NSCLC and COVID-19 treatment.



Plant Metabolites Cross-Talking With Multiple Cellular Pathways

Flavonoids are a family of plant-originated polyphenolic compounds that regulate NF-κB to exert anti-inflammatory and anti-cancer effects (41), which might be promising to treat both COVID-19 and lung cancer.

Some flavonoids, such as epigallocatechin-3-Gallate, serve as NRF2 agonists to activate NRF2-HO-1 and NRF2/ARE pathways, thus reversing the COVID-19 progression (41). An in silico model has identified 14 flavonoids that could potentially bind to 3CLpro, an active catalytic site on SARS-CoV-2 (122), which may serve as a potential target for antiviral therapy. Moreover, previous studies confirmed the vital role of Hyperoside, one major flavonoid glycoside of Zanthoxylum bungeanum, in the induction of cell apoptosis and the inhibition of cell proliferation and migration in NSCLC (123). In breast cancer cells, Hyperoside enables NF-κB pathway deactivation via reducing intracellular ROS levels, which leads to downregulation of anti-apoptotic genes (XIAP, Bcl-2) and Bax accumulation, thereby promoting tumor cell apoptosis (124). Therefore, flavonoids, as potent anti-cancer and antiviral agents regulating ROS-mediated NF-κB signaling, deserve future research in COVID-19 and lung cancer treatment.





Conclusion and Future Perspectives

In past years, studies have highlighted the importance of ROS in COVID-19 and lung cancer progression and different metabolic mechanisms modulating the production and scavenging of ROS, which assists in the in-depth knowledge of disease pathophysiology. Under oxidative stress, cells would regulate transcription factors to control various downstream antioxidant responses mainly via ROS-sensitive pathways. Here, we focus on the several pathways involved in ROS-induced pathogenesis, including redox-sensitive transcription factor NRF2, the hypoxia-induced factors HIF-1α, and the NF-κB signaling. Although some similarities are shared, the activity of these signaling molecules and their related crosstalk with ROS differ. The changes of NRF2-related pathways present opposite trends that NRF2 is inactivated in COVID-19 but activated in lung cancer. Specifically, the activation of NRF2 in lung cancer facilitates the immune escape of tumor cells; the downregulation of NRF2 in COVID-19 patients with lung cancer causes immunosuppressive effects to deteriorate the COVID-19 symptoms in lung cancer patients. HIF-1α upregulation in response to hypoxic stress in COVID-19 contributes to pathogenic effects in lung cancer, such as angiogenesis, metastasis, and cytokine storms. Moreover, hypoxia-induced HIF-1 might enhance PD-1 expression and lead to immune system escape based on the PD-1 pathway in both two diseases. COVID-19 might also lead to lung cancer via activating the inflammatory NF-κB pathway, considering its role in activating DCC. The lung cancer patients with COVID-19 probably present more severe symptoms compared to non-cancer patients, as the overactivated NF-κB pathway is critically associated with COVID-19 severity. However, the correlation between COVID-19 infection and pulmonary metastatic recurrence remains to be clarified.

More detailed understandings of these molecular mechanisms have allowed identifying novel therapeutic targets and the advancement of therapies that alter ROS levels based on these pathways. Many natural products, especially phytochemicals, are potent agents possessing both anti-inflammatory and anticancer effects via ROS-based cell killing, including flavonoids involved in several signaling pathways, and analogs/derivatives of these plants’ metabolites have been synthesized with lower toxicity and shown beneficial outcomes in preclinical use targeting lung cancer cells. Secondly, HIF-1α, the key regulator of hypoxia, induces the transcription expression of hundreds of hypoxia-responsive genes at low oxygen levels. Since hypoxia is important for inflammation and tumor growth, suppressing hypoxia-induced signaling pathways and changing oxygen exposure, such as hyperoxic treatment, provide attractive approaches to inhibit lung cancer metastasis and COVID-19 progression. Thirdly, recent studies suggested miRNAs were crucial in both lung cancer and COVID-19, thus receiving extensive attention in clinical usage.

Though we have recognized how ROS influences several molecular pathways in lung cancer, mechanisms and effects of potential and promising drugs targeting ROS-related signaling need to be further investigated before clinical applications. In contrast, as most attention is currently paid to study the immunological mechanisms and developing vaccines in COVID-19, effects of ROS on the pathogenesis and treatment of COVID-19 remain elusive. Future research aimed at investigating ROS-related pathways will probably decipher novel therapeutic targets and provide novel insights into specific drug design to treat and manage these devastating diseases.
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Castration-resistant prostate cancer (CRPC) is the lethal form of prostate cancer (PCa), and the underlying molecular mechanism has not been fully elucidated. Inositol requiring enzyme 1 alpha (IRE1α), a key regulator of unfolded protein response (UPR), is intimately associated with PCa progression. However, whether IRE1α is implicated in CRPC development remains unknown. Here, we showed that IRE1α expression was significantly increased in CRPC tissues and high-grade PCa tissues. Overexpression of IRE1α promoted PCa cell proliferation under the androgen deficiency condition in vitro and in vivo. Mechanistically, increased IRE1α expression induced IL-6 secretion via the IRE1α/XBP-1s signal pathway. IRE1α-induced IL-6 activated androgen receptor (AR), and the activation of AR by IL-6, in turn, promoted IRE1α expression. IRE1α formed a positive feedback loop with IL-6 and AR to promote prostate cancer cell proliferation under the androgen-deficient condition. In clinical PCa samples, high IRE1α expression correlated with elevated IL-6 and increased PSA expression. Our findings demonstrated a novel mechanism of CRPC progression and suggest targeting IRE1α may be a potential target for the prevention and treatment of CRPC.
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Introduction

Prostate cancer (PCa) is the most common malignancy in men (1). As for androgen-dependent cancer, androgen-receptor signaling plays a crucial role in PCa development and progression (2). Androgen deprivation therapy (ADT), achieved through surgical or pharmacological approaches is the standard first-line treatment for advanced prostate cancers. However, after the initial treatment response, a large number of patients will inescapably progress to castrate-resistant prostate cancer (CRPC), which is fatal and has no effective treatment. Extensive studies indicate that CRPC continues to rely on androgen receptor signals despite the availability of only castrate levels of androgens. Reactivation of the androgen receptor (AR) is still regarded as the leading cause of CRPC (3). Mechanisms likely to be involved in the AR reactivation have been studied extensively but have failed to yield meaningful and useful targets (4). Therefore, further elucidating the potential molecular mechanisms underlying ligand-independent AR activation would be an urgent need to develop more effective therapies for CRPC.

Inflammation plays an essential role in the pathogenesis and progression of PCa by producing inflammatory cytokines (5). Interleukin (IL)‐6 is well recognized as a significant regulator of PCa progression of all cytokines. Both IL-6 and its receptor have been shown to be highly expressed in PCa tissues and cell lines (6). IL-6 has also been reported to induce AR activation in a ligand-independent manner. Furthermore, IL‐6‐induced AR activation has been displayed to play a vital role in CRPC progression. IL-6 can facilitate androgen-dependent PCa cell proliferation under androgen deprivation conditions in vitro and in vivo, with a concomitant increase in androgen‐responsive genes prostate-specific antigen (PSA) expression (7).

Inositol requiring enzyme 1 alpha (IRE1α) is the most important mediator of endoplasmic reticulum (ER) stress-induced the unfolded protein response (UPR), which possess both protein kinase and endoribonuclease activities (8). The function of IRE1α has been broadly researched during endoplasmic reticulum (ER) stress, where it composes a critical pro-survival signaling pathway of the unfolded protein response (UPR). During UPR, the kinase, IRE1α, oligomerizes, autophosphorylates, and its endoribonuclease activity catalyzes the alternative splicing of X-box binding protein 1 (XBP1) to form an active transcription factor (XBP1s) (9). An increasing number of publications show that UPR signaling pathways are directly linked to inflammatory cytokine production (10). IRE1α has been shown to activate pro-inflammatory pathways and induces inflammatory cytokines secretion, particularly for IL-6 (11). XBP1s have been shown to bind directly to the promoters of IL-6 genes and regulate their expression (12). IRE1α has also been found to induce IL-6 expression by activating the transcription factors of NF-kB or AP-1 (13). IRE1α-induced IL-6 has been implicated in promoting carcinogenesis of HCC and proliferation of melanoma (14). A recent study revealed that inhibition of IRE1α endonuclease activity significantly reduced the growth of prostate cancer cells both in vitro and in vivo (15). All those results indicated that IRE1α plays a crucial role in PCa progression. However, the roles of IRE1α in the CRPC progression have not been fully investigated.

In the present study, we evaluated the expression of IRE1α in hormone-naïve prostate cancer tissues, CRPC tissues, and prostate cancer cell lines and investigated the effect of IRE1α expression on prostate cancer proliferation under the androgen-deficient condition in vitro and in vivo. Furthermore, we explored the potential mechanisms underlying the impact of IRE1α expression on CRPC progression. Our findings may provide a novel mechanism of CRPC progression and suggest a potential target for the prevention and treatment of CRPC.



Materials and Methods


Human Prostatic Tissues

A prostate cancer tissue microarray (TMA) contained 10 cores of adjacent normal tissue, 80 cores of hormone naïve prostate cancer, and 9 cores of castration-resistant prostate cancer was constructed for detecting the expression of IRE1a in prostatic tissues. Hormone-naive prostate cancer tissues and adjacent normal tissues were derived from radical prostatectomy specimens of localized prostate cancer patients at department of Urology of Tangdu hospital between 2017 and 2019. The information of these 80 prostate cancer specimens is described in Supplementary Table S1. CRPC tissues were collected from 9 patients who died of CRPC and underwent rapid autopsy.



Western Blot and Immunohistochemistry

Prostate cancer tissues and cell lines were prepared for western blot and IHC, as previously described (16). Immunohistochemical staining was assessed and scored by three independent pathologists who were blinded to clinical characteristics. Pictures of three typical fields of vision were captured at high magnification (× 200), and identical acquisition settings were used for all image acquisitions. The mean density was quantified as the mean ratio of the integrated optical density of all positive staining to the total area of each photograph in five spots for each section. Median values were used as the cutoff to classify patients into high or low expression group. The kinds and working concentrations of the primary antibodies used in this study were listed in Supplementary Table S2.



Quantitative Real-Time Reverse Transcription PCR (qRT-PCR)

Trizol reagent was used to extract total RNA and reverse-transcripted to cDNA using an oligo(dT) primer. PCR amplification was performed following the manufacturer’s instructions of the SYBR Green PCR Kit (Takara, 639676). The2−ΔΔct method was used to quantify the relative expression level of the examined genes. The mRNA level of the specific transcripts was normalized to β-actin RNA transcripts. Key PCR primers used in this study are listed in Supplementary Table S3.



Cell Lines and Cell Culture

Human prostate cancer cell lines LNCaP, VCaP, PC3, and C4-2B were purchased from the American Type Culture Collection. DU145 and LAPC4 cell lines were purchased from the Shanghai Cell Bank of the Chinese Academy of Sciences (Shanghai, China). PC-3, VCaP, and LNCaP cells were cultured in RPMI-1640 medium containing 10% FBS. Dulbecco’s Modified Eagle Medium (DMEM) was used as the culture medium for prostate cancer cells of DU-145, C4-2B, and LAPC4. All cell lines have recently been authenticated by using STR-analysis. Fetal bovine serum (FBS) and charcoal-stripped fetal bovine serum (CSS) were purchased from Omega Scientific (Tarzana, CA). Recombinant human IL-6 and neutralizing anti-human IL-6 antibody were purchased from R&D Systems Inc. (Minneapolis, MN, USA). MKC8866 and thapsigargin (TG) were purchased from Selleck Chemicals (Shanghai, China).



RNA Silencing and Construction of Cell Lines With IRE1α or AR Knockdown or Overexpression

The empty vector pcDNA3.1 (vector), IRE1α-overexpressing vector (pcDNA3.1-IRE1α) AR-overexpressing vector (pcDNA3.1-AR), siRNA control, siRNA IRE1α, siRNA AR, and Lentivirus constructing of IRE1α knockdown or overexpression were purchased from Genechem (Obio Technology Corp, China). Prostate cancer cells plated on six-well dishes were allowed to reach 70% confluence. Prostate cancer cells were transfected with plasmids or siRNA using Lipofectamine 3000 Transfection Reagent (Invitrogen). Stable clones were obtained by selection in 400 µg/ml G418 for 2 weeks. The sequences of siRNA for IRE1α and AR are provided in Supplementary Table S3.



Proliferation Assay

MTS assay was performed to evaluate cell proliferation. Prostate cancer cells were seeded in triplicate in 96-well plates at the density of 3 × 103 cells per well in 100 μ L. 24 h later, the culture medium was removed and replaced with a fresh culture medium containing charcoal-stripped serum (CSS). The MTS reagent, prepared following the instruction, was added to the cells and cultured at 37°C for 2 hours. The absorbance of each well was read at wavelength 490 nm. Results were expressed as a percentage of the untreated control cells. Values were given as mean ± standard deviation (SD) of three tests.



Colony Formation Assay

Cell growth was assessed using the colony formation assay. Prostate cancer cells with IRE1α overexpression or knockdown and the control cells were seeded at the density of 1×103 cells/well in 3 mL medium supplemented with CSS in 6-well plates. The culture medium was changed every two days. After 14 days of culturing at 37°C, the colonies were fixed using 4% formaldehyde for 10 minutes and were stained with 10% Giemsa for 20min. Colonies were then washed with running water and air-dried. Finally, the images of the colonies were acquired using an Olympus digital camera.



Human Prostate Cancer Xenografts

Intact male SCID mice were inoculated subcutaneously with prostate cancer cells with IRE1α overexpression or knockdown or control cells implanted bilaterally in 50% PBS + 50% matrigel. A vernier caliper was used to measure the tumor length (L) and width (W) weekly, and the tumor volume was estimated according to the formula (L×W2)/2. All mice were castrated when tumor volumes reached 200 mm3. 24 days after castration, the mice were sacrificed to harvest and weigh the tumors. This study obtained ethical clearance from the Animal Research Ethics Committee of the Fourth Military Medical University.



HE Staining

HE staining of the pathological sections of the xenograft tumor tissues was performed following the instruction strictly (Beyotime, China). Representative images were acquired with an Olympus microscope (IX81; Olympus) at 200×magnification.



Luciferase Reporter Gene Assay

Prostate cancer cells with IRE1α overexpression or knockdown were seeded 24-well plates at 3×104 cells per well. After 24h, PSA-luciferase-plasmid and Renilla luciferase pRL-TK plasmid were cotransfected into prostate cancer cells using Lipofectamine 3000. 48 hrs later, cells were harvested, and luciferase activity was determined using the Dual Luciferase Reporter Assay Kit (Promega). The relative luciferase activity was normalized to the renilla luciferase activity.



ELISA for IL-6

The secretion of IL-6 was detected using a human IL-6 ELISA kit (R&D Systems; Minneapolis, MN) following the kit instruction. Briefly, prostate cancer cells with IRE1a overexpression or knockdown were cultured in a medium containing charcoal-stripped serum (CSS). After 24 h, The cell-free culture supernatants were harvested to determine the expression levels of IL-6. The wells were coated with a capture antibody and incubated with the standard or supernatant samples. After the addition of TMB substrate, and H2SO4, the absorbance was read at 450 nm wavelength.



Statistical Analysis

All the experiments were replicated three times. Data were plotted as the mean ± standard error of the mean (SEM). SPSS statistical software 21.0 was used for statistical analysis. p < 0.05 was considered statistically significant. Statistical comparisons were performed using paired or unpaired Student t-tests where appropriate. The Spearman rank correlation test analyzed correlations between measured variables.




Results


IRE1α Is Upregulated in CRPC Tissues and Cell Lines

To analyze the relationship between IRE1α expression and CRPC progression, immunohistochemical (IHC) staining was performed to detect the IRE1α expression in CRPC, hormone-naïve prostate cancers and adjacent normal tissues. The IHC results showed that IRE1α expression was significantly elevated in CRPC tissues as compared to the hormone-naïve prostate cancers tissues and jacent normal tissues, the latter displayed comparably weak or negative IRE1α expression (Figures 1A, B). Increased IRE1α expression was also found in high Gleason score hormone-naïve prostate cancer compared to low Gleason score hormone-naïve prostate cancers (Supplementary Figures S1A, B and Supplementary Table S1). For further confirmation, we analyzed the expression of IRE1α in prostate cancer using data from the TCGA database (GSE35988). The result showed that the expression of the IRE1α gene was significantly higher in CRPC than in primary prostate cancer or benign prostatic hyperplasia (Figure 1C). qPCR analysis on prostate cancer cell lines revealed that IRE1α presented higher mRNA levels in several androgen-independent prostate cancer cell lines C4-2B, PC3, and DU145, as compared to androgen-dependent prostate cancer cell lines LNCaP, LAPC-4, and VCaP (Figure 1D). Western blot analysis demonstrated the same expression pattern of IRE1α at the protein level (Figure 1E). Notably, the expression of IRE1α in C4-2B cells, which is derived from a bone metastasis clone of LNCaP cells and is androgen-independent, was significantly increased than their parental androgen-dependent LNCaP cells (Figures 1D, E). All these results implied that the high expression level of IRE1α was tightly related to the progression of CRPC.




Figure 1 | IRE1α is upregulated in CRPC tissues and cell lines. (A, B) Representative IHC staining images and mean IHC scores of IRE1α in adjacent non-cancerous tissues, hormone naïve prostate cancer and CRPC tissues (n=80; Scale bars, 200μm; **P < 0.01). (C) Expression profile of IRE1α was obtained from a GEO dataset (GSE35988). (D, E) qPCR and western blot analysis for the mRNA and protein expression of IRE1α in prostate cancer cell lines.





Increased IRE1α Expression Promotes Prostate Cancer Cell Proliferation Under the Androgen-Deficient Condition

To further explore the functions of IRE1α in CRPC progression, we investigated the effect of IRE1α expression on prostate cancer cell proliferation. Androgen-dependent LNCaP cells (relatively low expression of IRE1α) or androgen-independent C4-2 cells (relatively high expression of IRE1α) were selected for the establishment of cell models with forced expression or knockdown of IRE1α, respectively (Supplementary Figures S2A, B). MTS assays showed that when cultured in conditions with regular FBS, LNCaP cells with IRE1α overexpression proliferated more rapidly than control cells. In contrast, the growth rate of C4-2B cells with IRE1α knockdown was significantly reduced compared with control cells (Supplementary Figure S2C). Intriguingly, the results of MTS and colony formation assays indicated that when cultured in the androgen-deficient medium (CSS), LNCaP cells with IRE1α overexpression showed significant resistance to androgen-deprivation, as compared to control cells which failed to divide under androgen deprivation conditions. In contrast, C4-2B cells with IRE1α knockdown displayed significantly decreased proliferation rate compared with control cells, which grew aggressively even under androgen deprivation conditions (Figures 2A, B).




Figure 2 | IRE1α overexpression promotes prostate cancer cells proliferation under the androgen-deficient condition. (A, B) MTS assay and colony formation assay of LNCaP cells with IRE1α overexpression or C4-2B cells with IRE1α knockdown, which were cultured in conditions with CSS. (C) The in vivo experiments investigated the effect of IRE1α expression on the proliferation abilities of prostate cancer cells in non-castrated and castrated male SCID mice. (D, E) Growth curve and tumors volumes shows the growth patterns of tumors formed by LNCaP cells with IRE1α overexpression or C4-2B cells with IRE1α knockdown, first grown in intact mice, followed by another 24 days postcastration in the same hosts. (F, G) Representative HE and IHC staining images of IRE1α and Ki-67 in xenograft tumor treated as indicated (Scale bar, 100μm). shCtrl, negative control short hairpin RNA; shIRE1α, short hairpin RNA against IRE1α; EV, cells transfected with empty vector; IRE1α, cells transfected with IRE1α expression vector. Data shown are the mean ± SD from three independent experiments, **P < 0.01.



In vivo tumorigenicity study (Figure 2C) showed that LNCaP cells with IRE1α overexpression formed larger xenograft tumors faster than control cells in intact SCID mice. In contrast, xenografted tumors derived from C4-2B cells with IRE1α knockdown grown significantly slower than control xenograft tumors in intact SCID mice (Figure 2D). As expected, tumors formed by LNCaP cells with IRE1α overexpression did not respond to the castration of host mice and displayed a sustained proliferation; in strong contrast, tumors derived from control cells stopped growing or started to shrink in castrated hosts. Whereas the growth of C4-2B cells with IRE1α knockdown was significantly impaired compared with that of control cells, which proliferated persistently after castration (Figures 2D, E). Moreover, tumor proliferation was determined by Ki-67 staining via IHC. The results showed that the proportion of Ki-67 positive cells dramatically elevated in tumors derived from LNCaP cells with IRE1α overexpression in comparison with controls. In contrast, the tumors developed from C4-2B cells with IRE1α knockdown displayed significantly reduced Ki-67-staining cells than controls (Figures 2F, G). All those results suggested that elevated IRE1α expression promotes prostate cancer cell proliferation under androgen-depleted condition.



Increased IRE1α Expression Induces Androgen Receptors Activation

Statistical analysis showed that IRE1α expression was significantly associated with the serum levels of PSA, a well-known androgen receptor target gene (Supplementary Table S1). Since the proliferation and survival of prostate cancer heavily depend on AR even in the absence of androgen, we asked whether IRE1α expression has effects on AR activation. To do so, prostate cancer cells with IRE1α overexpression or knockdown were transiently transfected with a PSA-driven luciferase reporter (PSA-LUC) and cultured in the androgen-deficient medium(CSS). As shown in Figure 3A, the overexpression of IREα led to a substantial ligand-independent increase in PSA-LUC activity in LNCaP cells. On the contrary, IRE1α knockdown in C4-2B cells significantly decreased the luciferase activity of PSA-LUC under androgen deprivation conditions (CSS) (Figure 3A). Western blot analyses were performed to analyze the effects of IRE1α expression on the protein expression of AR and PSA. The results showed that IRE1α overexpression or knockdown had no detectable impact on AR levels, while the levels of PSA greatly increased with IRE1α overexpression and significantly decreased with IRE1α knockdown (Figure 3B). Furthermore, we used LNCaP and C4-2 cells, stably expressing GFP-AR, as a model system to test the impact of IRE1α expression on AR subcellular localization. The results showed that transient overexpression of IRE1α led to significant accumulation of GFP-AR in the nucleus of LNCaP cells cultured under androgen deprivation conditions (CSS). In contrast, the knockdown of IRE1α by siRNA in C4-2B cells significantly inhibited the nuclear translocation of GFP-AR (Figure 3C).




Figure 3 | Overexpression of IRE1α induces androgen receptor activation. (A) IRE1α expression affects AR transcriptional activity. LNCaP cells with IRE1α overexpression or C4-2B cells with IRE1α knockdown were transiently transfected with PSA-Luc and then cultured in CSS medium. Luciferase activity was assayed 48 h after transfection. (B) IRE1α expression affects AR activation without affecting the AR level. Representative western blot analyses of the expression of IRE1α, AR, and the AR target gene PSA in LNCaP cells with IRE1α overexpression or C4-2B cells with IRE1α knockdown. (C) IRE1α expression affects the subcellular localization of GFP-AR. LNCaP cells and C4-2B cells stably expressing GFP-AR were transiently transfected with empty vector (EV) or IRE1α expression vector (IRE1α), control siRNA (siCtrl) or IRE1α siRNA, and then cultured in the medium with of CSS for 48h, confocal microscopy was used to visualize the subcellular localization of GFP-AR. Data shown are the mean ± SD from three independent experiments, **P < 0.01.





Increased IRE1α Expression Promotes Interleukin-6 Secretion via the IRE1a/XBP-1s Pathway in Prostate Cancer Cells

IRE1α has been reported to stimulate IL-6 secretion via the IRE1α/XBP-1s pathway (17). Here, we investigated whether IRE1α can induce IL-6 secretion via the IRE1α/XBP-1s pathway in prostate cancer cells. Firstly, we assessed the effect of IRE1α expression on IL-6 expression. To achieve this, prostate cancer cells with IRE1α overexpression or knockdown were cultured with the androgen-deficient medium (CSS) for 48h, and the cell culture supernatant was collected for IL-6 ELISA. The results demonstrated that the level of IL-6 was significantly elevated in the culture supernatant of LNCaP cells with IRE1α overexpression than that of the control cells. In contrast, C4-2B cells with IRE1α knockdown showed significantly decreased secreted IL-6 levels as compared with the control group (Figure 4A). The promoting effect of IRE1α on IL-6 secretion was further confirmed by qPCR at mRNA levels (Figure 4B). Western blot results showed that the protein levels of phosphorylated IRE1α, XBP-1s, and IL-6 increased with the overexpression of IRE1α and decreased with IRE1α knockdown (Figure 4C). Moreover, MKC8866, an inhibitor of the IRE1α/XBP-1s pathway, significantly reduced the relative expression levels of IL-6 at both mRNA and protein levels, which was increased dramatically by IRE1α overexpression in LNCaP cells (Figures 4D–F, left). Conversely, thapsigargin (TG), an agonist of the IRE1α/XBP-1s pathway, restored IL-6 expression significantly decreased by IRE1α knockdown in C4-2B cells. Altogether, these results indicated that IRE1α affected IL-6 expression via the IRE1α/XBP-1s pathway (Figures 4D–F, right).




Figure 4 | IRE1α stimulates IL-6 production via the IRE1α/XBP-1s pathway in prostate cancer cells. (A) LNCaP cells with IRE1α overexpression or C4-2B cells with IRE1α knockdown were cultured in an androgen deprivation medium with CSS for 48 h, and mRNA levels of IL-6 were determined by qPCR. (B, C) ELISA and western blot analysis for the protein expression of IL-6 in LNCaP cells with IRE1α overexpression or C4-2B cells with IRE1α knockdown. (D–F) MKC8866 and thapsigargin (TG), the inhibitor and the agonist of the IRE1α/XBP-1s pathway, were used to detect the effect of the IRE1α/XBP-1s pathway on IL-6 expression. Data shown are the mean ± SD from three independent experiments, **P < 0.01. ns, no significance.





IL-6 Mediated IRE1α Induced AR Activation

It is well established that IL-6 can induce the activation of AR in a ligand-independent manner. Therefore, it is reasonable to hypothesize that IRE1α may activate AR via modulating the expression of IL-6. To test it, anti-IL-6 antibody or recombinant IL-6 were separately added to the androgen deprivation medium of LNCaP cells with IRE1α overexpression or C4-2B cells with IRE1α knockdown (Figure 5A). As shown in Figure 5B left, the anti-IL-6 antibody significantly attenuated the PSA-LUC activity, which was increased by IRE1α stable overexpression in LNCaP cells. In contrast, recombinant IL-6 significantly enhanced the luciferase activity of PSA-LUC, which was decreased by knockdown of IRE1α in C4-2B cells (Figure 5B, right). Besides, anti-IL-6 antibody significantly abrogated IRE1α overexpression-induced PSA expression and GFP-AR nuclear translocation in LNCaP cells, while the addition of recombinant IL-6 significantly restored the reduction of PSA expression and GFP-AR nuclear translocation induced by IRE1α knockdown in C4-2B cells (Figures 5C–E). Neither anti-IL-6 antibody nor recombinant IL-6 affected the expression levels of AR (Figure 5C). Taken altogether, all these indicated that IL-6 is a crucial factor implicated in the effects of IRE1α on the activation of AR.




Figure 5 | IRE1α activates AR by inducing IL-6 secretion. (A) LNCaP cells with IRE1α overexpression and C4-2B cells with IRE1α knockdown were treated with anti-IL-6 antibodies or IL-6 respectively, and AR transcriptional activity was measured by luciferase reporter assay, western-blot and nuclear localization of GFP-AR after 48 hours of treatment. (B) LNCaP cells with IRE1α overexpression and C4-2B cells with IRE1α knockdown were transiently transfected with PSA-Luc and then treated with anti-IL-6 antibodies or recombinant IL-6, respectively. Luciferase activity was assayed and normalized. (C) Western blot assays were performed to determine the expression levels of IRE1α, AR, and AR target gene PSA in LNCaP cells with IRE1α overexpression or C4-2B cells with IRE1α knockdown, which have been treated with anti-IL-6 or recombinant IL-6, respectively. (D, E) Fluorescent microscopy was used to detect whether IL-6 affected IRE1α-induced nuclear localization of GFP-AR. Data  shown are the mean ± SD from three independent experiments, **P < 0.01; ns, no significance.





The Activation of AR by IL-6 Induces IRE1α Expression

A recent study showed that androgen-mediated AR activation could induce IRE1α expression in prostate cancer cells (18). Here, we investigated whether IL-6-mediated AR activation can regulate IRE1α expression in prostate cancer cells. To achieve this, wild-type LNCaP and C4-2B cells were cultured with the androgen-deficient medium (CSS) and treated with recombinant IL-6 or anti-IL-6 antibody, respectively (Figure 6A). Our results showed that IL-6 treatment significantly increased the expression of AR target gene PSA and IRE1α at both mRNA and protein levels in LNCaP cells (Figures 6B, D). In contrast, treatment with anti-IL-6 antibody significantly reduced the expression levels of PSA and IRE1α in C4-2B cells (Figures 6C, E). Those results indicated that IL-6 could induce AR activation and IRE1α expression. To further elucidate the relationship between AR activation by IL-6 and the expression of IRE1α, we knocked down the AR expression in LNCaP cells and upregulated AR in C4-2B cells (Figure 6A). As shown in Figures 6B, D, knockdown of AR significantly attenuated the mRNA and protein levels of IRE1a, which were increased by IL-6 stimulation in LNCaP cells. In contrast, overexpression of AR significantly reverted the mRNA and protein expression of IRE1α, which were decreased by anti-IL-6 antibody in C4-2B cells (Figures 6C, E). Collectively, these data demonstrate that AR activation by IL-6 induces IRE1α expression.




Figure 6 | The effect of IL-6 induced AR activation on IRE1α expression. (A) Wild-type LNCaP cells or LNCaP cells with AR knockdown were treated with IL-6, and wild-type C2-4 cells or C2-4 cells with AR overexpression were treated with anti-IL-6 antibodies. The expression of AR target gene PSA and IRE1α were analyzed by qPCR and western blot analysis. (B, D) qPCR and western blot analysis were used to analyzed for the expression of AR target gene PSA and IRE1α in IL-6 treated wild-type LNCaP cells or LNCaP cells with AR knockdown. (C, E) qPCR and western blot analysis were used to analyzed for the expression of PSA and IRE1α in anti-IL-6 antibodies treated wild-type C4-2B cells or C2-4 cells with AR overexpression. Data shown are the mean ± SD from three independent experiments, **P < 0.01; ns, no significance.





IRE1α Promotes the Castration-Resistant Growth of Prostate Cancer Cells in an IL-6/AR-Mediated Manner

Our data indicated that IRE1α, IL-6 and AR formed a positive feedback loop, and through which facilitated prostate cancer cell proliferation under androgen deprivation conditions. To confirm this hypothesis, LNCaP cells with IRE1α overexpression were cultured in the androgen-deficient medium and treated with anti-IL-6 antibody or transiently transfected with siCtrl or siAR. The results of MTS and colony formation assays showed that treatment with anti-IL-6 antibody or knockdown of AR significantly attenuated the proliferative and clone formation capability, which was increased by IRE1α overexpression in LNCaP cells (Figures 7A, B, D). In contrast, the addition of IL-6 or transiently transfected with an overexpression plasmid for AR significantly restored prostate cancer cell proliferation and colony formation, which was reduced by knockdown of IRE1α in C4-2B cells (Figures 7A, C, E). To further support these results, we measured the expression of IL-6 and PSA in prostate cancer tissues by IHC and analyzed the relationship between the expression levels of IRE1α, IL-6 and PSA. Representative cases are shown in Figure 7F. Prostate cancer patients with higher IRE1α expression also had a higher IL-6 or PSA expression, and vice versa. Spearman rank correlation analysis revealed significant positive correlation between mean IHC scores of IRE1α and IL-6 (r = 0.573, p<0.0001), PSA and IL-6 (r = 0.532, p=0.0008) or IRE1α and PSA (r = 0.311, p<0.0001) (Figure 7G). All those results indicated that IRE1α promotes the progression of prostate cancer in an IRE1α-IL-6-AR-positive feedback loop manner.




Figure 7 | IRE1α promotes castration-resistant growth of prostate cancer cells in an IL-6/AR-mediated manner. (A) LNCaP cells with IRE1α overexpression were treated with anti-IL-6 antibodies or transiently transfected with AR siRNA, and C4-2B cells with IRE1α knockdown were treated with anti-IL-6 antibodies or transiently transfected with AR expression vector. MTS assay and colony formation assay were used to detect the effect of IL-6 or AR on IRE1α-induced proliferation of prostate cancer cells. (B, D) MTS assay and colony formation assay of LNCaP cells with IRE1α overexpression, which were treated with anti-IL-6 or transiently transfected with control siRNA or AR siRNA. (C, E) MTS assay and colony formation assay of C4-2B cells with IRE1α knockdown, which were treated with IL-6 or transiently transfected with AR expression vector (AR) and empty vector (EV). (F) Representative prostate cancer samples showing the expression of IRE1α, PSA and IL-6; patient 1, IRE1α high; patient 2, IRE1α low. Scale bar, 200μm. (G) Scatter plot analysis revealed that protein levels of IRE1α, PSA and IL-6 in prostate cancer tissues. Data shown are the mean ± SD from three independent experiments, **P < 0.01; ns, no significance.






Discussion

In this study, we demonstrated that the expression of IRE1α was significantly increased in CRPC tissues and androgen-independent prostate cancer cell lines. Increased IRE1α expression facilitated prostate cancer cell proliferation under the androgen-deficient condition in vivo and in vitro. Mechanistically, IRE1α overexpression activated AR via inducing IL-6 expression. The activation of AR by IL-6 in turn stimulated IRE1α expression. IRE1α formed a positive feedback loop with IL-6 and AR to promote CRPC progression (Figure 8).




Figure 8 | The proposed model illustrates the positive feedback loop between IRE1α, IL-6, and AR in controlling the proliferation of prostate cancer cells.



Ectopic expression of IRE1α has been reported in multiple types of cancer. For instance, Zheng et al. reported that IRE1a protein expression is increased in colorectal cancer (CRC) tissues, and excessive IRE1α expression is associated with reduced overall survival of patients with CRC (19). Liu et al. reported that increased IRE1α expression is observed in HCC tissues and is significantly associated with the poor prognosis of HCC patients (20). Lu et al. found that overexpression of IRE1α promotes the development of resistance in NSCLC cells (21). Consistent with previous research, our study showed that the expression of IRE1α significantly increased in the tissues of prostate cancer, CRPC, and androgen-independent prostate cancer cell lines, suggesting that increased IRE1α expression played a crucial role in CRPC progression. To the best of our knowledge, this study is the first to report the correlation between IRE1α expression and CPRC progression.

IRE1α has been implicated in the regulation of cellular proliferation. The increased expression level of IRE1α has been shown to enhance the proliferation of pancreatic islet and hepatocyte cells (22). Moreover, high expression of IRE1α has been reported to enhance the proliferation of melanoma cells (14). The knockdown of IRE1α significantly inhibited colon cancer cell proliferation in vivo and in vitro (19). The recent studies demonstrated that IRE1α plays an essential role in promoting prostate cancer cell survival, and specific inhibition of the RNase activity of IRE1α can significantly inhibit prostate cancer growth (15). IRE1α has also been shown to enhance prostate cancer cell proliferation through inducing cyclin A1 expression (23). All these data suggested that IRE1α plays a vital role in regulating prostate cancer growth. However, the relationship between IRE1α expression and the CRPC growth remains unclear. The data we presented here showed that IRE1α overexpression enhanced the proliferation ability of prostate cancer cells under the androgen deprivation conditions in vivo and in vitro. Our results strongly suggest that IRE1α may be a potential therapeutic target for CRPC.

Studies have suggested that the reactivation of the androgen receptor (AR) was the primary driver of CRPC progression (3). Several mechanisms have been implicated in the reactivation of AR in CRPC, including AR gene amplification, AR gene mutations, constitutively active AR-splice variants, enhanced co-regulators to the AR, and cytokine-induced AR activation, etc. Among them, cytokine-induced AR activation has received increasing attention in recent years. IL-6 is a well reported cytokine volved in regulating AR activation. IL-6 has been shown to activate AR in a non-ligand-dependent manner (24). Studies have demonstrated that IL-6 activates AR-signaling through mechanisms of enhancing AR-ARE DNA binding activity, promoting AR nuclear translocation, or activating a Stat3 pathway (25). IL-6-induced AR activation has been displayed to play an important role in the transition of the androgen-dependent to the androgen-independent prostate cancer (24). IL-6 has been shown to promote androgen-dependent prostate cancer cell proliferation under low-androgen conditions in vitro and in castrated mice, accompanied by PSA gene expression (26). IRE1α has been shown to induce IL-6 production by activating the transcription factors nuclear factor κB (NF-κB) and activator protein 1 (AP-1). Also, IRE1α-induced XBP1s can directly bind to the promoter of IL-6 and induce IL-6 expression (27). Ectopic expression of IRE1α or XBP1s robustly enhances the expression and secretion of IL-6 in hepatocellular carcinoma and melanoma cells (28). Here, we demonstrated that IRE1α overexpression significantly induced the secretion of IL-6 via the IRE1α/XBP-1s pathway, and IRE1α-induced IL-6 can activate AR in a ligand-independent manner. Our findings may provide a novel mechanism of AR reactivation in prostate cancer.

Previous studies have demonstrated that androgen-induced AR activation can induce UPR-related gene expression (18). Using gene expression profiling strategies, Takehiko et al. found that treatment of prostate cancer cells with androgen leads to ER stress-associated gene expression (29). Also, AR has been demonstrated to directly bind to the regulatory regions of both IRE1α and XBP-1 and regulate their expression in prostate cancer cells. Furthermore, analysis of prostate cancer gene expression datasets showed that there was a significant positive correlation between the expression levels of the AR target gene and IRE1α-related gene expression (30). Here, we revealed that treatment with IL-6 significantly increased the expression of both PSA and IRE1α in wild-type LNCaP cells, and this promoting effect was abolished by AR knockdown. In contrast, the anti-IL-6 antibody significantly decreased the expression of both PSA and IRE1α in wild-type C4-2B, and this suppressive function was restored by AR overexpression. All these indicated that IL-6 promoted IRE1α expression in an AR activity-dependent manner. Here, AR expression regulation was used instead of AR activity regulation because the changes of AR activity were consistent with the trend of the expression level of AR to some extent (31, 32).

Our data showed that IRE1α overexpression activated AR via inducing IL-6 secretion, and the activation of AR by IL-6 in turn promoted IRE1α expression, thus creating the IRE1α/IL-6/AR positive feedback loop. IRE1α overexpression facilitated prostate cancer cell proliferation under the androgen-deficient condition by mediating this positive feedback loop. The role of the IRE1α/IL-6/AR positive feedback loop in controlling castration-resistant growth of prostate cancer cells suggests that this signaling network could be a prognostic indicator and therapeutic target of CRPC. In our prostate cancer patient cohort, we showed that the protein expression of IRE1α, IL-6, and AR correlated in prostate cancer tissues, which may confirm the existence of IRE1α/IL-6/AR positive feedback loop in prostate cancer tissues. Indeed, the effect of IRE1α/IL-6/AR positive feedback loop on CRPC progression required further validation in vivo.

Collectively, our work elucidated the potential interactions between IRE1α, IL-6, and AR activation, which revealed a new molecular mechanism of CRPC progression. Our results also suggest that the IRE1α may be an important predictive biomarker for CRPC and targeting the IRE1α/IL-6/AR loop might be an effective therapeutic strategy against CRPC.
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As is well known that colorectal cancer is the third most common cancer in the world, and radiation treatment plays a vital role in colorectal cancer therapy, but radiation resistance is a significant problem in the treatment of colorectal cancer. As an important member of the non-coding RNA family, long non-coding RNAs (lncRNAs) have been found that it plays a role in the occurrence and progression of colorectal cancer in recent years. However, little is known about the effect of lncRNA on colorectal cancer sensitivity to radiotherapy. We found that lnc-TLCD2-1 was significantly differentially expressed in radiation-tolerant CCL244 cell lines and radiation-sensitive HCT116 cell lines, suggesting that lnc-TLCD2-1 may regulate the radiosensitivity of colorectal cancer, and the relevant underlying mechanism was investigated. Cell clone formation assay, flow cytometry, and cell counting kit 8 (CCK8) were used to detect radiation sensitivity, apoptosis, and proliferation of colorectal cancer cells, respectively; Quantitative real-time PCR and western blot were used to detect the expression of genes; the direct interaction between lnc-TLCD2-1 and hsa-miR-193a-5p was verified by dual luciferase reporter assays; GEPIA, Starbase, TIMER and DAVID were used to complete expression of lnc-TLCD2-1, miR-193a-5p,YY1 and NF-кB-P65 in colorectal cancer, correlation, immune cell infiltration, GO and KEGG enrichment analysis. Clinical prognostic analysis data were obtained from GSE17536 dataset. After radiotherapy for HCT116, the expression of lnc-TLCD2-1 was increased, and the expression of hsa-miR-193a-5p was significantly decreased, while that of CCL244 was the opposite, and the change range of lnc-TLCD2-1 was relatively small. HCT116 with overexpression of lnc-TLCD2-1 after radiation treatment, the number of cell colonies significantly increased, and cell apoptosis decreased compared with the negative control group. The cell colonies and apoptosis of CCL244 with disturbed expression of lnc-TLCD2-1 were opposite to those of HCT116. Lnc-TLCD2-1 can regulate the expression of YY1/NF-кB-P65 by targeting miR-193a-5p. Lnc-TLCD2-1 can promote the proliferation of colorectal cancer. High expression of lnc-TLCD2-1 independently predicted a shorter survival. Lnc-TLCD2-1 is associated with radiation resistance and short survival in colorectal cancer patients. In addition, Lnc-TLCD2-1 can promote the proliferation of colorectal cancer. Our study provides a scientific basis for targeting lnc-TLCD2-1 in colorectal cancer radiation resistance interventions and selection of prognostic biomarker.
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Introduction

Globally, colorectal cancer (CRC) is one of the most common malignant cancers (1), it is second only to lung cancer, liver cancer and stomach cancer. CRC causes about 0.7 million deaths a year, making it the fourth leading cause of cancer death worldwide (2, 3). At present, CRC is the fastest growing cancer in Chinese society (4), which has caused great economic pressure on people’s lives and social development. Radiation therapy can improve the prognosis of patients with CRC, especially for locally advanced CRC patients has more important significance, Unfortunately, one third of patients with CRC show low sensitivity or complete resistance to radiation therapy (5). As an important member of the non-coding RNA family, long non-coding RNAs (lncRNAs) are RNA molecules over 200 nucleotides in length and lack of protein-coding capacity (6). The effect of lncRNA on proliferation, apoptosis, invasion and migration of tumor was mainly studied in the past (7). Currently, there are few reports on the regulation of lncRNAs on radiotherapy sensitivity of CRC. As for lnc-TLCD2-1, its regulation of tumor radiotherapy sensitivity has not been reported so far (The sequence of lnc-TLCD2-1 was provided in Supplementary Data Sheet 1).

There has been a lot of evidence to prove the interaction between lncRNAs and miRNAs, and this is often a negative regulatory relationship (8–10). Yin Yang 1 (YY1) is an evolutionally-conserved C2H2 zinc finger type multidomain transcription factor. Its role in promoting or inhibiting tumor growth is still controversial, and its regulatory role may depend on different cancers and different cell types (11). YY1 can bind to NF-кB-p65 to form a complex and regulate the transcription of genes (12–14). The radiation tolerance of ESCC TE-1 cells is related to the high expression of YY1, which can inhibit the proliferation of esophageal squamous cell carcinoma cells (15). Recent studies have shown that YY1 expression can promote the proliferation of colorectal cancer (16). Meanwhile, in human endometrioid endometrial adenocarcinoma, hsa-miR-193a-5p act directly on YY1 to inhibit its transcription and translation, thereby inhibiting the proliferation and migration of cancer cells (17).So far, there have been no reports on whether lnc-TLCD2-1 can interact with hsa-miR-193a-5p in CRC to regulate YY1/NF-кB-p65 and affect the sensitivity of CRC to radiotherapy.

To explore the influence of lnc-TLCD2-1 on the sensitivity of CRC to radiotherapy and its related mechanism is of far-reaching significance for clinical treatment of CRC and the prognosis of patients.



Materials and Methods


Tissue Specimens

Tumors and paracancerous tissues from 10 patients with CRC were obtained from the Second Affiliated Hospital of Soochow University and stored in liquid nitrogen immediately until use. Each colorectal cancer patient was diagnosed histopathologically by two independent pathologists, and clinicopathological factors in colorectal cancer patients included gender, age, tumor size, TNM stage, lymph node metastasis, and distant metastasis. All CRC patients signed written informed consent, and this work was approved by the research ethics committee of the Second Affiliated Hospital of Soochow University.



Cell Culture

Human colon cancer cell lines (HCT116 and CCL244) were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). These cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific, Waltham, MA, USA) containing 10% fetal bovine serum (FBS, Gibco) and 1% Penicillin-Streptomycin (10,000 IU Pen/ml, 10,000 ug Strep/ml, MP Biomedicals, USA) under humidified atmosphere containing 5% CO2 at 37°C.



Cell Transfection

Small interfering RNA (silnc-TLCD2-1) and overexpressed vector (veclnc-TLCD2-1) targeting lnc-TLCD2-1, miRNA mimic and inhibitor (miR-193a-5p mimic and inhibitor miR-193a-5p) targeting hsa-miR-193a-5p, and the corresponding negative controls (including si-NC, vec-NC, mimic NC and inhibitor NC) were all synthesized by Genepharma (Shanghai, China). We transfected the above oligonucleotides or vectors into CCL244 or HCT116 by lipofectamine 2000 reagent (Invitrogen, USA) in strict accordance with the instructions.



Cell Clone Formation Assay

Mix 1.2% agarose and 2×DMEM medium (containing 2% Penicillin-Streptomycin and 20% FBS) at 1:1, add 1.0 mL to each well of the six-well plate, and let it stand at room temperature until set. Mix 0.7% agarose and 2×DMEM medium (containing 2% Penicillin-Streptomycin and 20% FBS) at 1:1, the cells in logarithmic growth phase were digested with 0.25% trypsin and diluted to 10000/ml. The cell suspension was added to the low concentration agarose solution mentioned above to achieve a final cell concentration of 1000/ml. Next, add 1ml of the mixture to each well in a six-well dish. After the upper agarose solidified, culture at 5%CO2 at 37°C for 2 weeks(add 200ul DMEM (containing 1% Penicillin-Streptomycin and 10% FBS) every 2 days and keep it moist). Each well was stained with 0.005% crystal violet (1ml) for 1h, and the number of communities was calculated with Image-Pro Plus6.0 after photographing.



Quantitative Real-Time Polymerase ChainReaction (qRT -PCR)

We used Trizol Reagent (Invitrogen, USA) to extract the total RNA of cells strictly according to protocal, and the synthesis of complementary DNA (cDNA) was made by using Hifair® II 1st Strand cDNA Synthesis Kit (YEASEN, China) done. As for miRNA, cDNA synthesis was performed using the Takara RNA PCR Kit (Takara, China). Subsequently, quantitative real-time PCR was performed to detect the gene expression, using Hieff® qPCR SYBR Green Master Mix (Low Rox) (YEASEN, China). Relative expression using glyceraldehyde-3-phosphate dehydrogenase (GAPDH)or U6 calibration as a reference gene, then use “2 - Δ Δ CT” method to calculate. The primer sequences used are as follows : GAPDH 5ʹ- GAAGTATGACAACAGCCTCAAGA-3ʹ(forward),5ʹ-TCTTCTGGGTGGCAGTGATG-3ʹ (reverse);U6 5ʹ-AAAATTTCTCACGCCGGTATTC-3ʹ(forward),5ʹ-CCTGCAGACCGTTCGTCAA-3ʹ (reverse); lnc-TLCD2-1 5ʹ- ATTAGAGACACTGGCTGGATT-3ʹ(forward), 5ʹ- AGTAAGAGCAGAAGGATGACT-3ʹ (reverse);NF-кB-P65 5ʹ-TGGAGCAGGCTATCAGTCA-3ʹ(forward), 5ʹ-TCGGTTCACTCGGCAGAT-3ʹ (reverse); YY1 5ʹ-AAGAGCGGCAAGAAGAGTTA-3ʹ(forward), 5ʹ-GAATAATCAGGAGGTGAGTTCTC-3ʹ (reverse); hsa-miR-193a-5p 5ʹ-ACGCTGGGTCTTTGCGG -3ʹ(forward); 5ʹ-TATGGTTGTTCACGACTCCTTCAC -3ʹ (reverse).



Western Blot

The proteins were extracted from the transfected cells using RIPA lysis buffers (Beyotime, Shanghai, China) and then quantified using bicinchoninic acid (BCA) following the manufacturer’s instructions. An equal amount of the extract was separated by electrophoresis with 10% sodium dodecylsulfate polyacrylamide gel and transferred to a nitocellulose membrane. After blocking with 3% non-fat milk for 1 hour, the membrane was incubated with primary antibodies against YY1, NF-кB-P65 and GAPDH and then interacted with secondary antibodies conjugated with horseradish peroxidase. Finally, the immune response signals were observed by enhanced chemiluminescence.



Cell Counting Kit-8 (CCK-8) Assay

Proliferative activity of colon cancer cell lines was measured using CCK-8(Beyotime, Shanghai, China) in a 96-well plate according to standard protocols.HCT116 transfected with vector plasmid and CCL244 transfected with small interfering RNA were transplanted into 96-well plates (1000cells/well), and the cells were incubated at 37°C in 5%CO2 atmosphere for 72 h. After 72 hours, add 10 microliters of CCK-8 reagent to each well, shake gently and mix well, continue to incubate at 37°C in 5%CO2 for 2 hours. The absorbance at 450 nm was measured with a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA) to determine cell viability. Cell viability * (%) =[A(treatment)-A (empty culture)]/[A (Negative control)-A (empty culture)] ×100%.



Flow Cytometry Assay

After the cells were transfected and irradiated, apoptosis was detected using the Annexin V-FITC/PI Apoptosis Assay Kit (BD Biosciences, San Jose, CA, USA) according to the standard protocol. The cells were digested with 0.25% trypsin, and the concentration of the cells to be tested was adjusted to about 5×10^5/ml. 1ml cells were taken, centrifuged at 1000rpm at 4°C for 5 min, and supernatant was discarded. Add 1ml of pre-cooled PBS and gently shake the cells to suspend. The Binding Buffer was diluted 1:3 with sterile deionized water (4 ml Binding Buffer +12 ml sterile deionized water). The cells were resuspend with 250 μl Binding Buffer and the concentration was adjusted to 1×106/ml. Take 100 μl cell suspension into 5 mL flow tube, add 5 μl Annexin V/FITC and 10 μl 20 μg/mL PI solution. Mix well and incubate at room temperature in dark for 15 minutes. Add 400 μl PBS to the reaction tube and analyze by flow cytometry. The blank group and treatment group were set up. The blank control group was negative control without dye treatment, and the treatment group was Annexin V-FITC and PI double staining. Annexin V-FITC and PI positive limits were set in the experimental group according to the negative control group.



Dual-Luciferase Reporter Assay

Partial wild-type (wt) or mutated (mut) DNA sequences of hsa-miR193a-5p binding sites in lnc-TLCD2-1 3’UTR were amplified by PCR. Then, it was cloned into pmirGLO vectors (Promega, Shanghai, China) to obtain lnc-TLCD2-1-wt and lnc-TLCD2-1-mut reporter plasmids. Subsequently, HCT116 and CCL244 were co-transfected with the constructed reporter plasmid and miR-193a-5p mimic or inhibitor, and negative control was set in each group. Cells were collected at 48 h transfection, Dual Luciferase Reporter Gene Assay Kit (YEASEN, Shanghai, China) was used to detect luciferase activity.



PrognoScan

PrognoScan (http://gibk21.bse.kyutech.ac.jp/PrognoScan/index.html) is able to assess the biological relationship between gene expression and clinical prognosis using published cancer gene sequencing data sets (18). It can be used to evaluate potential tumor markers and therapeutic targets. In our study, the survival outcome analysis of the public data set GSE17536 (19) was performed with the help of PrognoScan.



GEPIA

GEPIA (Gene Expression Profiling Interactive Analysis, http://gepia.cancer-pku.cn/index.html) is developed by Zefang Tang, Chenwei Li and Boxi Kang of Zhang Lab, Peking University. It has a wide range of functions, including tumor/normal differential expression analysis, survival prognostic analysis, similar gene detection, correlation analysis and dimensionality reduction analysis based on cancer type or pathological stage (20). Here, we used GEPIA to obtain the top 100 genes most similar to YY1 in colorectal cancer.



DAVID6.8

DAVID (http://david.abcc.ncifcrf.gov/) recently updated is in March 2017, it is an online bioinformatics resources, aiming at the function of a large number of genes or proteins, annotations, it is the full name of The Database for the Annotation, the Visualization and Integrated Discovery (21). We used David to carry out GO and KEGG enrichment analysis on 100 genes including YY1 and its similar genes. GO analysis included three aspects: molecular function, biological process and cellular component; KEGG(Kyoto Encyclopedia of Genes and Genomes) is an enrichment analysis of gene molecular signaling pathways.



TIMER2.0

The full name of the TIMER2.0 (https://cistrome.shinyapps.io/timer/) database is Tumor Immune Estimation Resource, it can be used to query tumor immune, clinical and genomic characteristics (22). In this study, we calculated the correlation between the abundance of 6 kinds of immune cells (B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages and dendritic cells) and the expression level of YY1 in colorectal cancer and rectal cancer by using TIMER.



Statistical Analysis

Statistical data of the three repeated experiments were analyzed by GraphPad Prism 8 software (GraphPad Software Inc., San Diego, CA, USA). One-way ANOVA, two-way ANOVA and Student’s T-test were used to compare the differences between groups. The correlation between lnc-TLCD2-1 and miR-193a-5p was analyzed using Pearson Pearson’s chi-square test. P < 0.05 indicated that the difference was statistically significant.




Results


The Expression of lnc-TLCD2-1 and hsa-miR-193a-5p in CRC Cells Was Changed After Irradiation

We already reported before in HT29 and LOVO, CACO2, CCL244, HCT116, SW480, HCE8693 these seven kinds of colorectal cancer cell lines, CCL244 for the most resistance to radiation, and HCT116 is the most sensitive to radiation (23). To identify potential lncRNAs that regulate the radiosensitivity of CRC cells, we first screened for the aberrantly expressed lncRNAs. Analysis of gene expression levels of CCL244 without and after radiation revealed 905 RNAs with significant differences (log2foldchange>=1, p value<=0.05), meanwhile, there were 606 differentially expressed RNAs inHCT116 (Figure 1A, Supplemental Tables 1 and 2). Figure 1B demonstrated 13 lncRNAs shared by the two types of cells with significantly different expressions. Obviously, among the 13 lncRNAs, lnc-TLCD2-1 showed the largest increase after HCT116 was irradiated. Meanwhile, this molecule was down-regulated after CCL244 was irradiated, but the decrease was not very large. Differentially expressed miRNAs are shown in Figure 1C. Starbase database predicted the interaction of lnc-TLCD2-1 with miRNA and was surprised to find that hsa-miR-193a-5p might be the target of lnc-TLCD2-1 (Figure 1D), this also confirmed the sequencing results, which showed that hsa-miR-193a significantly decreased after HCT116 was irradiated, while that of CCL244 was reversed (Figures 1E, F).




Figure 1 | Difference in RNA expression between CCL244 and HCT116 after irradiation. (A) LncRNAs differentially expressed in CCL244 and HCT116 after 8 Gy radiation exposure. (log2(foldchange)>=1 or log2(foldchange)<=-1, and p value<=0.05 were considered a statistically significant difference). (B) CCL244 and HCT116 co-exist differentially expressed lncRNAs. (C) Six miRNAs with differences were detected. (D) Starbase database predicted the interaction of lnc-TLCD2-1 with miRNA (Score>=0.8). (E) The expression of lnc-TLCD2-1 was significantly changed after radiation. (F) MiR-193a-5p was significantly changed after radiation. (P<=0.05 means statistically significant, **p < 0.01, ****p < 0.0001.)





The Expression of lnc-TLCD2-1 Is Generally Low in CRC, and the High Expression of It Predicts a Short Survival

We used GEPIA to search for differences in the expression of lnc-TLCD2-1 between CRC and normal colorectal tissue. Compared with normal colorectal tissues, the expression of lnc-TLCD2-1 was decreased in CRC tissues (Figure 2A). In addition, lnc-TLCD2-1 was significantly low-expressed in 10 CRC tissues compared with matched normal tissues by qRT-PCR (Figure 2B), this further confirmed the analysis results of the database. Next, we studied the influence of the expression of lnc-TLCD2-1 on the survival and prognosis of CRC patients. The disease-specific survival (DSS) of 88 patients with low expression level was significantly higher than that of 89 patients with high expression level (corrected P value=0.009708, cox P value=0.008965) (Figure 2C). And the Overall Survival (OS) of 87 patients with low expression was significantly higher than that of 90 patients with high expression (corrected P value=0.021897, cox P value=0.016715) (Figure 2D). These results were obtained by our meta-analysis of the prognostic value of genes in the public data set GSE17536 using PrognoScan. This suggests that although the majority of lnc-TLCD2-1 is low-expressed in CRC, once the patients with high expression of lnc-TLCD2-1, the clinical prognosis will be poor.




Figure 2 | The expression of lnc-TLCD2-1 is generally low in CRC, and the high expression of it predicts a short survival. (A) TCGA database revealed low expression of lnc-TLCD2-1 in colorectal cancer (COAD stands for colon cancer, READ stands for rectal cancer). (B) The low expression of lnc-TLCD2-1 in CRC tissues were verified in 10 paired samples by qRT-PCR. (C, D) Disease Specific Survival and Overall survival analysis results were obtained from GSE17536 dataset, high expression of lnc-TLCD2-1 predicts a short survival. (P<=0.05 means statistically significant, *p < 0.05, ***p < 0.001.)





Overexpression of lnc-TLCD2-1 Leads to Radiation Resistance

Lnc-TLCD2-1 expression was higher in CCL244 than in HCT116, so we down-regulated the expression of lnc-TLCD2-1 in CCL244 by transfection with siRNA, and overexpressed the lnc-TLCD2-1 in HCT116 by plasmid transfection. The results from experiments were surprising. Compared with the negative control group, the number of cell colonies in the CCL244-transfected siRNA group decreased with the increase of radiation dose, but it was obvious that the number of cell colonies decreased more sharply when receiving the same dose of radiation than the negative control group (Figure 3A). Compared with the negative control group, the number of cell colonies in the HCT116-transfected veclnc-TLCD2-1 group decreased with the increase of radiation dose (Figure 3B), but it was obvious that the number of cell colonies in the latter group decreased more sharply than that in the former group under the same radiation dose. These illustrated the radiosensitivity of both CCL244 and HCT116 was reversed, with CCL244 becoming significantly more sensitive to radiation and HCT116 becoming radiation-resistant. CCL244 was transfected with silnc-TLCD2-1, and the apoptosis rate of cells was significantly increased after 8Gy irradiation compared with negative control (Figure 3C). However, after lnc-TLCD2-1 was overexpressed IN HCT116, the apoptosis rate was significantly reduced after irradiation (Figure 3D). The above evidence suggested that lnc-TLCD2-1 can cause radiation resistance in CRC.




Figure 3 | The effect of lnc-TLCD2-1 on radiation resistance of CRC was investigated by cell cloning assay and flow cytometry. (A) After inhibition of lnc-TLCD2-1 in CCL244, the number of cells decreased sharply with the increase of radiation intensity. (B) After upregulating the expression of lnc-TLCD2-1 in HCT116, the number of cells decreased with the increase of radiation. (C) Flow cytometry disclosed that the apoptosis rate of CCL244 with interference of lnc-TLCD2-1 was significantly increased after radiation. (D) Flow cytometry revealed that the apoptosis rate of HCT116 with upregulated of lnc-TLCD2-1 was significantly decreased after radiation. (P<=0.05 means statistically significant, ns, no significance, *p < 0.05, ****p < 0.0001.)





lnc-TLCD2-1 Is a Sponge of miR-193a-5p in CRC

In order to further explore the mechanism of lnc-TLCD2-1 leading to radiation resistance of CRC, we experimentally verified the results in Figure 1. The expression of miR-193a-5p was increased after CCL244 transfection with silnc-TLCD2-1 (Figure 4A), while the expression of miR-193a-5p was decreased after HCT116 transfection with veclnc-TLCD2-1 (Figure 4B). According to the binding sites of lnc-TLCD2-1 and miR-193a-5p predicted by Starbase (Figure 4C), we designed the double luciferase reporter gene plasmids. We found that miR-193a-5p mimic significantly reduced the dual luciferase activity of the lnc-TLCD2-1-wt reporter but not lnc-TLCD2-1-mut reporter in HCT116 (Figure 4E). In addition, miR-193a-5p inhibitor obviously improved the dual luciferase activity of the lnc-TLCD2-1-wt reporter but not lnc-TLCD2-1-mut reporter in CCL244 (Figure 4D). Based on the above experimental results, we confirmed that lnc-TLCD2-1 directly interacted with miR-193a-5p and negatively regulated its expression in CRC.




Figure 4 | Lnc-TLCD2-1 is a sponge of miR-193a-5p in CRC. (A) The expression of miR-193a-5p was increased after CCL244 transfection with silnc-TLCD2-1. (B) The expression of miR-193a-5p was decreased after HCT116 transfection with veclnc-TLCD2-1. (C) Binding sites of lnc-TLCD2-1 and miR-193a-5p predicted by Starbase, the mutant sites we constructed were demonstrated. (D) MiR-193a-5p inhibitor obviously improved the dual luciferase activity of the lnc-TLCD2-1-wt reporter but not lnc-TLCD2-1-mut reporter in CCL244. (E) MiR-193a-5p mimic significantly reduced the dual luciferase activity of the lnc-TLCD2-1-wt reporter but not lnc-TLCD2-1-mut reporter in HCT116. (P<=0.05 means statistically significant, *p < 0.05, **p < 0.01).





lnc-TLCD2-1 Regulates YY1/NF-кB-P65 by Targeting miR-193a-5p, and Thus May Regulate the Infiltration Environment of CRC Immune Cells

As mentioned above, we have proved the direct interaction between lnc-TLCD2-1 and hsa-miR-193a-5p, and according to previous reports, hsa-miR-193a-5p regulates the proliferation and metastasis of CRC by interfering with YY1. Meanwhile, it has been reported that NF-кB-P65 and YY1 can form complexes to regulate the transcription of downstream genes (24–27). Therefore, we detected the changes of YY1 and NF-кB-P65 at mRNA level after CCL244 transfection with silnc-TLCD2-1 and HCT116 transfection with veclnc-TLCD2-1. As expected, the mRNA levels of YY1 and NF-кB-P65 decreased in CCL244 (Figures 5A, 6A), whereas the opposite was true in HCT116 (Figures 5B, 6B). For further verification, such changes in YY1 and NF-кB-P65 were indirectly caused by the action of lnc-TLCD2-1 on hsa-miR-193a-5p, we then transfected CCL244 with hsa-miR-193a-5p inhibitor and HCT116 with hsa-miR-193a-5p mimic. As a result, hsa-miR-193a-5p can obviously inhibit the expression of YY1 and NF-кB-P65 in colorectal cancer cells (Figures 5C, D, 6C, D). Both of them were up-regulated by lnc-TLCD2-1 at the protein level (Figures 5E, 6E). Figure 5F disclosed that lnc-TLCD2-1 can promote CRC cell proliferation. Starbase database analyzed the expression of miR-193a-5p,YY1 and NF-кB-P65, and the results showed that the first molecule was low expressed in CRC, while the latter two were both high expressed (Figure 7A). And the results were validated using 10 pairs of clinical samples (Figure 7B). GEPIA showed that the expression of YY1 and NF-кB-P65 in CRC was moderately correlated, which also confirmed that they could form complexes (Figure 7D). The expression of YY1 is significantly correlated with tumor microenvironment infiltration of B cells, CD8+T cells, CD4+T cells, macrophages, neutrophils and dendritic cells, the six immune cells in colorectal cancer (Figure 7C). This suggests that lnc-TLCD2-1 may affect the immune microenvironment of CRC by regulating the expression of YY1, and further affect the clinical prognosis of patients. As mentioned above, we can make it clear that lnc-TLCD2-1 regulates the expression of YY1/NF-кB-P65 by directly targeting hsa-miR-193a-5p.




Figure 5 | Regulation of lnc-TLCD2-1 and hsa-miR-193a-5p on YY1, and the effect of lnc-TLCD2-1 on CRC proliferation. (A) In CCL244, the expression of YY1 decreased after interference of lnc-TLCD2-1. (B) The expression of YY1 increased after overexpression of lnc-TLCD2-1 in HCT116. (C) YY1 was increased after inhibition of miR-193a-5p in CCL244. (D) YY1 was down-regulated after upregulation of miR-193a-5p in HCT116. (E) Western Blot detected the change of YY1 in protein level. (F) CRC proliferation was inhibited or promoted by interfering or upregulating the expression of lnc-TLCD2-1 in CCL244 and HCT116, respectively. (P<=0.05 means statistically significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.)






Figure 6 | Regulation of lnc-TLCD2-1 and hsa-miR-193a-5p on NF-кB-P65. (A) In CCL244, the expression of NF-кB-P65 decreased after interference of lnc-TLCD2-1. (B) The expression of NF-кB-P65 increased after overexpression of lnc-TLCD2-1 in HCT116. (C) NF-кB-P65 was increased after inhibition of miR-193a-5p in CCL244. (D) NF-кB-P65 was down-regulated after upregulation of miR-193a-5p in HCT116. (E) Western Blot detected the change of NF-кB-P65 in protein level. (P<=0.05 means statistically significant, **p < 0.01, ***p < 0.001, ****p < 0.0001.)






Figure 7 | Bioinformatics analysis and clinical sample verification. (A) Starbase demonstrated that miR-193a-5p is dramatically downregulated in CRC, while YY1 and NF-кB-p65 were upregulated in CRC compared with normal colorectal tissues. (B) The expression levels of miR-193a-5p, YY1 and NF-кB-p65 in CRC tissues were verified in 10 paired samples by qRT-PCR. (C) The effect of YY1 on the immune cell infiltration of CRC was investigated by TIMER (COAD stands for colon cancer, READ stands for rectal cancer). (D) The correlation between YY1 and NF-кB-p65 was explored by GEPIA. (P<=0.05 means statistically significant, **p < 0.01, ****p < 0.0001.)





GO and KEGG Enrichment Analysis of Similar Genes Co-Expressing With lnc-TLCD2-1 in CRC

Based on Pearson Correlation Coefficient (PCC)>=0.5 as the selection criteria, GO and KEGG enrichment analysis was performed on the 190 similar genes with co-expression relationship with lnc-TLCD2-1, detailed results of enrichment analysis were given in Supplemental Tables 3–6. Biological Process analysis showed that lnc-TLCD2-1 co-expressed genes were obviously associated with signal transduction, positive regulation of transcription from RNA polymerase II promoter, positive regulation of I-kappaB kinase/NF-kappaB signaling, apoptotic process, small GTPase mediated signal transduction (Figure 8A); Cellular Component analysis showed that the genes were mainly enriched in cytoplasm, cytosol, plasma membrane, extracellular exosome (Figure 8B); Molecular Function enrichment analysis showed that this group genes mainly functions in protein binding, protein complex binding, signal transducer activity and so on (Figure 8C). As for enrichment in the KEGG pathway, mainly in the following: HTLV-I infection, Jak-STAT signaling pathway, regulation of actin cytoskeleton, sphingolipid signaling pathway, hematopoietic cell lineage, inflammatory mediator regulation of TRP channels, chagas disease (American trypanosomiasis), leukocyte transendothelial migration, PI3K-Akt signaling pathway (Figure 8D). What is particularly noteworthy in the above results is that lnc-TLCD2-1 is significantly enriched in the positive regulation of I-kappaB kinase/NF-kappaB signaling, which further confirms the regulation of YY1/NF-кB-P65 by lnc-TLCD2-1.




Figure 8 | GO and KEGG enrichment of lnc-TLCD2-1 with its co-expression genes. (A) Biological Process was mainly enriched in signal transduction, positive regulation of transcription from RNA polymerase II promoter and apoptotic process. (B) Cellular Component was mainly enriched in plasma membrane, membrane, extracellular exosome, cytosol and cytoplasm. (C) Molecular Function analysis indicated that most of co-expression genes were enriched in protein binding. (D) KEGG pathway analysis revealed that HTLV-I infection, PI3K-Akt signaling pathway and Jak-STAT signaling pathway were mainly enriched. (p value<=0.05, Gene number>=5).






Discussion

Colorectal cancer (CRC) is the third most common cancer in the world and accounts for a significant proportion of cancer-related deaths. At the same time, radiation resistance has always been a difficult problem in CRC treatment, especially advanced CRC, and radiation resistance profoundly affects the clinical prognosis of patients with CRC. Therefore, it is of great significance to study the mechanism of radiation resistance in CRC to improve the prognosis of patients. Recent studies have shown that IDO1 inhibition can enhance the radiotherapy effect of CRC (28), miR-145 is a novel therapeutic target for CRC to overcome radiation resistance (29), JAK2/STAT3/CCND2 axis and COASY/PI3K signal mediate radiation resistance of CRC (30, 31). However, little is known about the role of lncRNA in regulating radiosensitivity of CRC. Previous studies on lncRNA mainly focused on the effects of the interaction between lncRNA and microRNA on the proliferation, cell cycle and invasion ability of cancer cells.

To our knowledge, lnc-TLCD2-1 is a recently discovered lncRNA, very little is known about lnc-TLCD2-1, especially in CRC. Our study found significant differences in lnc-TLCD2-1 expression levels between radiation-resistant CCL244 and radiation-sensitive HCT116. After CCL244 was irradiated, the expression of lnc-TLCD2-1 was significantly decreased, while that of HCT116 was significantly increased. It is suggested that lnc-TLCD2-1 may have an important correlation with the radiation sensitivity of CRC. Considering that the basic expression of lnc-TLCD2-1 in CCL244 is much higher than that in HCT116, we then reduced its expression in CCL244 and upregulated it in HCT116, and conducted a comparative experiment. Subsequently, we conducted cell coloning experiments and flow cytometry apoptosis experiments, and it was found that after the overexpression of lnc-TLCD2-1, cell apoptosis was reduced; on the contrary, after the decrease of lnc-TLCD2-1, cell apoptosis was increased. This indicates that lnc-TLCD2-1 can cause radiation resistance of CRC. It seems paradoxical that the level of lnc-TLCD2-1 in radiation-resistant CCL244 is decreased after radiation exposure. We believe that after receiving radiation, there are other regulatory pathways in CRC cells that have an impact on the expression of lnc-TLCD2-1. Our study was conducted to identify the lnc-TLCD2-1 effect on the CRC radiosensitivity, as for the regulation of other pathways is the target of our further research in the future.

At the same time, bioinformatics analysis of lnc-TLCD2-1 was performed to explore the internal mechanism of lnc-TLCD2-1 leading to radiation resistance in CRC. The expression level of lnc-TLCD2-1 in CRC tissues was significantly lower than that in normal tissues. In addition, high expression of lnc-TLCD2-1 predicted shorter Disease Specific Survival and Overall Survival in patients. This might confirm that CRC radiation resistance closer correlations with lnc-TLCD2-1, because patients with radiation resistance will have a worse prognosis and shorter survival.

A growing body of research points to intricate interactions between different RNAs, including protein-coding mRNAs and non-coding RNAs, such as long non-coding RNAs, microRNAs, and circular RNAs. Among them, studies have discovered that lncRNAs can function as endogenous miRNA sponges, suggests that lncRNAs compete with mRNAs for miRNA binding and thus regulate downstream target genes expression. This regulatory network between RNAs has a major impact on the development of disease in humans (32). For example, lncRNA PVT1 regulates hypertrophy through miR-214-mediated expression of TFR1 and TP53 (33). LncRNA SND1-IT1 accelerates proliferative and migratory abilities of osteosarcoma via sponging miRNA-665 to upregulate POU2F1 (34), further affect the clinical prognosis of patients with osteosarcoma. LncRNA MIR497HG targets the miRNA-128-3p/SIRT1 axis to inhibit the proliferation and migration of retinal endothelial cells under high glucose treatment (35). LncRNA CDKN2BAS predicts a poor prognosis in patients with HCC and promotes its metastasis through miR-153-5p/ARHGAP18 signaling axis (36).

We predicted miRNAs interacting with lnc-TLCD2-1 using bioinformatics databases. We were surprised to find that the database predicted a target region between hsa-miR-193a-5p and lnc-TLCD2-1, and at the same time, hsa-miR-193a was significantly decreased in irradiated HCT116 and increased in CCL244.This leads us to speculate that lnc-TLCD2-1 plays a negative regulatory role on hsa-miR-193a. The dual luciferase reporter gene confirmed this prediction. The analysis of gene expression detected by qRT-PCR indicated that lncTLCD2-1 indeed had a negative regulation relationship with miR-193a-5p. The expression of miR-193a-5p was induced after the transfection of lnc-TLCD2-1 siRNA. The expression level of miR-193a-5p was negatively affected after transfection of the overexpression vector of lnc-TLCD2-1.

Transcription factors regulate gene expression, and more and more reports prove that transcription factors play a promoting or inhibiting role in the occurrence and development of cancer or other diseases (37–40). As a common and important transcription factor in mammals (41), YY1 interact with guanine quadruplets to regulate DNA looping and gene expression (42). According to previous literature reports, it has been confirmed that miR-193a-5p down-regulated YY1. According to our experimental results, it was proved that lnc-TLCD2-1 could indirectly promote the expression of YY1 in CRC by targeting miR-193a-5p. In addition, some studies have confirmed that YY1 can promote the proliferation of CRC, and our experimental results demonstrated that lnc-TLCD2-1 can promote the proliferation of CRC. Our study found that the lnc-TLCD2-1/miR-193a-5p axis can regulate NF-кB -p65, which means that lnc-TLCD2-1 regulates YY1/NF-кB -p65 complex by targeting miR-193a-5p, thus regulating the transcription of other genes. Therefore, the effect of lnc-TLCD2-1 on the radiosensitivity of CRC is of far-reaching significance, and its related molecular signaling pathway mechanism may be extremely complex, which needs further exploration in the future. Bioinformatics analysis showed that miR-193a-5p was low expressed in colon cancer, while YY1 and NF-кB -p65 were overexpressed, the results were validated using 10 pairs of clinical samples, and the latter two were moderately correlated in CRC (Pearson, R=0.39), in addition to these, enrichment analysis shows that lnc-TLCD2-1 is associated with positive regulation of NF-KappaB signaling. These are also consistent with our research results. Finally, bioinformatics analysis revealed a significant correlation between YY1 expression and immune cell infiltration in colorectal cancer. It is suggested that lnc-TLCD2-1 may target YY1/NF-кB -p65 axis by miR-193a-5p-targeting to regulate the environment of tumor immunoinvasion in colorectal cancer, then modulate the radiosensitivity of CRC and affect the clinical prognosis of CRC patients.



Conclusion

In conclusion, lnc-TLCD2-1 can induce radiation resistance of CRC, and the possible mechanism is the regulation of YY1/NF-кB -p65 by targeting miR-193a-5p.Lnc-TLCD2-1 promote the proliferation of CRC, and patients with high expression of it have a shorter survival. Our study provides a new potential target for the treatment of CRC, especially radiation-resistant CRC, and lnc-TLCD2-1 can be used as a potential biomarker for prognosis of CRC patients.
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The COVID-19 pandemic emerged as a largely unexplained outbreak of pneumonia cases, in Wuhan City, China and rapidly spread across the world. By 11th March 2020, WHO declared it as a global pandemic. The resulting restrictions, to contain its spread, demanded a momentous change in the lifestyle of the general population as well as cancer patients. This augmented negative effects on the mental health of patients with head and neck cancer (HNC), who already battle with the stress of cancer diagnosis and treatment. The causative agent of COVID-19, SARS-CoV2, gains entry through the Angiotensin converting enzyme 2 (ACE2) receptor, which is a component of the Renin Angiotensin System (RAS). RAS has been shown to influence cancer and stress such that it can have progressive and suppressive effects on both. This review provides an overview of SARS-CoV2, looks at how the RAS provides a mechanistic link between stress, cancer and COVID-19 and the probable activation of the RAS axis that increase stress (anxiogenic) and tumor progression (tumorigenic), when ACE2 is hijacked by SARS-CoV2. The mental health crises brought about by this pandemic have been highlighted in many studies. The emerging links between cancer and stress make it more important than ever before to assess the stress burden of cancer patients and expand the strategies for its management.
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INTRODUCTION

COVID-19 emerged as a largely unexpected and unexplained outbreak of pneumonia cases, in Wuhan City, China and rapidly evolved into an epidemic. In January 2020, WHO named the causative virus as Severe Acute Respiratory Syndrome Corona Virus 2 (SARS-CoV2), previously known as 2019 novel coronavirus (2019-nCOV) and declared the epidemic as a public health emergency of international concern. In February 2020, this outbreak was named as Coronavirus disease 2019 (COVID-19) (Sun et al., 2020; Wang M.Y. et al., 2020). By 11th March 2020 the World Health Organization declared a global pandemic. As of 1st May 2021, there are 150,989,419 confirmed cases and 3,173,576 confirmed deaths globally reported to WHO.

The emergence of COVID-19 pandemic presented an unprecedented global health challenge. Its ability to spread rapidly necessitated tough lockdown restrictions, which spurred uncertainty in all segments of society. Social isolation, physical distancing from loved ones, closure of places of entertainment, job losses, fear of infection, uncertainty about COVID-19 treatment effectiveness are all causes of anxiety in the general population. Mental health and well-being have been and probably will be, adversely affected across all age groups (Galea et al., 2020). A meta-analysis including studies up to May 2020, indicated that 24.4% individuals from the general population suffered psychological distress (Cooke et al., 2020).

Head and Neck Cancer (HNC) patients already suffer emotionally due to the unique set of challenges they face. Significant functional, personal and cosmetic attributes are all affected by disfiguring surgery in the region. The diagnosis itself, debilitating course of the disease, complex treatment plans and functional disability act as psychological stressors that reduce the quality of life for patients with HNC (Iftikhar et al., 2021). Fear of recurrence also weighs heavily on the patient. The COVID-19 outbreak has introduced layers of stress on top of the potentially challenging psychological health of patients with HNC. Cancer has been found to be a contributory factor in 20% of COVID-19 deaths (Kuderer et al., 2020; Ng D.W.L. et al., 2020; Onder et al., 2020; Williamson et al., 2020; Xia et al., 2020; Fung and Babik, 2021). Early studies from the COVID-19 pandemic indicated that 1 in 3 cancer patients suffered from psychological distress, suggesting a higher number in comparison to pre-pandemic studies (Klaassen and Wallis, 2021). This review looks at how the COVID-19 pandemic has amplified stress in cancer patients and how stress, cancer and COVID-19 may interplay, mechanistically, via the Renin Angiotensin System (RAS).

In addition to the burdensome dynamics of a cancer diagnosis and treatment, there are risks of severe complications of COVID-19 infection secondary to compromised immunity due to malignancy or the anticancer treatments. The adaptation and re-organization of traditional health care delivery to minimize risk of SARS-CoV2 infection, has caused significant disruption to the delivery of cancer surgery, chemotherapy and radiation. Some patients were unable to continue their prescribed treatment due to the stringent lockdown measures and its socioeconomic consequences (Gelardi et al., 2020; Ratnasekera et al., 2020). Substitution of face-face consultations by video or phone were also perceived as a barrier to seeking medical advice. Late diagnosis and delays in treatment impact the survival in HNC patients and therefore delays due to the COVID-19 pandemic are anticipated to affect the disease outcome. All of this, along with the recommendation for more intensive shielding, in comparison to the general population, amplified the pre-existing psychological burden of cancer patients (Park et al., 2020; Figure 1).
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FIGURE 1. Summary of the reasons for aggravated psychological stress in cancer patients. Strict lockdown measures, social isolation, delayed consultations, suspension of mainstay treatments, fear of increased vulnerability to COVID-19 and limited access to hospital, increased the psychological stress in cancer patients.


Fear and anxiety in cancer patients during the pandemic has been widely explored (Ng K.Y.Y. et al., 2020; Swainston et al., 2020; Patni et al., 2021). Wang Y. et al. (2020) from China reported that out of 6213 cancer patients, 24.4% had depression, 17.7% had anxiety, 9.3% had post-traumatic stress disorder and 13.5% had hostility. In another study by Wuhan University, 86.5% reported fear of disease progression, 65% reported anxiety and 74.5% reported depression (Chen G. et al., 2020). Romito et al. (2020) from Italy, reported 36% patients of lymphoma with anxiety, 31% with depression and 36% with post-traumatic stress disorder (PTSD), as analyzed through Hospital Anxiety and Depression Scale (HADS-A) and (HADS-D). Increased anxiety, insomnia and depression in breast cancer patients was observed using the HADS, Insomnia Severity Index, Generalized Anxiety Disorder Questionnaire (GAD-7) and Impact of Events Scale Revised (IES-R) (Juanjuan et al., 2020; Massicotte et al., 2021). Another study from China, including 834 patients with breast cancer, showed a prevalence of depression, anxiety and insomnia in 21.6, 15.5 and 14.7% of the cohort, respectively. A study from the US, conducted an online cross-sectional survey to compare the concerns of active cancer patients receiving treatment, to those with cancer history but not receiving treatment, as well as those with no history of cancer. Patients undergoing active treatment showed greater concern about infection from SARS-CoV2. Patients with metastatic disease felt more affected in terms of cancer care compared to patients with non-metastatic disease (50.8% vs. 31.0%, p = 0.02) (Lou E. et al., 2020). A study by Ahn et al. (2020), from South Korea, utilized the Six Item Stress and Anxiety to Viral Epidemics (SAVE) and Coronavirus Anxiety Scale (CAS), to screen the anxiety responses of 221 patients with breast, colorectal and gastroesophageal cancer. The study reported 49.5% patients with anxiety responses to the COVID-19 pandemic (Ahn et al., 2020). Albano et al. (2020) assessed the distress levels in lung cancer patients. Of the 441 patients, 47% showed anxiety scores of indicating a requirement for counseling. The most commonly reported reasons for distress were fear of contracting the virus, delayed testing and isolation (Albano et al., 2020). Chia et al. (2021) from Singapore, identified five themes in patients which were heightened sense of threat, impact on healthcare experience, responsibility falling on oneself, striving for normalcy and sense of safety and trust. The existence of heightened threat to COVID-19 was predominant in patients and was linked to vulnerability to COVID-19 (Chia et al., 2021). Darlington et al. (2021) from United Kingdom, recorded the experiences of parents of children with cancer. The study reported that parents no longer perceived hospital as a safe place, due to the risk of infection and expressed worry about suboptimal cancer care (Darlington et al., 2021). Another study by Younger et al. (2020) assessed the Health-related quality of life (HRQoL) and reported that 72% patients showed satisfaction over quality of care, however, the worry of COVID-19 infection was high and emotional wellbeing was affected in 41% of patients (). Lou S. et al. (2020) investigated the psychological state of HNC patients undergoing radiation therapy during COVID-19, using Symptom Checklist 90 (SCL-90), Self-Rating Depression Scale (SDS) and Self Rating Anxiety Scale (SAS). This study reported that 37.9% patients suffered severe anxiety. The total index scores decreased to 3.4% following internet based psychological intervention (Lou S. et al., 2020). A qualitative analysis by Patni et al. (2021), included 294 patients recently diagnosed with cancer or currently undergoing treatment. Of the 294, 40% had HNC and 22.4% patients indicated a delay in initiating treatment attributing it to coronavirus. In one of the surveys carried out by the Prevention and Integrative Oncology (PRIO) by the German Cancer Society, 53.8% of HNC patients showed high stress levels, expressing social isolation as the main concern (Büntzel et al., 2021).

These studies demonstrate the additive effect of COVID-19 and pre-existing cancer-related anxiety, resulting in amplification of stress in cancer patients. The subsequent sections of this review, give an overview of SARS-CoV2, the presence of its receptor ACE2 (a component of RAS) in the oral tissues, the progressive and suppressive influence of RAS on cancer (tumorigenic and anti-tumorigenic), the progressive and suppressive influence of RAS on stress (anxiogenic and anxiolytic) and finally how do stress, cancer and COVID-19 interplay through RAS, when SARS-CoV2 hijacks the ACE2 receptor.


Overview of SARS-CoV2

The causative agent for COVID-19 is the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV2) which belongs to the family Coronaviridae and order Nidovirales. Coronaviruses are large enveloped, single stranded RNA viruses that can infect humans, bats, pangolins, snakes, mice and cattle (Weiss and Navas-Martin, 2005; Wiersinga et al., 2020). It is believed that the initial mode of transmission for SARS-CoV2 was from animal to human, followed by human-to-human spread. The spread between humans occurs predominantly via respiratory droplets and contact transmission (Liu et al., 2020; Zhang J. et al., 2020). Although not a primary route of transmission, enclosed spaces with improper ventilation, aerosol generating procedures and exposure to an infected person for more than 30 min may favor airborne transmission according to the CDC guidelines (The Lancet Respiratory Medicine, 2020).

SARS-CoV2 entry into the body is mediated by the interaction of the viral spike protein with host cellular receptors. Among the host receptors, Angiotensin Converting Enzyme 2 (ACE2), is an extensively studied and recognized receptor for the entry of SARS-CoV2 (Lan et al., 2020; Sungnak et al., 2020). Later studies also revealed EMPPRIN (CD147/BASIGEN) as an important receptor and route of entry for the SARS-CoV2 virus (Radzikowska et al., 2020; Ulrich and Pillat, 2020; Wang K. et al., 2020). Spike protein on the surface of the SARS-CoV2 is cleaved at the S1/S2 site by the enzyme called Furin. Receptor binding domain (RBD) in the S1 site then binds with the receptor, ACE2, in the host cells. For SARS-CoV2 entry into a host cell, its spike protein needs to be cleaved by cellular protease, TMPRSS2 (transmembrane serine protease 2) at the S2 site, termed spike protein priming that exposes fusion peptides which fuse the cell membrane (Shang et al., 2020). The receptor-virus complex enters the cell, where it replicates, releases its contents and infects other cells (Bestle et al., 2020; Coutard et al., 2020; Hoffmann et al., 2020; Matsuyama et al., 2020; Wan et al., 2020).

Clinical manifestations have been reported to vary according to ethnicity, lifestyle factors, immune and health status (Guan et al., 2020). However, cough and fever were the initial established symptoms caused by the virus. Along with these, loss of taste and smell were later recorded using the self-reported data from the COVID-19 study app (Menni et al., 2020b). A meta-analysis by Tong et al. (2020), on the prevalence of these symptoms in COVID-19 patients reported gustatory and olfactory dysfunction as an early symptom. WHO added loss of taste and smell to the key symptoms of COVID-19 in April and United Kingdom in May (Menni et al., 2020a). Many early case studies reported the oral manifestations of COVID-19 leading to altered taste sensation, oral ulcerations, necrotizing periodontal ulcerative gingivitis, fungal infections and recurrent Herpes Simplex Virus 1 infection (Chaux-Bodard et al., 2020; Sinjari et al., 2020; Dziedzic and Wojtyczka, 2021; Martín Carreras-Presas et al., 2021; Patel and Woolley, 2021). A systematic review of ten thousand COVID-19 cases, found the presence of oral manifestations in 45% cases (Amorim dos Santos et al., 2021). Giacomelli et al. (2020), conducted a cross sectional survey of the patients admitted with SARS-CoV2 and reported taste disorders frequently appeared before serious illness and hospitalization, in most patients.

The expression of ACE2 receptors is found to be higher in Asian compared to African and American people (Batlle et al., 2020). The receptors are found in multiple organs including the heart, vessels, gut, lungs, kidney, testis and brain (Zhang H. et al., 2020). To understand the role of SARS-CoV2 receptors role in the pathogenesis of COVID-19, potential route of entry and infectivity, studies have investigated the expression of SARS-CoV2 receptors in the oral cavity (Huang N. et al., 2020). An early study in 2011, reported ACE2 positive epithelial cells lining the salivary gland ducts of rhesus macaques (Liu et al., 2011). Xu et al. (2020) analyzed bulk RNA sequence data from The Cancer Genome Atlas (TCGA) and Functional Annotation of The Mammalian Genome Cap Analysis of Gene Expression (FANTOM5 CAGE) datasets and reported a high expression of ACE2 in epithelial cells of the oral mucosa. The expression of ACE2 was found to be higher in the tongue than in buccal and gingival tissues. Lymphocytes in the oral mucosa also expressed ACE2 (Xu et al., 2020). Another study, through single cell sequence RNA database analysis, found detectable levels of ACE2 receptors in salivary glands, but lower than those in gastrointestinal tract, kidneys and heart muscles (Chen L. et al., 2020). While examining the expression of RAS components in taste buds of mice, Shigemura et al. (2019), found the presence of renin, angiotensinogen and ACE in the taste buds of circumvallate and fungiform papillae whereas, ACE2 was found in the taste buds of the papillae, as well as the tongue epithelium. Zhong et al. (2020) along with conducting single cell sequence RNA database analysis, also investigated the expression of ACE2 at the protein level, in different anatomical sites in the oral cavity by immunohistochemistry (IHC) and reported a high expression of ACE2 in the buccal mucosa, lip and tongue. This study also reported the expression of Furin in IHC samples of tongue, gingiva and lip (Zhong et al., 2020). A meta-analysis by Lechien et al. (2021) reviewed the data on expression of ACE2 and TMPRSS2 and reported expression in oral, pharyngeal and sino-nasal human mucosa. ACE2 was expressed by basal, apical, goblet, minor salivary and epithelial cells. TMPRSS2 was expressed by goblet and apical respiratory cells. The co-expression of ACE2 and TMPRSS2 was found in the olfactory region (Lechien et al., 2021).




ACE2—THE SARS-CoV2 RECEPTOR: A COMPONENT OF THE RENIN ANGIOTENSIN SYSTEM (RAS)

The entry receptor of SARS-CoV2, ACE2 constitutes the protective limb of the Renin Angiotensin System (RAS). The RAS is classically well known for its physiological and pathological implications in cardiovascular homeostasis and electrolyte balance (Paz Ocaranza et al., 2020). Lately it has also been recognized for its role in the hallmarks of cancer (Wegman-Ostrosky et al., 2015). The RAS system functions through receptors- Angiotensin II Type 1 Receptor (AT1R), Angiotensin II Type 2 Receptor (AT2R), and MasR effectors- Angiotensin II, Angiotensin 1–9 and Angiotensin 1–7 and enzymes—ACE and ACE2. Expression of RAS components has been reported in liver, kidney, brain and the reproductive organs (Hunyady and Catt, 2006). Studies have also reported the presence and functionality of a local RAS in the oral cavity (Nakamura et al., 2011; Santos et al., 2015). Classically, in response to low arterial pressure or reduced sympathetic nervous system activity, the juxtaglomerular cells of the kidneys produce renin (Figure 2). Renin cleaves angiotensinogen, a hormone produced by the liver, into Angiotensin I, which is further converted to Angiotensin II, by Angiotensin Converting Enzyme (ACE). The binding of Angiotensin II to Angiotensin II Type 1 Receptor (AT1R), results in increased aldosterone production (Aguilera, 1992), sympathetic nervous system (SNS) tone (Huang et al., 2014), blood pressure (Iyer et al., 1996), vasoconstriction (Li et al., 1997), Reactive Oxygen Species (ROS) (Yamada et al., 1998) and inflammation (Wolf et al., 2002). Alternatively, the binding of Angiotensin II to Angiotensin II Type 2 Receptor (AT2R), brings about vasodilatation, reduction in blood pressure, fibrosis and inflammation (Paz Ocaranza et al., 2020). ACE2, which forms a protective axis of RAS, cleaves Angiotensin II to Angiotensin 1–7, or Angiotensin 1–9. Angiotensin 1–9 and Angiotensin 1–7 mediate their counter-regulatory and protective effects via binding to AT2R and MasR proto-oncogene, respectively (Paz Ocaranza et al., 2020).
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FIGURE 2. The Renin Angiotensin System (RAS). Reduced blood pressure results in the release of Renin from the kidneys which converts Angiotensinogen to Angiotensin I. Angiotensin I is physiologically inactive and a precursor to Angiotensin II. Angiotensin Converting Enzyme (ACE), produced by the lungs cleaves Angiotensin I to Angiotensin II. The binding of Angiotensin II to Angiotensin receptor Type I (AT1R) results in increased aldosterone secretion, Sympathetic Nervous System (SNS) activation, vasoconstriction, increased blood pressure and inflammation. Its binding to Angiotensin receptor Type II (AT2R) has anti-proliferative effects. Angiotensin II is converted into Angiotensin 1–7 by the enzyme Angiotensin converting enzyme 2 (ACE2) which is secreted by the kidney, lungs, GI tract, testes etc. The angiotensin 1–7/Mas1 receptor complex is considered a protective axis and has anti-hypertensive, anti-proliferative and anti-inflammatory effects.




RAS AND CANCER


Tumorigenic Axis

RAS has been shown to be influential in tumorigenesis through complex interactions with several cell signaling pathways. Paracrine signaling through local RAS components may influence angiogenesis, apoptosis and proliferation (Deshayes and Nahmias, 2005; George et al., 2010; Figure 3). The main effector in tumorigenesis Angiotensin II, is produced when Angiotensin Converting Enzyme (ACE) cleaves Angiotensin I (Riordan, 2003). The binding of Angiotensin II to the Angiotensin Type 1 Receptor (AT1R) leads to an increased expression of vascular endothelial growth factor (VEGF) and epidermal growth factor receptor (EGFR) transactivation (Chua et al., 1998; Yang et al., 2005; Bhola and Grandis, 2008), increased activation of the mammalian target of rapamycin (mTOR) and mitogen-activated protein kinase (MAPK) pathways (Uemura et al., 2005; Li et al., 2016) and increased secretion of transforming growth factor beta 2 (TGFβ 2) (Daemen et al., 1991; Pallasch and Schumacher, 2020). This results in angiogenic, proliferative, anti-apoptotic and invasive tumor characteristics through the RAS. This Angiotensin II- AT1R axis therefore works as a tumorigenic axis (Escobar et al., 2004; Fujita et al., 2005; Ager et al., 2008; Figure 3).
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FIGURE 3. The pro-tumorigenic and anti- tumorigenic axis of the Renin Angiotensin System (RAS). Studies have shown Angiotensin II- AT1R axis signaling to activate EGFR, VEGF, TGF β, MAPK and NFKβ pathways leading to angiogenesis, migration, invasion and proliferation of tumor cells, thus acting as a pro-tumorigenic pathway. ACE2- Angiotensin 1–7- MASR acts as the anti-tumorigenic axis and blocks Ang II- AT1R induced activation of EGFR, VEGF, TGFβ, MAPK pathways.


Suppression of the pro-tumorigenic effects of Angiotensin II-AT1R by AT1R blocker has been demonstrated in many cancers, including oral cancers (George et al., 2010). Hinsley et al. (2017) reported aberrant expression of AT1R in head and neck squamous cell carcinoma (HNSCC) and the ability of Angiotensin II to promote tumor cell invasion. This study also showed that the pro-tumorigenic effects of Angiotensin II were blocked by Angiotensin 1–7 (Hinsley et al., 2017). However, binding to Angiotensin Type 2 Receptor (AT2R) shows mixed evidence with anti-tumorigenic effects in some studies (Li et al., 2009; Kawabata et al., 2012; Du et al., 2013) and pro-tumorigenic in others (De Paepe et al., 2002; Rodrigues-Ferreira and Nahmias, 2015). Matsushima-Otsuka et al. (2018) in a study on oral squamous cell carcinoma reported an increased expression of both AT1R and AT2R as the disease progressed, with a more pronounced nuclear expression of AT2R associated with tumor expression, nodal metastasis and clinical stage.



Anti-Tumorigenic Axis

ACE2, the receptor for entry of SARS-CoV2, plays a protective role by metabolizing Angiotensin II into Angiotensin 1–7 that mediates their anti-tumorigenic effects via binding to MasR (Figure 3). These anti-tumorigenic effects of ACE2/Ang 1–7/MasR axes are through the inhibition of proliferation, angiogenesis, tumor growth and invasion (Feng et al., 2010, 2011; Xu et al., 2017). Studies in various cancers have shown that Angiotensin 1–7 induced inactivation of phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt), MAPK and VEGF signaling pathways (Machado et al., 2000; Benndorf et al., 2003; Gallagher and Tallant, 2004; Cook et al., 2010; Ni et al., 2012; Zhang et al., 2019). A profiling analysis of various cancers by Dai et al. (2020) showed a positive correlation between ACE2 expression and survival prognosis in liver cancer only. Another study using data from The Cancer Genome Atlas, found high levels of ACE2 expression in primary tumors compared to normal adjacent tissue (Winkler, 2020). A bioinformatic analysis by Huang X. et al. (2020) found an association between ACE2 and immune cell infiltration in various cancer tissues. Zhang Z. et al. (2020) also performed a computational analysis of various cancers including head and neck cancers using The Cancer Genome Atlas (TCGA) to investigate the association between expression of ACE2 receptor and oncogenic pathways, tumor phenotype and clinical outcomes. The study reported that ACE2 upregulation was associated with increased anti-tumor immune signatures and was inversely correlated with TGFβ, Wnt/β-catenin, VEGF and Notch signaling pathways. The expression of ACE2 was also inversely correlated to stemness, proliferation and epithelial mesenchymal transition (EMT). Siljee et al. (2020) investigated the expression of RAS components in cancer stem cells of head and neck malignant, metastatic melanoma and found the expression of the pro renin receptor (PRR), ACE and AT2R in all and renin in one of the tissues. ACE2 mRNA expression was reported, but none of the 20 tissues expressed ACE2 protein. Nallaiah et al. (2019) investigated the expression of RAS components in cancer stem cells of the moderately differentiated head and neck cutaneous squamous cell carcinoma. AT2R, AT1R, PRR, and ACE were expressed throughout the tumor microenvironment in all the tumor nests, peritumoral stroma and the microvessels within the tumor nests (Nallaiah et al., 2019). The expression of the RAS components was also reported in cancer stem cells of moderately differentiated squamous cell carcinoma of the lip and buccal mucosa (Featherston et al., 2016; Ram et al., 2017).

Along with ACE2, Sacconi et al. (2020) also investigated the expression of TMPRSS2 in head and neck cancer tissues using the TCGA. The study reported reduced expression of TMPRSS2 in HNC tissues. Reduced TMPRSS2 expression was associated with mutated p53 and HPV negative status of tumors (Sacconi et al., 2020). Another study using TCGA reported increased expression of ACE2 and TMPRSS2 in lung and oral cancer tissues from smokers which may indicate increased susceptibility of smokers to COVID-19 because of the increased expression of binding receptors for SARS-CoV-2, however there is not enough data from immunohistochemistry on patient tissues (Chakladar et al., 2020).




RAS AND HALLMARKS OF STRESS


Anxiogenic Axis

Early evidence shows the link between RAS and psychogenic stress (Gaillard et al., 1981; Ganong, 1993; Figure 4). Social isolation, a consequence of both HNC and the current COVID-19 restrictions, is strongly associated with stress and is considered a risk factor for morbidity (Dickerson et al., 2011). In terms of RAS, a study also reported increased plasma renin in response to the chronic stress induced by living alone (Terock et al., 2017). Human studies investigating the response of RAS to mild acute mental stress also found increased plasma renin (Kosunen et al., 1976; Hamer et al., 2011). Gideon et al. (2020) reported that acute psychosocial stress in the form of Tier Social Stress Test (TSST), increased plasma renin, plasma and salivary aldosterone and salivary cortisol levels.
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FIGURE 4. Anxiogenic and Anxiolytic axes of the Renin Angiotensin System (RAS). Increased psychological stress results in increased circulating levels of Angiotensin II, which can increase the adverse effects of Angiotensin II-/AT1R signaling. Angiotensin II/AT1R has been found to increase CRH and ACTH levels, as well as increase SNS tone and thus act as an anxiogenic axis. ACE2-/Angiotensin 1–7/MasR is found to be anxiolytic by dampening the HPA axis activation in response to stress. CNS-(Central Nervous System, CRH (Corticotropin releasing hormone), ACTH (Adrenocorticotropic hormone), SNS (Sympathetic nervous system), 11β HSD-1 (11 β hydroxysteroid dehydrogenase type 1), 11β HSD-2 (11 β hydroxysteroid dehydrogenase type 2).


Chronic anxiety and stress are translated in the body by increased levels of pituitary and adrenal hormones, as well as catecholamines via the hypothalamus pituitary adrenal axis (HPA) and SNS (Glaser and Kiecolt-Glaser, 2005; Jacobson, 2014). Few studies have reported the direct effects of COVID-19 on the HPA axis, however, a recent study showed HPA to be rich in ACE2 receptors and TMPRSS2 (Chigr et al., 2020). Yang et al. (1996) showed that stress stimulated the circulating levels of angiotensin II. Angiotensin II has been shown to increase fear and anxiety by activating AT1R (Saavedra and Benicky, 2007; Krause et al., 2011; Marvar et al., 2014). Stress also increased the expression of AT1R and AT2R in the adrenal cortex, adrenal medulla and pituitary glands (Armando et al., 2001; Leong et al., 2002). The binding of Angiotensin II to AT1R stimulates the secretion of catecholamines, adrenocorticotropic hormone (ACTH), corticotropin releasing hormone (CRH), and corticosterone by activating the HPA axis and SNS (Ganong et al., 1987; Aguilera et al., 1995; Saavedra et al., 2005). The increased levels of glucocorticoids in response to stress, in turn increase the expression of AT1R by stimulating the GRE in the receptor promotor region (Guo et al., 1995). It was found that blockade of AT1R with AT1R antagonists, inhibited the CRH- induced ACTH and corticosterone (Armando et al., 2001; Raasch et al., 2006), and chronic mild stress (Saavedra and Benicky, 2007; Pratap et al., 2011). The Norwegian HUNT study compared the depressive symptoms of a large population of patients with systemic hypertension taking ACE inhibitors vs. those with untreated hypertension. The results showed depression-reducing effects of ACE inhibitors independent of hypertensive effects (Johansen et al., 2012). These studies show that the Angiotensin II- AT1R axis acts as anxiogenic, such that stress increases the levels of Angiotensin II and its binding with AT1R increases the levels of stress hormones (Figure 4).



Anxiolytic Axis

Whereas studies show an anxiogenic effect of the Angiotensin- AT1R axis, ACE2 has been reported to dampen stress and anxiety related disorders via signaling through the MasR receptor and thus has an anxiolytic activity (Wang et al., 2016; Cahill et al., 2019; Figure 4). Increased levels of ACE2 were found in patients using ACE inhibitors or Angiotensin Receptor Blockers (ARB) (Furuhashi et al., 2015). Over-expression of ACE2 was linked to increased MasR receptors in the amygdala, a region of the brain that controls fear and anxiety (Davis, 1992). Wang et al. (2016), showed that over-expression of ACE2 in mice, was associated with anxiolysis by stimulating the MasR receptors. Wang et al. (2018) also showed that mice over-expressing ACE2 had lower plasma corticosterone levels, blunted HPA axis activation and reduced anxiety-like behavior. Studies have shown that ACE2/Angiotensin 1–7/MasR represents a promising therapeutic target for treatment of anxiety disorders and depression.




HOW DO STRESS, CANCER, AND RAS INTERPLAY WHEN SARS-CoV2 HIJACKS ACE2?

The presence of SARS-CoV2 in the community and merely the thought of being infected, may generate fear and anxiety, the full impact of which may only unfold with the passage of time. The studies referenced above suggest that the COVID-19 pandemic has increased stress levels in the general population, as well as in patients with cancer. However, there might appear to be a dearth of studies aimed specifically at patients with HNC, to understand the effects of stress on disease progression during the COVID-19 pandemic, and any resulting effect on symptoms.

Many studies have shown increased levels of circulating catecholamines and cortisol in HNC (reviewed in Table 1, Iftikhar et al., 2021). In terms of COVID-19, levels of cortisol and HADS score were significantly increased in patients who died of COVID-19 (Ramezani et al., 2020). Studies have also pointed out the possibility of using cortisol levels as biomarkers of serious illness due to COVID-19 (Tan et al., 2020).

SARS-CoV2 uses both the protective and adverse arms of the RAS to its advantage. To gain access into the body, it must bind to the ACE2 receptor. Once it is inside, ACE2 is internalized and becomes downregulated to carry out its protective anti-tumorigenic and anxiolytic functions and as a result there are increased levels of Angiotensin II with increased AngII-AT1R signaling (Figure 5). Since the evidence of ACE2 expression in tumors is mixed, with some studies showing increased expression, while others showing decreased expression, it is easy to speculate that low expression may act as a COVID-19 protective mechanism for cancer patients (Siljee et al., 2020; Winkler, 2020). However, at the same time, conditions with deficient ACE2 already, may pose a greater threat if the available ACE2 also gets hijacked.
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FIGURE 5. The interplay between SARS CoV-2, cancer progression and stress via the Renin Angiotensin System (RAS). Hijacking of ACE2 receptor by SARS-CoV2 may compromise the protective arm of the Renin Angiotensin System (RAS), by creating a deficiency of ACE2. As a result, there is an increased level of Angiotensin II, since it is not cleaved by ACE2 to Angiotensin 1–7 (black cross). This causes an increase in the pro-tumorigenic and anxiogenic- Angiotensin II- AT1R signaling, which increases the stress hormones and activates the oncogenic pathways. These pathways not only progress the tumor but are also used for replication of SARS-CoV2. Again, due to the deficient ACE2, the axis- ACE2/Angiotensin 1–7/MasR cannot counteract the effects of ANGII-AT1R signaling and unable to block the oncogenic pathways (Green cross) as well as the increased levels of stress hormones (blue cross) and (red cross).


To replicate, SARS-CoV2 requires EGFR, PI3K, MAPK, TGFβ and nuclear factor kappa-light-chain-enhancer of activated B cells (NFkβ) pathways (Hemmat et al., 2021), activated by the adverse arm, Angiotensin II- AT1R, which has anxiogenic and pro-tumorigenic effects (Chua et al., 1998; Wolf et al., 2002; Hunyady and Catt, 2006; Bhola and Grandis, 2008). Increased circulating levels of Angiotensin II increase the levels of cortisol and SNS activation. These stress hormones further aid tumor progression and replication of the virus directly, by activating some of the pathways and by increasing the levels of Angiotensin II, leading to the angiotensin II-AT1R signaling (Figure 5).

Stress has always been an unavoidable element in the balance between health and disease. The SARS-CoV2 virus reminds us of the direct and indirect effects of stress on different systems and diseases. Studies have highlighted the role of stress hormones in cancer progression by influencing cell proliferation, angiogenesis, invasion, migration, cell survival, immune dysregulation and DNA damage (Iftikhar et al., 2021). The indirect effects of stress may be seen in the adoption of habits such as increased alcohol consumption and cigarette smoking, which aid cancer progression (Figure 6). Studies have shown that cortisol released by stress-induced HPA axis dysregulation is associated with alcohol misuse (Dunlavey, 2018). Although HNC are considered to be amongst the most stressful cancers and closely associated with alcohol and smoking, surprisingly studies do not highlight stress as a direct or indirect factor in the etiology or progression of HNC.
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FIGURE 6. Direct and indirect effects of stress on tumor progression and COVID-19. Stress hormones have direct effects on cancer progression by increasing angiogenesis, cell proliferation, migration, cell survival and DNA damage. The indirect effects of stress may be seen in the adoption of habits such as increased alcohol consumption and cigarette smoking, which aid cancer progression. The direct effects of stress on COVID-19 are through immune dysregulation, increased Angiotensin II levels and activation of pathways required for SARS-CoV2 replication. The indirect effects involve adoption of unhealthy lifestyle factors such as increased alcohol intake, smoking and altered sleep patterns.


In terms of COVID-19, stress serves to elevate circulating levels of Angiotensin II and aids in the activation of pathways needed for replication and increase in the viral load (Yang et al., 1996). The effects of stressors on the immune system and diminished response to vaccines have also been seen in viral infections (Glaser and Kiecolt-Glaser, 2005). Acute stress has been shown to activate NFkβ (Kuebler et al., 2015). Studies have also shown the stress hormones to activate PI3K and MAPK via cyclic adenosine monophosphate (cAMP), activated protein kinase A (PKA) and exchange factor directly activated by cAMP (EPAC) effector pathways, reviewed in Iftikhar et al. (2021). The indirect effects can lead to the adoption of unhealthy lifestyle with altered sleeping patterns, alcohol misuse and smoking which increase the susceptibility to infection, as well as decrease the effectiveness of vaccines (Glaser and Kiecolt-Glaser, 2005; Figure 6).



CONCLUSION

Deteriorating mental health was already a challenge of the twenty-first century and has now been amplified by the pandemic that has changed the world its people were accustomed to. The adaptation to the new normal has been an additional source of emotional turmoil for the general population but more so for cancer patients who not only had to reset their way of living, but also deal with the disruption in their diagnosis and ongoing treatment. In the last two decades, scientific activity has increased the efforts to determine the effect of stress on cancer progression, but comparatively fewer studies are seen in HNC even though they are considered to be amongst the most stressful cancers due to the anatomical, cosmetic and functional importance of this region. With the pandemic hitting the world and affecting mental health, the need to understand the impact of psychological stress on cancer progression has been underscored.

Through this review we found that fear and anxiety has been/is being widely explored in cancer patients during the pandemic, yet again only a few studies have reported the impact of the pandemic on the mental health of patients with HNC so far. In addition to the direct effects that stress may have on COVID-19 and cancer, it also reminds us of the indirect effects that lead to lifestyle choices which progress COVID-19 and HNC.

In the light of the referenced studies, this review summarized the interaction between RAS and cancer, RAS and stress and presents an insight on how stress, cancer and COVID-19 may interact mechanistically through RAS and facilitate each other’s progression when SARS-CoV2 hijacks ACE2. As a result of this hijacking, the protumorigenic and anxiogenic signaling through Angiotensin II- AT1R is increased, which in turn may lead to the activation of signaling pathways required for SARS-CoV2 replication.

Considering HNC are psychologically very stressful, there is an urgent need to investigate the impact of COVID-19 on stress burden in patients with HNC and expansion of strategies for its management. Furthermore, studies may look at how this increased psychological stress has impacted disease progression and which symptoms have been affected the most. Alongside, in vitro studies are also important to determine if increased levels of stress affect the expression of the entry receptor for SARS-CoV2 in HNC tissues and cells, to establish if stress makes HNC more prone to COVID-19 in addition to its effect on the immune system and lifestyle.
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Esophageal squamous cell carcinoma (ESCC) is one of the most lethal cancers with rapid progression and a high mortality rate. Our previous study demonstrated that DNA polymerase iota (Pol ι) is overexpressed in ESCC tumors and correlates with poor prognosis. However, its role in ESCC proliferation remains obscure. We report here that Pol ι promotes ESCC proliferation and progression through Erk- O-GlcNAc transferase (OGT) regulated Glucose-6-phosphate dehydrogenase (G6PD) overactivation. Cell clonogenic ability was assessed by colony formation assay. Cell proliferation was assessed by EdU incorporation assay. Our transcriptome data was reanalyzed by GSEA and validated by analysis of cellular metabolism, G6PD activity, and cellular NADPH concentration. The level of Pol ι, OGT, G6PD and O-GlcNAcylation in ESCC cells and patient samples were analyzed. The MEK inhibitor PD98059 was applied to confirm OGT expression regulation by the Erk signaling. The G6PD inhibitor polydatin was used to examine the role of G6PD activation in Pol ι promoted proliferation. We found that Pol ι promotes ESCC proliferation. It shunted the glucose flux towards the pentose phosphate pathway (PPP) by activating G6PD through OGT-promoted O-GlcNAcylation. The expression of OGT was positively correlated with Pol ι expression and O-GlcNAcylation. Notably, elevated O-GlcNAcylation was correlated with poor prognosis in ESCC patients. Pol ι was shown to stimulate Erk signaling to enhance OGT expression, and the G6PD inhibitor polydatin attenuated Pol ι induced tumor growth in vitro and in vivo. In conclusion, Pol ι activates G6PD through Erk-OGT-induced O-GlcNAcylation to promote the proliferation and progression of ESCC, supporting the notion that Pol ι is a potential biomarker and therapeutic target of ESCC.
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Introduction

Esophageal cancer is recognized as the sixth leading cause of cancer death worldwide with a poor 5-year survival rate of less than 20% (1, 2). Esophageal squamous cell carcinoma (ESCC) is the predominant form of esophageal cancer in the world (3–5). In China, it ranks the fourth of estimated cancer deaths (6). The survival rate of early-stage ESCC can be greatly improved by surgical treatment. Unfortunately, most ESCC patients were diagnosed at an advanced stage with rapid progression and poor prognosis (7). Thus, it is urgent to understand how ESCC progresses in order to improve its clinical outcomes.

DNA polymerase iota (Pol ι) belongs to the Y-family DNA polymerase and participates in translesion DNA synthesis (TLS) (8). Pol ι (product of the POLI gene) was identified as the second homolog of yeast Rad30 gene in human (9). Although Pol ι is well-recognized for its function of bypassing DNA lesions during replication (8), recent studies suggested that Pol ι is involved in the progression of various types of cancer. Overexpression of Pol ι was found in breast cancer (10, 11), bladder cancer (12), glioma (13), and ESCC (14). Furthermore, elevated Pol ι activates the Erk and JNK signaling pathway, contributing to invasion, metastasis and poor prognosis of ESCC (15, 16). However, whether Pol ι plays a role in ESCC proliferation remains unclear.

One of the main overactivated metabolic pathways during rapid cancer progression is the pentose phosphate pathway (PPP), which regulates the production of the nucleotides structure component ribose-5-phosphate and nicotinamide adenine dinucleotide phosphate (NADPH) (17–19). Activation of the PPP renders tumor cells an advantage for proliferation and development (20–22). Glucose-6-phosphate dehydrogenase (G6PD) serves as a pacemaker of PPP due to its activity to shunt glucose flux to PPP and catalyze the first and rate-limiting step of PPP (17). Mounting evidence indicated that increased glucose flux towards PPP and overactivation of G6PD are common in many cancer types, including clear cell renal cell carcinoma, hepatocellular carcinoma, colorectal cancer, prostate cancer, and ESCC (23–27). It is known that G6PD overactivation in tumor cells is regulated at the transcriptional or posttranslational level (17, 21, 22, 27–29). Recent evidence suggested that OGT promotes O-GlcNAcylation of G6PD, and this process is critical for G6PD activation and tumor progression (30). However, it remains unclear how G6PD and PPP are overactivated in ESCC and whether Pol ι is involved in their regulation.

In this study, Pol ι was found to promote ESCC proliferation, resulting from activated G6PD that redirected glucose flux towards PPP. Mechanistically, we found that Pol ι activates G6PD through Erk-OGT-induced O-GlcNAcylation. This novel finding, along with our previous reports (14–16), indicates that Pol ι is a potential new biomarker and therapeutic target of ESCC.



Materials and Methods


Cell Lines and Cell Culture

Human ESCC cell lines, TE-1 and KYSE-150, were obtained from the Shanghai Cell Bank (Shanghai, China). The stable Pol ι downregulated KYSE-150 cells were previously generated (15). For stable Pol ι overexpression TE-1 cells generation, the human POLI gene was amplified and cloned into the lentivirus vector LV5 (GenePharma, Suzhou, China) for virus production. TE-1 cells were infected with lentivirus containing control plasmid or POLI gene and selected by Puromycin (Sigma-Aldrich, St. Louis, MO, USA). TE-1 cells were cultured in DMEM medium and KYSE-150 cells were cultured in RPMI-1640 medium. All the aforementioned media (Hyclone, Logan, UT, USA) were supplemented with 10% fetal bovine serum (FBS, Clark Bioscience, VA, Richmond, USA). Cells were incubated under standard conditions (5% CO2 and 37°C) in a humidified atmosphere.



Colony Formation Assay

TE-1 and KYSE-150 cells were seeded at a density of 500 or 1,000 cells per well in 6-well plates, respectively. After 7-10 days of incubation under standard conditions, colonies were stained with the Wright-Giemsa staining kit (Nanjing JianCheng Technology, Nanjing, China). Colonies that contain more than 50 cells were counted. In the drug-treated group, cells were exposed to different concentrations of polydatin (Sigma-Aldrich, St.Louis, USA) after being attached overnight.



EdU Cell Proliferation Assay

The EdU incorporation assay of different cell lines was performed using a BeyoClick™ EDU Cell Proliferation Kit with TMB (Beyotime Biotechnology, Shanghai, China) according to the manufacturer’s instructions. In brief, TE-1 and KYSE-150 cells were seeded in 96-well plates at a density of 1,000 cells per well. Cells were incubated with 10 μM EdU for 2 h at 37 °C, followed by fixation with 4% paraformaldehyde and permeabilization with 0.3% Triton X-100. Subsequently, 50 μL of Click reaction buffer containing biotin was added to each well. After incubation for 30 min at room temperature in the dark, Streptavidin-HRP working solution was added and incubated for another 30 min at room temperature. Then, cells were washed three times with PBS. After 5 min developing with the TMB developing buffer, the absorbance was measured at 630 nm using a microplate reader (Thermo Scientific, Rochester, NY, USA).



Cellular Metabolism Rate Assay

Real-time ATP rate assay was performed using the Seahorse Bioscience XFp Analyzer (Agilent, Santa Clara, CA, USA). By measuring extracellular acidification rate (ECAR) and oxygen consumption rate (OCR), the fractions of ATP produced from mitochondrial oxidative phosphorylation and glycolysis can be distinguished. Briefly, 1 × 104 cells were seeded in each well of Seahorse XFp Microplate. After cell attachment, the cultural media was changed by unbuffered assay medium containing 10 mM glucose, 1mM pyruvate, and 2 mM glutamine. Cells were then incubated in a non-CO2 incubator for 60 min at 37 °C. A baseline measurement was first performed, followed by sequential injection of 1.5 μM oligomycin and 0.5 μM each of Rotenone and Antimycin A mixture. Results were analyzed using the Real-Time ATP Rate Assay Report Generator.



G6PD Activity Assay

The G6PD activity was measured using the G6PD Activity Assay Kit (Beyotime Biotechnology). Briefly, 1 × 105 TE-1 and KYSE-150 cells or 10 mg tumor tissues were harvested and lysed with G6PD extracting solution at 4°C. Fifty μL protein sample and 50 μL of the G6PD test solution were successively added to each well of a 96-well plate. After incubating at 37°C for 10 min in the dark, the absorbance was measured at 450 nm using a microplate reader (Thermo Scientific). Protein concentration, determined by the BCA protein quantification kit (Beyotime Biotechnology), was used for normalization.



NADPH Concentration Assay

The NADPH concentration in cells was measured according to the manufacture’s protocol using NADPH Assay Kit (Beyotime Biotechnology). Briefly, 1 × 105 TE-1 and KYSE-150 cells were harvested and lysed with the extracting buffer at 4°C. Then, the protein sample was incubated at 60°C for 30 min to decompose NADP+. Fifty μL protein sample and 50 μL working solution were successively added to each well of a 96-well plate. After incubating at 37°C for 10 min in the dark, 10 μL developing buffer was added into each well and incubated for another 10 min. The absorbance was then measured at 450 nm using a microplate reader (Thermo Scientific). Protein concentration, determined by the BCA protein quantification kit (Beyotime Biotechnology), was used for normalization.



RNA Isolation and Quantitative Real-Time PCR

Total RNA was isolated using TRIzol Reagent (Sigma-Aldrich). The RNA concentrations were determined using the NanoDrop2000 (Thermo Scientific). Total RNA (1 μg) was reverse-transcribed into cDNA in a 20 μL reaction mixture using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific). Quantitative real-time PCR analyses were performed using the StepOne Plus instrument (Applied Biosystems, Rochester, NY, USA). The primers for human POLI, OGT, and ACTB were as follows: POLI, Forward: 5’-ACTTTCTGCGGTGACTGTGT-3’, Reverse: 5’-TACATGGCTTCCCGCATCTC-3’; OGT, Forward: 5’-GCTCACTTGCTTAGGTTGTCTT-3’, Reverse: 5’-GCCGCTCTAGTTCCATTGTG-3’; ACTB, Forward: 5’-CACCATTGGCAATGAGCGGTTCC-3’, Reverse: 5’-GTAGTTTCGTGGATGCCACAGG-3’. Relative POLI and OGT mRNA expression levels were calculated using the 2-ΔCt method and normalized to ACTB expression levels.



Western Blot Analysis

Cells were harvested and lysed with M-PER lysis buffer (Thermo Scientific) containing protease inhibitor cocktail and phosphatase inhibitor cocktail (Beyotime Biotechnology) for 30 min at 4°C. Protein concentration was determined using the BCA protein quantification kit (Beyotime Biotechnology). Equal amounts of the proteins were separated by SurePAGE™ precast gels with a linear gradient between 4%-20% (GenScript, Nanjing, China) and transferred to PVDF membranes (Millipore, Billerica, MA, USA) by eBlot® L1 protein transfer system (GenScript). After blocking with 5% non-fat milk, the membranes were incubated with primary antibodies against β-actin (Beyotime Biotechnology), Pol ι (Proteintech, Rosemont, IL, USA), G6PD (Abcam, Cambridge, MA, USA), OGT (Proteintech), O-GlcNAc (Invitrogen Life Technologies, Carlsbad, CA, USA), Erk and p-Erk (Cell Signaling Technology, Danvers, Massachusetts, USA) at 4°C overnight. After washing with TBST three times, the membranes were incubated with HRP-conjugated anti-mouse or anti-rabbit secondary antibody (MultiSciences, Hangzhou, China). High-sig ECL Western Blotting Substrate (Tanon, Shanghai, China) was applied for band visualization. Images of the protein bands were collected by Tanon-5200 Chemiluminescent Imaging System (Tanon). β-actin expression was served as a loading control.



Immunoprecipitation (IP) Assay

Cells were collected and lysed using RIPA lysis buffer (Beyotime Biotechnology) containing protease inhibitors for 30 min at 4°C. The protein was incubated with anti-G6PD and anti-IgG antibodies at 4°C overnight. Then Protein A/G agarose beads (Abcam) was added to each tube. After incubation again at 4°C for 3 h, the beads were collected by centrifugation at 2,000 x g for 2 min. Subsequently, the beads were washed with IP wash buffer three times, followed by adding 40 μL 2× loading buffer and denaturing at 100°C for 5 min. Western blot was then performed. The anti-O-GlcNAC antibody (RL2, Thermo Scientific) was used to test the O-GlcNAcylation of G6PD.



Dual-Luciferase Reporter Assay

A predicted OGT promoter, -2,000 to +500 bp, was acquired from the NCBI RefSeq database and cloned into the pGL4 plasmid. The pGL4-OGT and pRL-TK were transfected into cells with a ratio of 10:1 for 48 h. Then the OGT promoter activity was examined by Dual-Luciferase Reporter Assay (Promega, Madison, WI, USA). In brief, cells were seeded in 6-well plates at a density of 1 × 105 cells per well and incubated overnight. The pGL4-OGT plasmid was transfected into the corresponding cells using the Lipofectamine 3000 (Invitrogen, USA). Cells were collected and lysed in the 1× Passive Lysis Buffer (PLB, Promega, USA) at ambient temperature for 20 min. 20 μL lysate was transferred into the tube containing 100 μL Luciferase Assay Buffer II (LAR II, Promega). After mixing 3 times, the tube was placed in the GloMax 20/20 Luminous detector (Promega) and recorded the measurement. Then, 100 μL Stop & Glo Reagent (Promega) was added into the same tube and recorded the second measurement. Results of triplicate transfections were combined to evaluate OGT promoter luciferase activity.



Immunohistochemistry (IHC)

Tumor tissues were paraffin-embedded and sectioned. For IHC analysis, the sections were dewaxed, hydrated, and heat-treated using sodium citrate, pH 6.0. Sections were blocked with 5% BSA at 37°C for 1 h, followed by incubation with primary antibody against Pol ι (Abcam), OGT, O-GlcNAcylation at 4°C overnight. After washing with PBS three times, the HRP-conjugated anti-mouse/rabbit secondary antibody was used to incubate the sections for 1 h at 37°C. Sections were developed with a DAB kit (Cwbiotech, Beijing, China). Hematoxylin was used for counterstaining. Then the sections were washed and mounted.

The expression of Pol ι, OGT, and O-GlcNAcylation was scored by two pathologists. The staining density was scored: 1 (<25%), 2 (26%-50%), 3 (51%-75%) and 4 (>75%). The staining intensity was scored: 1 (negative or weakly positive), 2 (positive), and 3 (strongly positive). The final score for each section was calculated by multiplying the scores of the density and intensity.

This study was approved by the Institutional Ethics Committee of Nanjing Medical University. Human samples were obtained from The Affiliated Suzhou Hospital of Nanjing Medical University (Jiangsu, China) with informed consent.



MEK Inhibitor Assay

TE-1 cells were seeded at a density of 1 × 105 cells per well in a 6-well plate. After incubation overnight at 37 °C, cells were treated with different concentrations of PD98059 for 24 h at 37 °C. Then cells extracts were blotted with Erk and p-Erk Antibody.



Xenograft Studies

For the in vivo xenograft study, 6-8 weeks old female BALB/C nude mice were obtained from Shanghai SLAC Laboratory Animal Co. Ltd. (Shanghai, China). 1 × 107 cells suspended in 100 μL normal saline were injected subcutaneously into nude mice at the left groin. The tumor volume was calculated by the 4/3 × π × [(long diameter/2) (short diameter/2)2] formula. When the average tumor size grew up to 300 mm3, the nude mice were divided into three groups (n = 6 for each group). In the treatment group, the mice were intraperitoneally injected with 5 mg/kg polydatin dissolved in normal saline every other day. Mice in untreated groups were administrated with the same volume of normal saline containing DMSO as control. The animal experiment was approved by the Ethics Committee of the Nanjing Medical University.



Statistical Analysis

SPSS 19.0 software (IBM, Chicago, IL, USA) was used for Statistical analysis. All data were presented as mean ± standard deviation (SD). Differences between two groups were evaluated by the Student t-test. Differences among more groups were analyzed by one-way ANOVA. Spearman correlation was used to analyze the correlation between two genes expression. Statistical significance was considered to be a P-value < 0.05.




Results


Pol ι Promotes ESCC Colony Formation and Cell Proliferation In Vitro

To investigate the influence of Pol ι on the proliferation of ESCC cells, Pol ι overexpressed TE-1 cells and downregulated KYSE-150 cells were used in this study. The expression of Pol ι in these cell lines was confirmed by Western blot (Figures 1A, C). We then performed colony formation assay and EdU incorporation assay for these cells. The results of the colony formation assay indicated that Pol ι overexpression strengthened the clonogenic abilities of TE-1 and KYSE-150 cells in comparison with the control group (Figures 1B, D). Similar results were observed in the EdU incorporation assay. As shown in Figure 1E, overexpression of Pol ι enhanced the proliferation of TE-1 cells compared to the control cells (P < 0.01), whereas only half of EdU incorporated in Pol ι downregulated KYSE-150 cells.




Figure 1 | Pol ι promotes ESCC cell proliferation in vitro. (A, C) Differentially expressed Pol ι was confirmed by Western blot analysis in two ESCC cell lines with β-actin level as an internal control. The colony formation assay of TE-1 (B) and KYSE-150 cells (D). (E) The EdU incorporation assay, results of NC or shNC cells were served as control and the results of Pol ι up-or down-regulated cells were presented relative to control. *P < 0.05, **P < 0.01, ***P < 0.001.



Taken together, these results indicated that Pol ι promotes ESCC cell colony formation and proliferation.



Pol ι Induces Metabolic Transition by Enhancing G6PD Activity

To unveil the underlying mechanisms of Pol ι induced proliferation of ESCC cells, Gene Set Enrichment Analysis (GSEA, v4.1.0, MSigDB 7.2) (31, 32) was performed to reanalyze our transcriptome data (15) in Pol ι downregulated KYSE-150 shPol ι cells versus control KYSE-150 shNC cells. As shown in Figure 2A, many upregulated genes were enriched in the oxidative phosphorylation pathway, including subunits of NADH dehydrogenase (DUFA), ubiquinone oxidoreductase and Cytochrome c oxidase (Figure 2B). On the other hand, many downregulated genes were involved in other metabolism pathways, such as glycolysis or lipid metabolism. Of note, O-linked N-acetylglucosamine (GlcNAc) transferase (OGT), the key regulator of G6PD activity, was found to be downregulated in KYSE-150 shPol ι cells (Figure 2B).




Figure 2 | Pol ι induces metabolic transition. (A) RNA transcriptome data was reanalyzed using Gene Set Enrichment Analysis. Genes involved in the oxidative phosphorylation pathway were found enriched in Pol ι downregulated KYSE-150 cells. NES = 2.41, P < 0.001, FDR-q < 0.001. (B) heatmap of differentially expressed genes that participate in cellular metabolism. (C) rate of cellular metabolism tested by Seahorse analyzer using Real-Time ATP rate assay kit. Total ATP production, the sum of ATP generated from oxidative phosphorylation and Glycolysis, was considered 100%. The ATP production of each metabolic pathway was calculated by oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) after serial injection of oligomycin (1.5 μM) and a mix of rotenone and antimycin A (0.5 μM each). Relative G6PD activity (D) and cellular NADPH concentration (E) in Pol ι differentially expressed TE-1 and KYSE-150 cells. **P < 0.01, ***P < 0.001.



We next applied cellular metabolism rate analysis to evaluate whether a metabolic transition was triggered in the wake of Pol ι-knocking down-induced upregulation of oxidative phosphorylation related genes. As expected, KYSE-150 shPol ι cells exhibited higher oxidative phosphorylation capacity, comparing to control cells (Figure 2C). Furthermore, cellular metabolism rate analysis also indicated that oxidative phosphorylation is similar but not reduced in Pol ι upregulated cells comparing with control cells (Figure S1). These results suggested that Pol ι may play a key role in the directional control of glucose flux.

Considering the pivotal role of G6PD, the rate-limiting enzyme of PPP, in glucose flux redirection and cancer cell proliferation, we then assessed its activity in Pol ι differentially expressed ESCC cell lines. As shown in Figure 2D, the enzymatic activity of G6PD was 2.5-fold higher in Pol ι upregulated TE-1 cells than control cells. On the contrary, its activity dropped to around 75% when Pol ι was knocked down in KYSE-150 cells. Of note, in our subsequent studies, we found that the protein level of G6PD did not change (Figure 3B). Consistently, cellular NADPH concentration showed a similar pattern, which jumped to about 150% in TE-1 Pol ι cells while declined approximately 50% in KYSE-150 shPol ι cells (Figure 2E).




Figure 3 | Pol ι activates G6PD through OGT-promoted O-GlcNAcylation. (A) The relative mRNA level of POLI and OGT in Pol ι differentially expressed TE-1 and KYSE-150 cells. (B) the protein level of Pol ι, OGT and G6PD. (C) O-GlcNAcylation of G6PD was detected after G6PD immunoprecipitation in ESCC cells. (D) the promoter of OGT (-2000 to +500 bp) was cloned into pGL-4 vector. The pGL4-OGT and internal control reporter vector pRL-TK were co-transfected into TE-1 and KYSE-150 cells. The relative OGT promoter activity was detected by dual-luciferase reporter assay. (E) Immunohistochemical staining of Pol ι, OGT and protein O-GlcNAcylation in paraffin-embedded ESCC tissues. Scale bar = 100 μm. (F) level of OGT and protein O-GlcNAcylation in ESCC and adjacent tissues based on IHC score. (G) The correlation between Pol ι and OGT, and the correlation between OGT and protein O-GlcNAcylation were evaluated based on IHC score in 114 tumor tissue samples. (H) Survival analysis based on the IHC score of protein O-GlcNAcylation in 114 ESCC samples. Kaplan–Meier survival analysis was applied. *P < 0.05, **P < 0.01, ***P < 0.001.



These results indicated that Pol ι directs the glucose flux to PPP through activation of G6PD.



Pol ι Promotes G6PD O-GlcNAcylation and Overactivation

Since the enzymatic activity of G6PD is tightly regulated by OGT induced O-GlcNAcylation (30) and OGT was found to be downregulated when Pol ι was knocked down in KYSE-150 cells (Figure 2B), we postulated that Pol ι may modulate G6PD activity by regulating OGT expression. As shown in Figures 3A, B, both quantitative RT-PCR and Western blot assay indicated that OGT expression is enhanced in TE-1 Pol ι cells while decreased in KYSE-150 shPol ι cells. Moreover, the protein level of G6PD remained unchanged. Subsequently, we detected the O-GlcNAcylation of immunoprecipitated G6PD using an O-GlcNAcylation antibody RL2. As shown in Figure 3C, overexpression of Pol ι increased and downregulation of Pol ι decreased the O-GlcNAcylation of G6PD, indicating that OGT induced O-GlcNAcylation of G6PD is regulated by Pol ι. We further assessed the OGT promoter activity using dual-luciferase reporter assay and found that the OGT promoter activity is significantly increased in Pol ι overexpressed TE-1 cells and decreased in Pol ι downregulated KYSE-150 cells (Figure 3D).

We also tested the expression of Pol ι, OGT and O-GlcNAcylation in tissues of 114 ESCC patients by IHC. Pol ι and OGT positive staining were mainly found in the cytoplasm, while O-GlcNAcylation positive staining was found in both the nucleus and cytoplasm (Figure 3E). The level of OGT and protein O-GlcNAcylation was significantly higher in tumor tissues than that in adjacent tissues (Figure 3F). The correlation between Pol ι, OGT and O-GlcNAcylation based on their IHC score was further analyzed. As shown in Figure 3G, Pol ι expression was positively correlated with that of OGT (r = 0.48, P < 0.001). Similarly, OGT expression was also positively correlated with the level of O-GlcNAcylation (r = 0.43, P < 0.001). We then applied Kaplan–Meier survival analysis and found that patients harboring a higher level of O-GlcNAcylation exhibit poor prognosis (P = 0.019, Figure 3H).

Taken together, these data showed that Pol ι induces OGT expression to promote G6PD O-GlcNAcylation and activation. Moreover, Elevated O-GlcNAcylation correlates with increased tumor size and poor patient prognosis.



Pol ι Modulates OGT Expression Through the Erk Signaling Pathway

It has been reported that the Erk signaling pathway is responsible for the transcriptional regulation of OGT (33). Therefore, we evaluated the role of Erk in Pol ι regulated OGT transcription. In line with our previous study, overexpression of Pol ι enhances and knockdown of Pol ι diminishes the phosphorylation of Erk (Figure 4A). Subsequently, we used a specific inhibitor PD98059 to inhibit Erk phosphorylation in Pol ι overexpressed TE-1 cell lines. As shown in Figure 4B, PD98059 inhibited Erk phosphorylation in a concentration-dependent manner, and decreased OGT protein expression. Moreover, the inhibited Erk phosphorylation was associated with reduced OGT mRNA expression (Figure 4C) and OGT promoter activity (Figure 4D) in Pol ι overexpressed TE-1 cell lines.




Figure 4 | Pol ι regulates OGT expression through the Erk signaling pathway. (A) Western blot confirmation of Pol ι expression and Erk phosphorylation. (B) PD98059 inhibited Erk phosphorylation and OGT expression in a dose-dependent manner. PD98059 attenuated OGT mRNA expression (C) and promoter activity (D) in TE-1 cells. *P < 0.05, **P < 0.01, ***P < 0.001.



Altogether, these findings indicated that OGT expression is regulated by the Pol ι-Erk signaling cascade.



Inhibition of G6PD Activity Attenuates Pol ι-Induced Cell Proliferation

To further corroborate the role of G6PD activation in Pol ι-induced ESCC proliferation, a known G6PD inhibitor termed polydatin, a natural molecule found in Polygonum cuspidatum, was used to restrain the G6PD activity in Pol ι overexpressed TE-1 cells and wild type KYSE-150 cells. As shown in Figure 5A, we found that the enzymatic activity of G6PD decreases in a concentration-dependent manner in both cell lines once treated with increasing concentrations of polydatin. Similarly, cellular NADPH concentrations were also reduced when higher polydatin concentration was used (Figure 5B). We next assessed the influence of G6PD inactivation on cell proliferation. Results from colony formation assay and EdU Cell Proliferation assay indicated that polydatin treatment significantly reduces ESCC cell proliferation compared with the DMSO treated group (Figures 5C, D).




Figure 5 | The G6PD inhibitor polydatin suppresses ESCC cell proliferation. G6PD activity (A) and cellular NADPH concentration (B) decreased in a dose-dependent manner upon polydatin treatment. ESCC cell proliferation after polydatin treatment was assessed by colony formation assay (C) and EdU incorporation assay (D). *P < 0.05, **P < 0.01, ***P < 0.001.



Thus, it is obvious that G6PD activity is critical to Pol ι-induced proliferation in vitro.



G6PD Inhibition Attenuates Pol ι-Promoted ESCC Cell Proliferation In Vivo

We further tested the role of Pol ι and G6PD activation in ESCC cell proliferation in vivo. The TE-1 NC and TE-1 Pol ι cells were injected subcutaneously into female nude mice. For drug treatment, 5 mg/kg polydatin dissolved in normal saline was injected intraperitoneally every other day after the average tumor size grew up to 300 mm3. Mice in control groups were administrated with the same volume of normal saline. As seen in Figure 6A, forced expression of Pol ι promoted tumor growth in TE-1 Pol ι cells comparing with control TE-1 cells, whereas polydatin treatment significantly suppressed Pol ι-induced proliferation of TE-1 cells. Further enzymatic activity assay confirmed the inhibition of G6PD by polydatin in tumor tissues (Figure 6B). We then performed IHC to verify the expression of OGT and O-GlcNAcylation. As presented in Figure 6C, a concomitant ascending tendency of OGT and O-GlcNAcylation with Pol ι overexpression was evident.




Figure 6 | Pol ι promotes ESCC cell proliferation through G6PD activation in vivo. (A) the tumor volume of xenograft nude mice with different Pol ι expression. Mice were divided into three groups when the average tumor size grew up to 300 mm3. 5 mg/kg polydatin was intraperitoneally injected every other day. Same volume of normal saline was used as control. (B) relative G6PD activity in tumor tissue. (C) hematoxylin and eosin (HE) staining and immunohistochemical staining of Pol ι, OGT and protein O-GlcNAcylation in tumors. **P < 0.01, ***P < 0.001. Scale bar = 100 μm.



These results demonstrated that G6PD activity is vital for Pol ι-promoted ESCC cell proliferation in vivo.




Discussion

Activation of G6PD plays a pivotal role in cancer proliferation and progression. It shunts glucose flux towards PPP to meet the demands for ribose-5-phosphate and NADPH (17, 18). In this study, Pol ι was found to promote ESCC proliferation by activating G6PD. Pol ι activates G6PD through OGT-mediated G6PD O-GlcNAcylation, and inhibition of G6PD activity by the specific inhibitor polydatin attenuates Pol ι-promoted ESCC cell proliferation both in vitro and in vivo. Our findings show that Pol ι plays a critical role in ESCC proliferation and progression.

Several lines of evidence indicate that G6PD is a critical effector in Pol ι-promoted ESCC cell proliferation through redirection of glucose flux. First, results from GSEA and seahorse analyzer demonstrated that in KYSE-150 cells, Pol ι downregulation triggers increased oxidative phosphorylation, which is previously reported to impede glucose metabolism and tumor cell proliferation (18). Furthermore, G6PD activity and cellular NADPH concentration are reduced in KYSE-150 shPol ι cells. These results indicate that after Pol ι downregulation, the glucose flux is oriented towards oxidative phosphorylation due to G6PD deactivation. Second, Pol ι upregulation in TE-1 cells results in enhanced G6PD activity and cellular NADPH concentration, suggesting augmentation of glucose flux into PPP. Third, treatment with polydatin, the specific inhibitor of G6PD (34–36), inhibits Pol ι-promoted ESCC cell proliferation both in vitro and in vivo. These results indicate that G6PD activity is essential for Pol ι-promoted ESCC proliferation.

G6PD overactivation in tumor cells is regulated at the transcriptional or posttranslational level (17, 21, 22, 27–29). As shown in Figure 3B, the expression of G6PD remains unchanged in Pol ι differentially expressed cells, suggesting that posttranslational modification may be responsible for G6PD activation, such as OGT induced O-GlcNAcylation (30). Consistent with this assumption, Pol ι upregulation enhances and Pol ι downregulation attenuates G6PD O-GlcNAcylation in our ESCC model systems. It is known that O-GlcNAcylation activates G6PD through enhancing NADP+ binding to G6PD and promoting the formation of oligomeric G6PD, leading to increased glucose flux towards PPP (30). As a consequence, cell proliferation and tumor progression are enhanced (17, 19, 29, 30). Therefore, our data indicated that G6PD activation by OGT-induced O-GlcNAcylation promotes ESCC proliferation.

OGT promotes protein O-GlcNAcylation (37, 38) and has been found to be upregulated in most cancers including ESCC (39, 40). In the present study, we found that total O-GlcNAcylation level is correlated with OGT expression and poor patient prognosis (R = 0.43, Figures 3F, G). One of the key regulators contributing to OGT overexpression is the hyperactive Erk signaling cascade in cancer (33). The Erk pathway is deregulated in about one-third of human cancers and is one of the key signaling pathways that contribute to cancer proliferation (32). It has been reported that DNA polymerase iota (Pol ι) can interact with p53 (41, 42), which regulates Erk signaling pathway (43–45). Hence, it is possible that Erk signaling pathway is activated by Pol ι via the DNA damage repair system.

Therefore, we postulate that elevated OGT may result from Pol ι overexpression in ESCC (14). Our results indicated that the expression of Pol ι is positively correlated with that of OGT in ESCC cells and patient samples (R = 0.48, Figure 3F). Furthermore, Pol ι coupled Erk signaling enhances the OGT promoter activity which can be suppressed by PD98059, the MEK signaling specific inhibitor (46). There are four MEK activated MAPK cascades that have been defined: Erk 1/2, c-Jun N terminal kinase (JNK), p38 MAPK and Erk5 (47, 48). It is reported that the MEK inhibitor PD98059 has no effect on the activation of JNK (49) and p38 (50). Otherwise, evidence suggested that PD98059 inhibits both Erk 1/2 and Erk 5 pathways (51). However, it is Erk 1/2 but not Erk 5 activated Elk-1 transcriptional activity (52), which was reported to mediate Erk signaling-induced OGT expression (33). Therefore, in our study, PD98059 induced OGT downregulation is mainly due to its inhibitory effect of Erk 1/2 cascade. Hence, our findings demonstrate that Pol ι enhances OGT expression through the Erk signaling cascade.

However, in the context of Pol ι regulation of OGT expression in ESCC cells, there are still some research gaps to be filled. First, the transcriptional factors responsible for Erk-induced OGT expression in ESCC need to be identified. Second, further scrutiny is required to identify glycosylated proteins in addition to G6PD. Future studies will be carried out to fully understand how Pol ι promotes OGT overexpression and protein O-GlcNAcylation.

In conclusion, the results from the present study demonstrate that Pol ι promotes ESCC proliferation through the Erk-OGT cascade-induced G6PD overactivation. This study provides novel insight into ESCC proliferation and progression, indicating that Pol ι is a potential biomarker and therapeutic target of ESCC.
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Background

Radiation pneumonia (RP) is the most common complication of radiotherapy to the thorax and seriously affects the survival rate and quality of life of patients. Radix Salviae Miltiorrhizae (RSM) is an ancient Chinese medicine, whose main pharmacological effect is to promote blood circulation and remove stasis. A growing number of studies have proved that RSM has a good effect on RP. However, the underlying mechanism is still unclear and needs to be fully elucidated.



Methods

The effective components and predictive targets of RSM were analyzed by Traditional Chinese Medicine Systems Pharmacology (TCMSP) database, and the related targets of RP were predicted by GeneCards database. The common targets of the two targets mentioned above were analyzed by protein-protein interaction on the STRING website, GO and KEGG analysis on the DAVID website, visualization by CytoScape3.7.0, and screening for Hubber gene by cytoHubber plug-in.



Results

A search of the TCMSP database revealed that RSM contains 65 chemical constituents and 165 potential protein targets. A total of 2,162 protein targets were found to be associated with RP. The top 10 hub genes were obtained by MCC algorithm for 70 common genes, including TP53, CASP3, MAPK1, JUN, VEGFA, STAT3, PTGS2, IL6, AKT1, and FOS. By analyzing the Gene Ontology, The anti-radiation pneumonia effect of RSM is that it performs molecular functions (protein homodimerization activity) in the nucleus through three biological processes (positive regulation of transcription from RNA polymerase II promoter,Extrinsic apoptotic signaling pathway in absence of ligand and lipopolysaccharide-mediated signaling pathway). Through KEGG analysis, the mechanism of RSM treatment of radiation pneumonia may be through PI3K-Akt, HIF-1, TNF signaling pathways.



Conclusions

Through network pharmacology analysis, we found the possible target genes of RSM on RP and revealed the most likely signaling pathway, providing theoretical basis for further elucidating the potential mechanism of RSM on RP.





Keywords: Radix Salviae Miltiorrhizae, radiation pneumonia, network pharmacology, thoracic neoplasms, traditional Chinese medicine



Introduction

Radiation therapy (RT) has become one of the main treatments for thorax malignancies (1). The lung is a radiation-sensitive organ, so radiation pneumonia (RP) is the most common complication of chest radiotherapy, which limits the dose of tumor target and affects the effect of RT (2). With the advancement of modern radiotherapy equipment and technology (including IGRT, proton, and heavy particle therapy), the survival rate of radiotherapy for thorax tumors continues to increase, and the survival time is prolonged, but the proportion of patients with RP cannot be eliminated and increased year by year. The incidence of asymptomatic radiation pneumonia diagnosed by imaging is as high as 43%, while the incidence of clinically diagnosed symptomatic radiation pneumonia is slightly lower at 5–15% (3). Treatment and prevention of radiation pneumonia are urgently needed. As the exact mechanism of radiation pneumonia is still unclear, high-dose steroid hormone therapy is the main treatment of choice, and serious side effects such as immunosuppression and osteoporosis caused by high-dose hormones have limited their application, and patients treated with corticosteroids alone often relapse. In recent years, many traditional Chinese medicines for Blood Activating Stasis Removing Drugs have obtained good curative effect and research progress in the prevention and treatment of RP (4).

Radix Salvia Miltiorrhizae (RSM, Danshen in Chinese) is one of the oldest traditional Chinese medicines in China, with a history of more than 1,000 years of clinical application (5, 6). RSM has been included in the Chinese Pharmacopoeia since 1963. It is a common blood rheological agent that promotes blood circulation, stops bleeding and stasis, and nourishes and calms the nerves. Modern pharmacological research shows that RSM has the ability to protect vascular endothelial cells, prevent arrhythmia, prevent atherosclerosis, improve microcirculation, protect the heart muscle, inhibit and release platelet aggregation, increase coronary flow, increase the body’s ability to resist hypoxia, and inhibit collagen fibers. It produces and promotes the degradation of fibrin, is anti-inflammatory, promotes anti-lipid peroxidation and scavenging free radicals, as well as protects liver cells and prevents pulmonary fibrosis (7–9). A growing number of studies have pointed out that RSM has a good effect on RP (10–15), but its underlying molecular mechanism is still unclear.

Network pharmacology came into being with the development of genomics, proteomics, and systems biology (16), by mining data on drugs and diseases in public databases, analyzing the active ingredients of drugs and related target genes of diseases, and studying the possible mechanism of action of drugs. Combining modern network pharmacology with traditional Chinese medicine is conducive to revealing the pharmacological effects of Chinese medicine from a complex network of traditional Chinese medicine with multiple components, multiple pathways, and multiple targets (17). In this study, the active ingredients of RSM were screened through the network pharmacology research method, and multiple targets and pathways for the treatment of radiation pneumonia were excavated to provide a reference for elucidating the mechanism of action of RSM.



Materials and Methods

The main research process of this research is shown in the flowchart (Figure 1). First, we searched the active ingredients and putative target of RSM, and at the same time, we searched for the genes related to radiation pneumonia. The intersection of the above genes is used as the common genes for subsequent research. The protein-protein interaction network, hub gene, GO enrichment analysis, and KEGG analysis were analyzed separately.




Figure 1 | Flowchart of the main research process.




RSM Chemical Ingredients and Putative Target

We used the Traditional Chinese Medicine System Pharmacology Database (18) (TCMSP™, http://tcmspw.com/tcmsp.php) to retrieve the effective chemical ingredients of RSM and their putative targets. TCMSP is a systematic pharmacological platform for the study of herbal medicines. Its functions include the identification of the chemical constituents of herbal medicines and their corresponding targets. Absorption, distribution, metabolism, and excretion (ADME) are key processes that need to be considered in screening compounds for TCM. Oral bioavailability (OB) and drug similarity (DL) were the most important pharmacokinetic parameters. OB is the dose and rate at which the active ingredient of a drug enters the human bloodstream by mouth, and DL is used to evaluate the structural similarity between a drug and clinical treatment drugs in the drugbank database. The higher the OB and DL, the more likely it is to be an active ingredient in the drug. On the website, we searched for effective compounds by inputting Chinese pinyin “Danshen” and screened out effective compounds according to the criteria of oral bioavailability (OB) >30% and drug likeness (DL) >0.18, and we found their corresponding target genes.



Genes Related to Radiation Pneumonia

We searched genes related to radiation pneumonia through the Genecards website (GeneCards, https://www.genecards.org/) (19), which is an integrative database that includes genomic, transcriptomic, proteomic, genetic, clinical, and functional information. The current version is 4.12 and includes 13,878 disease genes. Using “radiation pneumonia” as the keyword, we established the disease target database of RP.



Intersection of Drug Target Genes and Disease Target Genes

We used Bioinformatics & Evolutionary Genomics website (http://bioinformatics.psb.ugent.be/webtools/Venn/) to intersect the targets that match the active ingredients of RSM and the targets related to radiation pneumonia. The obtained overlapping genes are the key genes of RSM to act on radiation pneumonia.



Traditional Chinese Medicine, Active Ingredient, Target Genes, Disease Network

We inputted the abovementioned network data on traditional Chinese medicine, active ingredients of traditional Chinese medicine, target genes, and diseases into the software Cytoscape (http://cytoscape.org/, version 3.7.0) to obtain the topological network between them. Cytoscape is an open software platform for visualizing networks of biological pathways and molecular interaction networks, and it has rich plug-in functions.



Protein-Protein Interaction Network and Hub Genes

We used the String website and Cytoscape 3.7.1 software to analyze the key genes and build the network. The String database contains a large number of known or predicted PPI relationships. Cytoscape is a graph-oriented software for the analysis and visualization of genomic networks widely used in network pharmacology research. We uploaded the intersection gene to the String website (http://stringdb.org/, 10th edition) (20), with the restriction that the species selects “Homo sapiens” and the confidence is >0.4. The obtained protein-protein interaction network data were inputted into the software Cytoscape 3.7.0, and the Hub gene was obtained using the plug-in cytoHubber.



Gene Ontology and KEGG Enrichment Analysis

We performed Gene Ontology (GO) enrichment analysis and KEGG signal pathway enrichment analysis of intersection genes through the Database for Annotation, Visualization and Integrated Discovery (DAVID, https://david.ncifcrf.gov/home.jsp, ver. 6.8) (21, 22). GO enrichment mainly analyses the biological process, cellular composition, and molecular function of the target, whereas KEGG (www.kegg.jp/kegg/kegg1.html) enrichment analyzes the potential biological pathways and functions associated with the target. The data were visualized by software R language 3.6.1 and GGplot2 package.




Results


RSM Chemical Ingredients and Putative Targets

We have screened 65 active compounds through the website according to the foregoing criteria. The detailed information are shown in Table 1, and 165 corresponding targets are shown in Table S1. Seven of the 65 compounds obtained had no corresponding target genes, and the final 58 compounds produced 165 putative targets.


Table 1 | The information on the active ingredients of Salvia miltiorrhiza.





Genes Related to Radiation Pneumonia

We used the key word “radiation pneumonia” and screened more than 2,000 genes related to radiation pneumonia through the website (see Table S2 for details).



Traditional Chinese Medicine, Active Ingredient, Target Genes, Disease Network

Through the software cytoscape3.7.0, a topological network between drug, chemical components, targets, and disease is constructed, as shown in Figure 2. The red octagon represents radiation pneumonia, the orange ovals represent the putative targets, the blue triangle represents RSM, and the pale blue rectangles represent the active ingredients. RSM has 58 active ingredients (seven active ingredients are not related to radiation pneumonia) and 70 targets related to radiation pneumonia. There are 358 links between 58 active ingredients and 70 target genes, as shown in Table S3.




Figure 2 | Topological network of Drug, Chemical components, Putative target, Disease. (The red octagon represents the disease, the orange ovals represent the putative targets, the blue triangle represents the drug, and the pale blue rectangles represent the chemical components).





Intersection of Drug Target Genes and Disease Target Genes

In order to clarify the pharmacological role of RSM in RP, as shown in Figure 3 of Venn, we matched the 165 genes predicted by RSM and the 2,162 genes predicted by RP to obtain 70 overlapping genes, which are probably the most critical genes for RSM to act on RP.




Figure 3 | Venn diagram for drug prediction of target genes and disease-related genes.





Protein-Protein Interaction Network and Hub Genes

The string website (STRING, https://string-db.org/) was used to build a network of 70 common genes, with 70 nodes and 903 edges (Figure 4A). By importing the above data into cytoscape3.7.0,and using the CytoHubber plug-in, the MCC algorithm yielded the top 10 hub genes (Figure 4B): TP53, CASP3, MAPK1, JUN, VEGFA, STAT3, PTGS2, IL6, AKT1, and FOS. The top 20 key genes obtained through the Degree algorithm are (Figure 4C) AKT1, TP53, EGFR, IL6, VEGFA, MYC, MAPK1, CASP3, JUN, STAT3, PTGS2, FOS, CCND1, TNF, ERBB2, BCL2L1, MMP9, MAPK14, AR, and CASP9. The above analysis suggests that these genes may be the key genes for RSM to act in RP.




Figure 4 | Protein-protein interaction (PPI) network of 70 common genes. (A) PPI network of common genes, (B) Top 10 hub genes of 70 common genes by MCC algorithm. (C) Top 20 hub genes of 70 common genes with expanded subnetwork.





Gene Ontology and KEGG Enrichment Analysis

We uploaded 70 common genes of RSM and RP to DAVID’s website for GO analysis and KEGG analysis. Enrichment of Gene Oncology (molecular function [MF], biological process [BP], cellular components [CC]) is displayed in Figure 5. The p-values of these GO terms were less than 0.05, including protein homodimerization activity (MF), positive regulation of transcription from RNA polymerase II promoter (BP), extrinsic apoptotic signaling pathway in the absence of ligand (BP) and lipopolysaccharide-mediated signaling pathway (BP), and nucleus (CC).




Figure 5 | Gene Ontology enrichment analysis of common genes. (A) Biological process, (B) cellular component, (C) molecular function.



Additionally, the results of the KEGG Pathway analysis showed that 70 genes were mapped in 50 signal pathways with significant differences (P<0.05), and the top 15 pathways are shown in Figure 6. Among them, 23, 15, and 15 genes were enriched in PI3K/AKT (EGFR, IL4, IL6, MCL1, RELA, MET, TP53, ITGB3, BCL2L1, AKT1, MAPK1, CDKN1A, CCND1, CASP9, GSK3B, BCL2, VEGFA, PIK3CA, MDM2, NOS3, INSR, MYC, IL2), HIF-1 (EGFR, IL6, RELA, ERBB2, EDN1, STAT3, AKT1, MAPK1, CDKN1A, BCL2, VEGFA, IFNG, PIK3CA, NOS3, INSR), and TNF (ICAM1, IL6, TNF, PTGS2, RELA, MMP9, EDN1, NFKBIA, AKT1, FOS, MAPK1, CASP3, MAPK14, JUN, PIK3CA) pathway, respectively. The diagram of the above signaling pathways is shown in Figure 7. These pathways are closely related to cell proliferation, differentiation, apoptosis, and adhesion, so we believe that RSM may improve the occurrence and development of radiation pneumonia through these pathways.




Figure 6 | KEGG pathway analysis for common genes.






Figure 7 | KEGG signaling pathway. (A) PI3K-AKT signaling pathway, (B) HIF-1 signaling pathway, (C) TNF signaling pathway.






Discussion

RP is one of the most challenging clinical complications of radiotherapy for lung malignancies. At present, the molecular mechanism of its pathogenesis mainly has the following points. First, the free radicals produced by radiotherapy can be treated with amphostine. Second, recruit inflammatory cells, which can be treated with the drug celecoxib. Third, cytokines and growth factors, therapeutic drugs TGF-β inhibitors (SM16) are still in basic research. Fourth, angiotensin-converting enzyme inhibitors (ACEI) have a potential role in reducing radiation-induced lung injury. However, the therapeutic effect is not good. The traditional Chinese medicine RSM has been widely used in the treatment of RP in China and many Chinese literature reports have been published, but the mechanism has not been clarified yet.

In our study, we obtained 65 effective compounds of RSM from the database and predicted 165 possible target genes, while we screened out 2,162 genes associated with radioactive pneumonia. By intersections of these genes, we obtained 70 common genes, which may regulate the pharmacological effects of these genes on radiation pneumonia. By establishing the network between drugs, effective compounds, target genes, and diseases (Figure 2), we were surprised to find that 50 active components of RP act on the target gene PTGS2, while the active component MOL000006 luteolin acts on 43 target genes simultaneously.

The full name of PTGS2 is prostaglandin peroxidase 2, also known as cyclooxygenase-2 (cox-2), which is a key enzyme in prostaglandin biosynthesis and has the dual function of dioxygenase and peroxidase. The expression of PTGS2 is positively correlated with the production of ROS and inflammatory signals in tissues, and inhibiting cox-2 can reduce inflammatory symptoms (23). The most studied cox-2 inhibitor, Celecoxib, has been shown to reduce the toxicity of radiation to the lungs (24). The possible mechanism by which this leads to radiation protection is activation of PTEN and inactivation of AKT (25). Luteolin is an active flavonoid compound with anti-oxidative, anti-inflammatory, and anti-fibrotic properties, which also alleviates collagen deposition, TGF-β1 expression, and lung fibrosis (26). Luteolin acts on hepatic stellate cells to anti-fibrosis via AKT/mTOR/p70S6K and TGFβ/Smad signaling pathways (27).

PTGS2 and Luteolin are only the tip of the iceberg in the mechanism of resistance of RSM against RP, and its efficacy must be the result of multi-target and multi-pathway action. In order to further reveal the mechanism, we uploaded the obtained 70 common genes to the STRING website to obtain their PPI network, and we obtained the hub genes through two algorithms (MMC and Degree), which were displayed in multiple ways (Figure 4).

Activation of the STAT3 pathway may play an important role in the pathogenesis of radiation lung injury. The protective effect of delayed treatment of WP1066 suggests that the STAT3 signal may be a therapeutic target for RP (28). Clarithromycin can prevent radiation pneumonia by PTGS2, TNF-antigen, TNF receptor 1, NF-B, vcam-1, and MMP9 (29). Interleukin 6 (IL6) has been reported as a risk factor for RP and contributes to the development of RP (30). FOS plays an important role in the radiation resistance mechanism of malignant glioma and may be a potential new target for the treatment of malignant glioma (31). Many of the above genes play an important role in radiation resistance, some have been reported in RP, and some have not been published yet, which suggests that we should carry out relevant research and could find potential key genes related to RP in them.

In addition, to further understand the interaction between these common genes, we enriched their GO function and analyzed their KEGG pathway. Through our research, we found that RSM may regulate protein homodimerization activity via positive regulation of transcription from RNA polymerase II promoter, extrinsic apoptotic signaling pathway in the absence of ligand- and lipopolysaccharide-mediated signaling pathway, and response to cytokine in the nucleus to anti-radiation pneumonia. Many proteins need to function as homologous dimers; affecting the activity of protein homologous dimer will lead to the loss of its function (32). The repair mechanism of DNA double-strand break includes homologous recombination and non-homologous end joining (33). The change of protein homodimerization activity must lead to the resistance or sensitivity of cells to radiation. Although not experimentally confirmed, there is reason to believe that RSM may improve the body’s ability to repair radiation damage through homologous recombination.

Through KEGG analysis, multiple signaling pathways may be the underlying mechanism. Figure 7 shows the three pathways and highlights some of the 70 genes in common. PI3K-AKT, HIF, and TNF signaling pathways have all been reported in radiation pneumonia. Tang Y et al. reported that severe radiation pneumonia was associated with genetic variation in the PI3K/AKT pathway in patients with lung cancer after radiotherapy (34). Study of Toullec, A et al. has shown that loss of HIF in intestinal endothelial cells can reduce the severity of radiation enteritis, but similar loss of intestinal epithelial cells cannot (35). Loss of HIF-1α does not have a beneficial effect on lung injury in mice during stereotactic radiotherapy (36). Zhang, M et al. demonstrated the selective protective effect of TNF-α pathway inhibition on radiation lung injury by gene knockout and antisense oligonucleotide (ASO) silencing of TNF-α in mice model of lung metastasis of colon cancer (37). Multiple target genes of RSM are enriched in the three pathways mentioned above, and the roles of these pathways are mainly focused on cell survival, cell cycle progression, cell proliferation, angiogenesis, DNA repair, reducing oxygen consumption, regulating proliferation and apoptosis, and synthesis of inflammatory mediators. The complexity of its functions exactly reflects the multi-component, multi-target, and multi-pathway pharmacological mechanism of RSM. The above analysis points out the direction of our further research.

Our study had several limitations. First of all, more Chinese medicine target gene databases and more comprehensive disease prediction databases are needed to make the combined analysis results more reliable. The second is that generic databases and analytics alone are not enough to clarify the actual mechanism. Our results need to be further validated in cell and animal models. The comprehensive understanding of RSM and RP depends on the common development of multi-disciplines.



Conclusion

By means of network pharmacology, our study predicted the effective components of RSM and explored the underlying mechanism of the potential anti-RP effect most likely to focus on luteolin and be used as a PTSG2 target. Through the analysis of specific signaling pathways, we believe that RSM may pass through the main PI3K-AKT, HIF-1, and TNF signaling pathways. The mechanism of resistance to radiation pneumonia is the direct or indirect synergistic effect of multiple targets and multiple pathways, rather than the result of single target and single pathway. This study revealed the potential mechanism of RSM resistance to radiation pneumonia in theory, but further experimental verification is needed to clarify its true internal mechanism.
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Long noncoding RNAs (lncRNAs) were identified rapidly due to their important role in many biological processes and human diseases including cancer. 1α,25-dihydroxyvitamin D3 [1α,25(OH)2D3] and its analogues are widely applied as preventative and therapeutic anticancer agents. However, the expression profile of lncRNAs regulated by 1α,25(OH)2D3 in ovarian cancer remains to be clarified. In the present study, we found 606 lncRNAs and 102 mRNAs that showed differential expression (DE) based on microarray data. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis indicated that the DE genes were mainly enriched in TGF-β, MAPK, Ras, PI3K-Akt, and Hippo signaling pathways, as well as the vitamin D-related pathway. We further assessed the potential lncRNAs that linked vitamin D signaling with EMT, and lncBCAS1-4_1 was identified in the first time. Moreover, we found that the most upregulated lncBCAS1-4_1 showed 75% same transcripts with CYP24A1 (metabolic enzyme of 1α,25(OH)2D3). Finally, the lncBCAS1-4_1 gain-of-function cell model was established, which demonstrated that the knockdown of lncBCAS1-4_1 inhibited the proliferation and migration of ovarian cancer cells. Furthermore, lncBCAS1-4_1 could resist the antitumor effect of 1α,25(OH)2D3, which was associated with upregulated ZEB1. These data provide new evidences that lncRNAs served as a target for the antitumor effect of 1α,25(OH)2D3.




Keywords: vitamin D, long noncoding RNAs, transcriptome, lncRNA-mRNA network, EMT, lncBCAS1-4_1



Introduction

Ovarian cancer is the leading cause of death caused by gynecologic malignancies (1). Despite the significant medical advances during the past decades, the 5-year survival rate of ovarian cancer is lower than 50% (2). Long noncoding RNAs (lncRNAs), with transcripts more than 200 nucleotides in length, were suggested to play fundamental roles in the development of tumor (3), due to the fact that lncRNAs may exhibit tumor suppressive or promoting functions through the regulation of transcription, translation, protein modification, and the formation of RNA–protein or protein–protein complexes (4). Therefore, lncRNAs are possible candidates of cancer biomarkers and/or therapeutic targets (5). Recently, 13 published papers investigated the expression of lncRNA in normal ovaries, ovarian cysts, and benign and malignant ovarian cancer (6–18), suggesting the important role of lncRNAs in ovarian cancer development and chemotherapeutic survival outcomes of patients. Thus, it is important to explore the potential of lncRNAs as a therapeutic target of ovarian cancer.

Accumulating evidences supported the role of vitamin D in reducing cancer risk and improving prognosis. The active metabolite of vitamin D, 1α,25 dihydroxyvitamin D3 [1α,25(OH)2D3], has been demonstrated to have an anticancer effect by inhibiting proliferation, inflammation, invasion, metastasis, and angiogenesis. In addition, 1α,25(OH)2D3 could promote apoptosis and differentiation (19, 20) through mitogen-activated protein kinase (MAPK), NF-κB, and PI3K−Akt-dependent signaling pathways (21–23). These findings indicate that 1α,25(OH)2D3 may play an important role in the control of cancer by mediating protein-coding genes. In addition, one and two reports studied vitamin D receptor (VDR)-regulated lncRNAs profiling in skin cancer and breast cancer, respectively (24–26). However, it is not clear which lncRNAs are regulated by 1α,25(OH)2D3 in ovarian cancer.

In the present study, the lncRNA and mRNA networks were constructed using microarray data, which were used to explore the profile of lncRNA in 1α,25(OH)2D3-treated human ovarian cancer SKOV3 cells comprehensively. Moreover, the potential lncRNAs that linked vitamin D signaling with EMT were analyzed, and lncBCAS1-4_1 was identified. Besides, the effect of lncBCAS1-4_1 on the proliferation and migration in 1α,25(OH)2D3-treated ovarian cancer cells was investigated.



Materials and Methods


Microarray Expression Profiling

SKOV3 cells were treated with 1α,25(OH)2D3 (100 nmol/L) or vehicle (the same concentration of ethanol) for 72 h. Total RNA was extracted with a TRIzol reagent (Thermo Fisher Scientific, Scotts Valley, CA, USA) and quantified using NanoDrop™ ND-2000 (Thermo Fisher Scientific). After RNA integrity was assessed using an Agilent Bioanalyzer 2100 (Agilent Technologies, CA, USA), sample labeling, microarray hybridization, and washing were performed based on the manufacturer’s standard protocols (OE Biotech Company, Shanghai, Design ID: 076500). Briefly, total RNA was transcribed to double-stranded cDNA and then synthesized into cRNA, which was labeled with Cyanine-3-CTP. The labeled cRNAs were hybridized onto the microarray. After washing, the arrays were scanned by the Agilent Scanner G2505C (Agilent Technologies).



Differentially Expressed Gene Analysis

Limma (Version 3.8) package in R software was used to identify the differently expressed mRNAs (DE-mRNAs) and -lncRNAs (DE-lncRNAs) with a threshold of |log2 (fold change [FC])| > 2.0 and a false discovery rate [FDR (adjusted p-value)] < 0.05. The heatmap and volcano were constructed by the gplots package in R software.



Functional Enrichment Analysis

To reveal the functions of DE genes, the Enricher database was used to conduct Gene Ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses (27). The GO terms comprised of the following three divisions: biological process (BP), cellular component (CC), and molecular function (MF). A significance level of p < 0.05 was set as the cutoff criterion, and the plots were constructed by the gplots package in R software.

A PPI network of DE mRNAs was constructed using STRING 11.0 (http://string-db.org), with a combined score > 0.9 as the cutoff value. Significant modules in the PPI network were identified using MCODE 1.5.1 (a Cytoscape software plug-in).



Construction of the lncRNA-mRNA Co-Expression Modules

The lncRNAs and mRNAs co-expression modules were further selected using Pearson correlation analysis. The lncRNA–mRNA pairs with a correlation coefficient > 0.9 and p < 0.05 were used for bidirectional clustering.



Enrichment of EMT Signal Pathway in Ovarian Cancer Cells Treated With 1α,25(OH)2D3

Here, 200 EMT-related genes were downloaded from the Molecular Signature Database v7.1 (MSigDB) (http://www.broad.mit.edu/gsea/msigdb/). To identify the EMT pathway involved in 1α,25(OH)2D3-treated ovarian cancer cells, risk signature was used in Gene Set Enrichment Analysis (GSEA), and p < 0.05 and FDR > 2 were considered as statistically significant.



Quantitative Real-Time PCR

Reverse transcription reactions consisted of 1 μg RNA and 2 μL of 5xPrimerScript RT Master Mix (TaKaRa, Japan) with a total volume of 10 μL. The primer sequences of RNA are shown in Table 1. Reactions were performed in a C100 PCR System (Bio-Rad, Hercules, CA, USA) for 15 min at 37°C. GAPDH was used as the internal control. The qPCR was performed using the SYBR Green (Roche, Basel, Switzerland) dye detection method on the ABI 7500 PCR instrument (Applied Biosystem, Foster City, CA, USA) under default conditions: 95°C for 10 s, 40 cycles of 95°C for 5 s, and 55°C for 30 s. The relative gene expression levels were analyzed by the 2-ΔΔCt method, where ΔCt = Ct(target) – Ct(GAPDH).


Table 1 | Primer sequences for PCR.





Construction of lncBCAS1-4_1 Loss/Gain Cell Model

Overexpression adenoviruses (OE) as well as control adenoviruses (empty vector, EV) of lncBCAS1-4_1 were purchased from GeneChem Corporation (Shanghai, China). The knockdown lncBCAS1-4_1 was produced by siRNA interference. Scramble control and silncBCAS1-4_1 were purchased from RiboBio Co., Ltd (Guangzhou, China) and transfected using riboFECT™ CP (Guangzhou, China) according to the manufacturer’s instructions. All oligonucleotide sequences are listed in Table 2.


Table 2 | Target sequences of siRNA.





Cell Proliferation Assay

Cell colony formation and the CCK-8 counting were used to assay cell proliferation, respectively. Briefly, 3×104 OVCAR8 or 2.5×104 SKOV3 cells were seeded onto 60-mm culture plates and transfected by adenoviruses or siRNAs for 72 h. After the cells were treated with 1α,25(OH)2D3 (100 nmol/L) or ethanol for 48 h, they were fixed with 75% alcohol and stained with 0.3% methyl violet for 20 min at room temperature. Then the colonies were dissolved by glacial acetic acid, and the absorbance value (AU) was detected at 585 nm with a microplate reader (Filter Max F5, Molecular Devices, CA, USA). The cell proliferation ratio was calculated as (AUtreatment group – AUblank group)/(AUcontrol group – AUblank group). All experiments were performed in triplicate.

According to the manufacturer’s instructions, approximately, 3×103 OVCAR8 or 2.5×103 SKOV3 cells per well were plated in triplicate into 96-well plates and treated with 1α,25(OH)2D3 for 48 h. The control group was treated with ethanol. At each of the desired time points, 10 μL of the CCK-8 solution was added and incubated for 1 h at 37°C, followed by measurement of absorbance at 450 and 630 nm with a microplate reader for quantifying the relative cell density. Cell viability was calculated as: (AU 450-treatment group – AU630-treatment group)/(AU450-control group – AU630-blank group). All experiments were performed in triplicate.



Cell Migration Assay

The cell migration was assessed using a wound healing assay. Cells were plated into a 6-well plate with FBS-free media for 12 h. Afterwards, cells cultured in the bottom of the well were scratched using a pipette tip to create a wound area. After 24 and 48 h, wounds (three images each well) were imaged under a microscope (40, CKX41F, Olympus, Tokyo, Japan) to detect the width of the gaps. Wound healing assay data are displayed as the migration index (%), which is calculated by the formula [(initial width) - (final width)]/(initial width). Values were normalized by the control group. Data points in the figure represent three independent experiments.



Statistical Analysis

All microarray statistical data were analyzed in the R environment (R version: 3.6.3). Wilcoxon/Mann–Whitney test was used to analyze continuous variables, and Fisher’s exact test or chi-square test was used to analyze the categorical data. Experimental data were performed using GraphPad Prism 8 (GraphPad Software Inc., La Jolla, CA, USA). Quantitative data were presented as the mean ± standard deviation (SD). Statistical data were analyzed using an unpaired Student’s t-test. For all statistical analyses, a p-value less than 0.05 was regarded as statistically significant.




Results


Identification of Differentially Expressed lncRNA and mRNAs in 1α,25(OH)2D3 treated SKOV3 Cells

To identify the differentially expressed (DE) mRNAs and lncRNAs in human ovarian cancer cells, SKOV3 cells were treated with 1α,25(OH)2D3 or vehicle to obtain lncRNA and mRNA expression profiles by microarray analysis (GSE 173633). Compared with control cells, 606 lncRNAs were dysregulated (fold change > 2.0, p < 0.05) in 1α,25(OH)2D3-treated SKOV3 cells, in which 381 lncRNAs were upregulated and 225 lncRNAs were downregulated. lnc-BCAS1-4_1 was the most upregulated lncRNA, with a 257.77-fold change (Figure 1A, B). In addition, among 102 dysregulated mRNAs, there were 81 upregulated mRNAs and 21 downregulated mRNAs. Interestingly, the most upregulated mRNA transcript was CYP24A1, the metabolic enzyme of 1α,25(OH)2D3, and the fold change was 1653.22 (Figures 1C, D).




Figure 1 | Distributions of differentially expressed genes in ovarian cancer cells treated with 1α,25((OH)2D3. The ascending normalized expression level in the heatmaps is colored from blue to red. Red means gene upregulation, blue indicates downregulation, and white means normal expression. Furthermore, each column represents a sample, and each row represents a differentially expressed gene. (A) The volcanoes of 606 DE lncRNAs; (B) the heatmaps of DE-lncRNAs; (C) the volcanoes of 102 DE-mRNAs; (D) the heatmaps of DE-mRNAs; (E) the validation of DE-lncRNAs by quantitative RT-PCR; and (F) the expressions of most-regulated lncBCAS-1_4-1 and CYP24A1 in SKOV3 and OVCAR8 treated by 1α,25(OH)2D3. *p < 0.05, **p < 0.01, ****p < 0.0001, NS, not significant.



To further validate the findings of the microarray analysis results, five dysregulated lncRNAs were confirmed using quantitative RT-PCR. lnc-BCAS1-4_1 and lnc-RWDD4-5_1 were selected as target lncRNAs with the most upregulated/downregulated expression. Lnc-ZNF599-3_6 was selected for its potential function of trans-regulating, and the other two (lnc-MBOAT1-4_2 and lnc-KRT7-2_2) were randomly selected. Consistently, their expressions from quantitative RT-PCR results were similar with those of the microarray analysis (Figure 1E). Similarly, the transcriptional levels of lncRNABCAS1-4_1 and CYP24A1 were indeed dramatically increased after 1α,25(OH)2D3 treatment (Figure 1F). We searched with BLAST and found that lncBCAS1-4_1 showed 75% same transcripts with CYP24A1 (Supplementary Data Figure S1). Interestingly, the fold change is more remarkable in SKOV3 cells, which might be linked with the lower background of lncBCAS1-4_1 in SKOV3 cells (Figure 1F), indicating that the expression of lncBCAS1-4_1 could have influence on the efficacy of 1α,25(OH)2D3.



Vitamin D-Regulated lncRNA–mRNA Network in Ovarian Cancer Cells

To explore the potential responsible mechanism of cancer cells for 1α,25(OH)2D3, KEGG pathway analysis was performed on the DE genes. The results indicated that DE mRNAs were mainly enriched in TGF-β, regulating pluripotency of stem cells, and Hippo signaling pathways (Figure 2A). The hub genes with a degree connectivity in PPI network were enriched in insulin-like growth factor 1 (IGF1), which is known to induce cell proliferation (28), TGF-β2 (29), insulin-like growth factor-binding protein 3 (IGFBP3) (28), and COL1A1 (30), which are closely associated with the vitamin D endocrine system (Figure 2B). Then, we identified a top 5 lncRNAs–mRNAs networks including 5 lncRNAs and 140 mapped mRNAs (Figure 2C and Supplementary Data Table S1). GO enrichment analysis and subpathway analysis showed that “phagocytosis”, “cytoplastic side of plasma membrane”, and “growth factor activity” were significantly related to this module (Figure 2D). KEGG analysis for 140 mRNA from top 5 lncRNA–mRNAs networks revealed that cancer-related pathways were enriched in this network, e.g., Ras, MAPK, TGF-β, Rap1, and PI3K-Akt signaling pathway (Figure 2E).




Figure 2 | Function analysis of DE-RNAs. (A) The KEGG pathways from total DE-mRNAs, mean enrichment of genes in different pathways. The y-axis represents the pathways, and the x-axis represents enriched gene numbers; the color means adjusted p-value; the most important pathways. (B) The most significant hub genes identified by protein–protein interaction (PPI). (C) Vitamin D-regulated lncRNA–mRNA network including top 5 lncRNAs and 140 mapped mRNAs. The red nodes represent top 5 differentially expression lncRNAs, and the blue nodes represent mapped mRNA. (D) GO analysis contains the biological process (BP), cellular component (CC), and molecular function (MF). The x-axis represents the gene ratio, and the y-axis represents GO terms. The size of the circle indicates the gene count, and the color means adjusted p-value. (E) The KEGG pathways from top 5 lncRNA regulated-DE mRNAs. The y-axis represents the pathways, and the x-axis represents enriched gene numbers; the color means adjust p-value.





Construction of the lncBCAS-1_4-1 as a Core of EMT Signal Pathway in 1α,25(OH)2D3 Treated Ovarian Cancer Cells

Next, we selected the most dysregulated lncRNA, lncBCAS1-4_1, to construct the lncRNA–mRNA network, and 83 mapped mRNAs were involved to explore the function of this module (Figure 3A and Supplementary Data Table S2). GO analysis showed that “epithelial cell proliferation”, “collagen-containing extracellular matrix”, and “growth factor activity” were highly enriched in this network (Figure 3B). KEGG analysis also revealed that these genes mainly enriched in TGF-β, regulating pluripotency stem cells, MAPK, Ras, and Hippo signaling pathways (Figure 3C). Because the TGF-β signaling pathway repeatedly occurred, the EMT-related genes were applied to identify the significant pathway associated with 1α,25(OH)2D3; as shown in Figure 3D. The EMT pathway was significantly activated in this network (Figure 3D).




Figure 3 | Function analysis of lncBCAS1-4_1. (A) lncBCAS1-4_1-mRNA networks. The red nodes represent top differentiated expression lncBCAS1-4_1, and the blue nodes represent mapped mRNA. (B) GO analysis contains the biological process (BP), cellular component (CC), and molecular function (MF). The x-axis represents the gene ratio, and the y-axis represents GO terms. The size of the circle indicates the gene count, and the color means adjusted p-value. (C) The KEGG pathways from lncBCAS1-4_1 regulated DE-mRNAs. The y-axis represents the pathway, and the x-axis represents enriched gene numbers; the color means adjust p-value. (D) Gene set enrichment analysis for EMT-related lncRNA signature in 1α,25(OH)2D3-treated SKOV3 cells.





The Role lncBCAS-1_4-1 on Proliferation and Migration of Ovarian Cancer Cells

To validate the function of lncBCAS-1_4-1, SKOV3 cells were used to build up lncBCAS1-4_1 gain-of-function cell models (Figure 4A), while OVCAR8 cells were used to build up lncBCAS1-4_1 loss-of-function cell models (Figure 4B). The results of CCK8 (Figure 4C) and platting efficiency (Figure 4D) assay showed that overexpressed lncBCAS1-4_1 promoted proliferation, while knockdown of lncBCAS1-4_1 inhibited proliferation. Similarly, we found that the gain of lncBCAS1-4_1 increased migration, and the loss of lncBCAS1-4_1 decreased cell migration (Figure 4E). We then detected the expression of mRNAs associated with the EMT signaling pathway. The result demonstrated that overexpression of lncBCAS1-4_1 significantly upregulated the EMT mesenchymal marker including N-cadherin and Vimentin, as well as the EMT-related transcriptional factor (ZEB1) (Figure 4F).




Figure 4 | Effect of lncBCAS1-4_1 on proliferation and migration in ovarian cancer cells. (A) Compared with empty vector control cells (EV), the expression of lncBCAS1-4_1 was upregulated in SKOV3 cells transfected by adenovirus (OE) for 72 h. (B) The level of lncBCAS1-4_1 was downregulated in OVCAR8 cells transfected by siRNA (sh-lncBCAS1-4_001 and sh-lncBCAS1-4_003) for 72 h, compared to scramble control. (C) The cell viability was detected by CCK-8 after cells were transfected for 72 h. (D) The proliferation activity was detected by colony formation assay after the cells were transfected for 72 h. (E) The migration capacity was measured by wound healing assay after the cells were transfected for 72 h. (F) The mRNA levels of EMT-related genes were determined using RT-PCR. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.





The Inhibition of 1α,25(OH)2D3 on Proliferation and Migration of Ovarian Cancer Cells Is Disrupted by lncBCAS-1_4-1

To ascertain the impact of lncBCAS1-4_1 on the antitumor action of vitamin D, ovarian cancer cells treated with 1α,25(OH)2D3 were interfered or overexpressed by the siRNA or adenovirus vector of lncBCAS1-4_1, respectively. As expected, the knockdown of lncBCAS1-4_1 significantly enhanced the 1α,25(OH)2D3 mediated antitumor effect, while overexpressed lncBCAS1-4_1 resisted the antitumor effect of 1α,25(OH)2D3 in vitro (Figures 5A–C). The results from Figure 5D showed that the expressions of Vimentin, ZEB1, and Twist1 were significantly reduced by 1α,25(OH)2D3 as compared to mock-vehicle negative control. However, the reduced ZEB1 levels in overexpressed lncBCAS1-4_1 SKOV3 cells were increased after treatment with 1α,25(OH)2D3. Taken together, these data indicated that the overexpression of lncBCAS1-4_1 significantly resisted the antitumor effect of 1α,25(OH)2D3, which was associated with upregulating ZEB1.




Figure 5 | Effect of lncBCAS1-4_1 on proliferation and migration in ovarian cancer cells treated with 1α,25(OH)2D3. (A) The cell viability was detected by CCK-8 after lncBCAs1-4-gain SKOV3 and -loss OVCAR8 cells treated with 1α,25(OH)2D3 for 48 h. (B) The proliferation activity was detected by colony formation assay, after lncBCAs1-4-gain SKOV3 and -loss OVCAR8 cells treated with 1α,25(OH)2D3 for 48 h. (C) The migration capacity was measured by wound healing assay, after lncBCAs1-4-gain SKOV3 and -loss OVCAR8 cells treated with 1α,25(OH)2D3 for 48 h. (D) The mRNA levels of EMT-related genes were measured using RT-PCR. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.






Discussion

Previous reports demonstrated that 1α,25(OH)2D3 could regulate some protein-coding genes (31–33). Three studies showed that VDR regulated lncRNA profiling in skin and breast cancer (24–26). However, to date, there was no study investigating whether 1α,25(OH)2D3 could affect the expression pattern of lncRNAs in ovarian cancer. In the present study, 606 differentially expressed lncRNAs were dysregulated in 1α,25(OH)2D3-treated SKOV3 cells, in which 381 lncRNAs were upregulated and 225 lncRNAs were downregulated.

For DE-lncRNAs, we predicted their functions by clustering correlated mRNA and corresponding signaling pathways. Several DE-lncRNAs are closely associated with tumor development and progression, notably the Ras, MAPK, TGF-β, Rap1, PI3K-Akt, regulating pluripotency stem cells, and Hippo signaling pathways. It has been widely reported that 1α,25(OH)2D3 could inhibit TGF-β-induced EMT (19–26, 31–46) due to the fact that 1α,25(OH)2D3 inhibits β-catenin transcriptional activity by promoting VDR binding to β-catenin and inducing E-cadherin expression. Zerr et al. demonstrated that VDR was a negative regulator of the TGF-β/SMAD signaling pathway (47). 1α,25(OH)2D3 has inhibitory effect on cancer development through regulating MAPK and PI3K−Akt signaling pathways (21–23). In addition, there are also many lncRNAs that are predicted to be associated with the classic function of vitamin D by regulating glutathione metabolism, osteoclast differentiation, and cholesterol metabolism in this study. In a word, 1α,25(OH)2D3 dysregulated lncRNAs are likely to participate in some predicted tumor associated progression or some classical function of vitamin D. These associations are supposed to provide new orientations to explore the role of lncRNAs in tumor therapy and to improve vitamin D deficiency-related diseases.

The co-expression/regulatory networks of lncRNAs-mRNAs indicated that “TGF-β signaling pathway”, “epithelial cell proliferation”, and “Hippo signaling pathway” were significantly involved in 1α,25(OH)2D3 treated cancer cells. Up to date, there are lots of reports about how coding genes or non-coding genes to regulate EMT progress or EMT associated genes and transcription factors (48–51). Moreover, 1α,25(OH)2D3 was reported to have the effect on inhibiting the progression of EMT (31). Our results also showed that EMT signaling pathway was significantly activated in 1α,25(OH)2D3 treated ovarian cancer cells. It is plausible that these lncRNAs could mediate the EMT process by vitamin D signaling pathway, which supports our hypothesis that 1α,25(OH)2D3 has inhibitory effects on ovarian cancer cells by regulating lncRNA expression patterns.

In the present study, the most upregulated lncRNA was lncBCAS1-4_1, which has the closest relationship with the mRNA transcript of CYP24A1, because their 75% transcripts are the same. CYP24A1 is the gene coding the metabolic enzyme of 1α,25(OH)2D3, resulting in the loss of physiological activity by 1α,25(OH)2D3 (34). In vitro and in vivo studies also showed that CYP24A1 has been deemed as a candidate oncogene in many cancers, such as ovarian cancer (35), colorectal cancer (36, 37), prostate cancer (38), lung cancer (39), breast cancer (40), thyroid cancer (41), and so on. Moreover, a recent study showed that the upregulation of CYP24A1 and PFDN4 as well as nearby lncRNAs may be used as the potential diagnostic biomarker in colorectal cancer (52). Interestingly, it has been reported that mice with CYP24A1 knockout exhibited a fourfold reduction in thyroid tumor growth compared with wild-type CYP24A1 mice. They found that this phenotype was associated with the repression of the MAPK, PI3K/Akt, and TGFβ signaling pathways, and a loss of EMT in CYP24A1 knockout cells was also associated with the downregulation of genes involved in EMT, tumor invasion, and metastasis (53). Furthermore, functional analysis revealed that the TGF-β pathway was associated with lncBCAS1-4_1. Based on the 75% similarity with CYP24A1 and the relationship between CYP24A1 and EMT, as well as the key role of TGF-β in the EMT process, we focused on the link of lncBCAS1-4_1 and EMT. For the lncBCAS1-4_1 loss/gain cell model, the oncogenic role of lncBCAS1-4_1 was validated in vitro, and the overexpression of lncBCAS1-4_1 significantly resisted the antitumor effect of 1α,25(OH)2D3, which was associated with upregulated ZEB1. Thus, it was worthy to reveal the molecular mechanism of EMT-related lncRNAs in cancer and to demonstrate that lncBCAS1-4_1 can be a potential therapeutic target for patients.

Additionally, we also found that the most downregulated lncRNA (lnc-RWDD4-5_1) and IGFBP3 mRNAs were negatively correlated. After treatment with 1α,25(OH)2D3, the expression of lnc-RWDD4-5_1 was dramatically decreased, while that of IGFBP3 was increased (2.2-fold change). The most hub gene in the PPI network was IGF1, which can bind to IGFBP3. IGF1 and its binding proteins can promote cellular proliferation and inhibit apoptosis. In vitro studies showed that IGF1 increased ovarian cell growth and invasive potential (42). It is well documented that high IGF1 levels are significantly associated with early-stage cancer, nonserous histology, and optimal cytoreduction in epithelial ovarian cancers (43–45). Considerably, it is noteworthy that the most downregulated lncRNA (lnc-RWDD4-5_1) has a potential relationship with the hub gene (IGF1). However, the potential molecular mechanisms needed to be further verified.

There are also a couple of limitations to this study. Firstly, although the SKOV3 cell line is a useful model of ovarian cancer cells, it could not be used to predict the performance of 1α,25(OH)2D3 in actual tumors. And the action of 1α,25(OH)2D3 refers to different sets of genes in different cell lines (54–56). Secondly, the expressions of lncRNAs and mRNAs were analyzed by ovarian cancer cells, and further testing of these in the tumor tissues of patients is needed. Thirdly, the relationships among noncoding RNAs, mRNAs, and proteins need to be further investigated using bioinformatic prediction to understand their full function. Nevertheless, this is the first study of lncRNA expression patterns regulated by 1α,25(OH)2D3 in an ovarian cancer cell model, providing important basic data to support future work.



Conclusions

In summary, we identified the 606 DE lncRNAs and 102 DE mRNAs in 1α,25(OH)2D3-treated ovarian cancer cells, which were mainly enriched in the cancer-related and vitamin D-related pathway. Moreover, by the lncBCAS1-4_1-mRNA core network, the EMT signal was identified, indicating the linkage of lncBCAS1-4_1 between EMT and vitamin D signaling. Furthermore, we established the lncBCAS1-4_1 loss/gain cell model and found that lncBCAS1-4_1 could abolish the antitumor effect of 1α,25(OH)2D3, which was associated with upregulating ZEB1. These data provide new evidence that lncRNAs can serve as targets for the antitumor effect of 1α,25(OH)2D3.
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Radiation-induced skin injury (RISI) commonly occur in cancer patients who received radiotherapy and is one of the first clinical symptoms after suffering from nuclear exposure. Oxidative damage is the major causes of RISI. Nuclear factor erythroid 2-related factor 2 (Nrf2) is considered as a key mediator of the cellular antioxidant response. However, whether Nrf2 can alleviate RISI after high-dose irradiation remains unknown. In this study, we demonstrated that Nrf2-deficient (Nrf2-/-) mice were susceptible to high-dose irradiation and adenovirus-mediated overexpression of Nrf2 (ad-Nrf2) protected against radiation in skin cells. Overexpression of Nrf2 attenuated the severity of skin injury after high-dose electron beam irradiation. To uncover the mechanisms of Nrf2 involved in RISI, mRNA sequencing technology was performed to analyze the mRNA expression profiles of Ad-Nrf2 skin cells following radiation. The results revealed that a total of 127 genes were significantly changed, 55 genes were upregulated, and 72 genes were downregulated after Nrf2 overexpression. GSEA showed that Nrf2 was associated with positive regulation of genes involved in the reactive oxygen species pathway after radiation. Taken together, this study illustrated the role of Nrf2 in RISI and provided potentially strategies for ameliorating RISI.
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Introduction

Radiation is widely used in industry, medicine and science and may significantly increase uncontrolled exposure to radiation (1, 2). Since the skin is the first tissue through which external radiation particles enter the human body, it is vulnerable to radiation-induced injury. Moreover, radiotherapy is applied to over 70% of cancer patients, either alone or in combination with other treatments (3, 4). In fact, radiation-induced dermatitis remains a serious concern that may limit the duration and dose of radiotherapy (3, 5). Radiation can both directly induce DNA double strand breaks (DSBs) and indirectly produce reactive oxygen species (ROS) and reactive nitrogen species (RNS), including hydroxyl radicals, superoxide anions, hydrogen peroxide and nitrogen dioxide (6, 7). These reactive molecules undergo interconversion, induce DNA damage and eventually lead to acute and/or chronic skin injuries (7, 8). Thus, elimination of different kinds of oxidative species is a vital way to protect skin from radiation and prevent RISI.

When exposed to radiation, human cells launch a complex antioxidant response involving multiple antioxidant enzymes, such as superoxide dismutases (SODs), catalase and glutathione peroxidase (GPx) (9). However, a single antioxidant enzyme is unable to eliminate all kinds of oxidative species (10). NF-E2-related factor 2 (Nrf2), a member of the NF-E2 family of basic leucine zipper transcription factors, is considered a key mediator in regulating the antioxidant response (11). Nrf2 heterodimerizes with members of the sMaf protein family, binds to the antioxidant response element (ARE) in the promoter region of multiple antioxidant and/or detoxification enzymes, and activates the transcription of these genes (12). Previous studies have suggested that the antioxidant capacity of Nrf2 is mediated through ROS-eliminating enzymes, and Nrf2 is thought to protect against stress-induced cell death (13). Pharmacological induction of Nrf2 before radiation exposure is thought to prevent radiation-induced dermatitis (14). The role of Nrf2 in high-dose radiation-induced skin injury remains unknown, and there is no strong evidence that exogenous supplementation with Nrf2 is capable of attenuating RISI.

In this study, we found that skin tissues and primary skin cells from Nrf2-deficient (Nrf2-/-) mice were more susceptible to 20 Gy irradiation than those from WT (Nrf2+/+) mice. Adenovirus-mediated overexpression of Nrf2 reduced ROS and conferred protection against high-dose irradiation in skin cells and rat skin tissues. To understand the distinct mechanisms involved in radiation-induced skin injury, the mRNA expression profiles of Nrf2-overexpressing skin cells and control skin cells were analyzed using mRNA sequencing technology. In conclusion, we illustrated the key role of Nrf2 in protecting against high-dose radiation-induced skin injury and the underlying mechanisms. This study may provide new strategies to ameliorate skin injury for people in nuclear accidents and patients receiving radiotherapy.



Methods


Reagents and Adenovirus

Bovine serum albumin, Hoechst 33342 and DAPI were purchased from Beyotime (Shanghai, China). The Nrf2-overexpression adenovirus was designed and constructed by GeneChem (Shanghai,China).



Animal Studies

Protocols for experiments involving animals were approved by the Animal Experimentation Ethics Committee at Soochow University (China). The C57B L/6 Nrf2 knockout (Nrf2-/-) mice were a kind gift from Dr. Peng Cao (Jiangsu Research Institute of Traditional Chinese Medicine, Nanjing, China). The mice were originally obtained from The Jackson Laboratory (stock number: 017009). Nrf2-/- mice were detected by PCR (Figure S1A) with genotyping protocol presented on the website of the Jackson Laboratory (https://www.jax.org/Protocol?stockNumber=017009&protocolID=26266).

Male Sprague Dawley (SD) rats (4 weeks of age) were purchased from the Shanghai SLAC Laboratory Animal Co., Ltd. These animals were housed in a pathogen-free environment at the facilities of Medical School of Soochow University. Animals were anesthetized with an intraperitoneal injection of ketamine (75 mg/kg) and xylazine (10 mg/kg) (Sigma), and the hair on the gluteal region of the rats was shaved using a razor. Animals were immobilized with adhesive tape on a plastic plate to minimize motion during radiation exposure. A 3-cm-thick piece of lead was used to shield the animals and localize the radiation field (3×4 cm). Irradiation was administered to the treatment area at a dose rate of 750 cGy/min using a 6-MeV electron beam accelerator (Clinac 2100EX, Varian Medical Systems) as we reported previously (15–22).

SD rats randomly received one of the following treatments (n = 5): (1) a 200-μl subcutaneous injection of phosphate-buffered saline (PBS); (2) a subcutaneous injection with 200 μl of control adenovirus (1 × 1010 PFU/ml); (3) a subcutaneous injection with 200 μl of Nrf2 overexpression adenovirus (1 × 1010 PFU/ml). Animals were randomly selected with respect to control littermates. No animals were excluded from analysis. Skin reactions were graded at regular intervals from 1 (no damage) to 5 (severe damage) using the semiquantitative skin injury scale as previously described (15–22).



Human Tissues

Human skin samples were obtained from a victim of a radiation accident involving an iridium gammagraphy radioactivity source. The patient had been irradiated with ~300 Gy at the center of the skin surface. The skin samples were obtained ~180 days after radiation exposure. Informed consent for sample collection was obtained from the patient. And this study was approved by the Ethics Committee at Soochow University.



Cell Culture and Irradiation

Human keratinocyte HaCaT and human skin fibroblast WS1 cells were kind gifts from Prof Hongying Yang (Soochow University). The cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM). Primary skin cells of mice were isolated from skin of adult mice (5-6 weeks of age) using the procedures as reported (22, 23). Primary skin cells were maintained in DMEM. All culture media were supplemented with 10% FBS (Gibco). Cells were grown at 37°C in 5% CO2 incubators. Cells were exposed to different dosages (5 or 20 Gy) of ionizing radiation using X-ray linear accelerator (RadSource) at a fixed dose rate of 1.15 Gy/min.



Mitochondrial Membrane Potential Assay

Mitochondrial membrane potential was measured using JC-1 staining (Cayman). Cells were pre-infected with indicated adenovirus before receiving 20 Gy of X-ray irradiation. 24 h after irradiation, the cells were incubated for 30 min in the dark with JC-1 dissolved in serum-free medium at 37°C. Nuclei were counterstained with DAPI.



ROS Generation Assay

ROS levels were determined using the ROS-sensitive dye 2, 7-dichlorofluoresceindiacetate (DCF-DA) (Nanjing Jiancheng Bioengineering Institute). HaCaT and WS1 cells were washed with PBS and incubated with DCF-DA (10 μM) for 30 min. The level of DCF fluorescence, reflecting the concentration of ROS, was measured by a fluorescence microscope. For skin tissues, the level of DCF fluorescence was measured at 488 nm using a 96-well plate reader.



Malondialdehyde (MDA) Concentration Measurement 

Tissue MDA levels were determined by thiobarbituric acid (TBA) reaction. The optical density (OD) was measured at a wavelength of 532 nm. The assay depended on the measurement of the pink color produced by the interaction of barbituric acid with MDA generated as a result of lipid peroxidation. The colored reaction with 1,1,3,3- tetraethoxy propane was used as the primary standard. Fresh skin samples were homogenized with 50 mM phosphate buffer (pH 7.4). Then, homogenates were centrifuged at 12,000 × g for 10 min at 4°C. MDA levels were expressed as a nano mol per milligram of protein (nmol/mg protein).



Immunofluorescence Assay

Cells were washed with PBS, fixed with 4% formaldehyde and blocked with 1% BSA/PBS for 1 h at room temperature. Then, primary antibodies against Nrf2 (Abcam; ab62352) or γH2AX (Abcam; ab81299) were incubated with cells overnight at 4°C and secondary antibodies conjugated with Cy3 (Beyotime, Nantong, China; A0516) were employed for 1 h at room temperature. DAPI (Sigma) was used to stain the nuclei and images were captured by an UltraViewVoX confocal microscopy (PerkinElmer, Waltham, MA).



Cell Death Assay

Cells were pre-infected with the adenovirus 24 h before receiving irradiation. Cell death was measured using the 7-AAD/Annexin-V double staining apoptosis kit (BD Biosciences) by flow cytometry (BD Biosciences). Each group was set up in triplicate.



EdU Assay

Cell proliferation staining was performed using an EdU kit (BeyoClick EdU Cell Proliferation Kit with Alexa Fluor 488, Beyotime, China). Briefly, HaCaT or WS1 cells (2 × 104 cells/well) were seeded in 96-well plates and cultured, respectively. Subsequently, cells were incubated with EdU for 3 h, fixed with 4% paraformaldehyde for 15 min, and permeated with 0.3% Triton X-100 for another 15 min. The cells were incubated with the Click Reaction Mixture for 30 min at room temperature in a dark place and then incubated with Hoechst 33342 for 10 min.



Cell Senescence Assay

The most widely used biomarker for senescent and aging cells is senescence-associated beta-galactosidase (SA-beta-gal), which is defined as beta-galactosidase activity detectable at pH 6.0 in senescent cells. Forty eight hours after treatment, cells were fixed in 2% fomaldehyde/0.2% glutaraldehyde for 5 min at room temperature. Cells were rinsed with PBS and β-galactosidase staining solution containing 20 mg/mL X-gal (Beyotime) was added. Cells were incubated for 6-10 h at 37°C incubator without CO2.



Western Blot Assay

Cells were treated with adenovirus before irradiation with 20 Gy of radiation. The cells were then washed twice with ice-cold PBS and directly lysed in 200 µl of cell lysis buffer. The lysates were centrifuged at 12,000 × g and then loaded onto an SDS–PAGE gel. The samples were electrophoresed for 2 h and transferred onto PVDF membranes. After blocked with 5% non-fat milk in PBS-Tween 20 for 1 h at room temperature, the membranes were blotted with primary antibodies (Abcam: ab62352, ab76026). The membranes were then incubated with the appropriate HRP-coupled secondary antibody (Beyotime) at 1:2000 dilution for 1 h at room temperature. After the membranes were washed with TBST, the blots were incubated in ECL-plus (Beyotime, Nantong, China) and detected by FluorChem™ M System (Protein Simple, San Jose, CA).



Hematoxylin and Eosin (H&E) Staining

Skin tissues were fixed in 10% neutral-buffered formalin and embedded in paraffin. Three-micrometer paraffin sections were deparaffinized and heat treated with citrate buffer (pH 6.0) for 7 min following an epitope retrieval protocol. The sections were stained with H&E (ZSGB-Bio, Beijing, China).



Whole Transpriptome Sequencing

HaCaT cells were treated with Ad-NC or Ad-Nrf2 for 24 h and irradiated at a dose of 20 Gy. Equal quantities of cells from triplicates were mixed to generate one sample for each group. Total RNA was isolated from cells using Trizol (Sigma-Aldrich). Strand-specific libraries were generated using the Illumina TruSeq Stranded Total RNA Library Prep Kit with Ribo-Zero Gold. Paired-end 125-bp reads were generated on an Illumina HiSeq 2500 instrument at the Oebiotech.Co. Reads were aligned to the GRCh38.p7 genome using TopHat v2.1.1 with the library type option set to first strand. Fragments per kilobase of transcript per million mapped reads of known genes were calculated using eXpress v1.5.1. Raw data was uploaded to Sequence Read Archive (SRA) with bioproject accession PRJNA694347.



Statistics

The data were evaluated using either unpaired two-sided Student’s t-tests or one-way analysis of variance to determine statistical significance after confirming that the data met appropriate assumptions (normality, homogeneous variance, and independent sampling). For all in vitro experiments, three biological replicates were analyzed. For all in vivo experiments, five biological replicates were analyzed for each condition. Statistical analysis was performed using Prism 6 software (GraphPad Software, La Jolla, CA). Data are expressed as means “ standard error of the mean and considered significant if P < 0.05 (*) and P < 0.01 (**). For the animal study, skin injury was scored in a “blinded” manner.




Results


Increased Susceptibility to Radiation-Induced Skin Injury in Nrf2-Deficient Mice

We first analyzed the effect of Nrf2 depletion on the radiosensitivity of mouse skin using Nrf2 wild-type (WT, Nrf2+/+) and Nrf2-deficient (Nrf2-/-) mice (Supplementary Figure 1). A single dose of 10 Gy of irradiation was delivered to the skin in the gluteal region of Nrf2 WT and deficient mice. In Nrf2-/- mice, cutaneous damage was observed at 3 d after irradiation. Skin injury reached a maximum at 10 d after irradiation. In contrast, in WT Nrf2+/+ mice, radiation-induced skin injury was not observed (Figure 1A and Supplementary Figure 2). H&E staining indicated a loss of the epidermis and a disintegrated structure in the skin tissue of Nrf2-/- mice after irradiation, whereas the skin tissue of WT mice did not show this feature (Figure 1B). Electron microscopy analysis further revealed obvious swelling of mitochondria in the skin of Nrf2-deficient mice after irradiation (black arrow; Figure 1C).




Figure 1 | Increased susceptibility to radiation-induced skin injury in Nrf2-deficient mice. (A) Radiation-induced skin injury induced by 10 Gy electron beam radiation in WT (Nrf2+/+) and Nrf2-deficient (Nrf2-/-) mice. (B) HE staining of skin tissues in irradiated areas from WT (Nrf2+/+) and Nrf2-deficient (Nrf2-/-) mice. (C) Electron microscopy analysis of skin tissue from WT (Nrf2+/+) and Nrf2-deficient (Nrf2-/-) mice. Scale bar=2μm. (D) Nrf2 was overexpressed after Ad-Nrf2 treatment. (E) Cell death rate of primary skin cells from WT (Nrf2+/+) and Nrf2-deficient (Nrf2-/-) mice after Nrf2 overexpression and 10 Gy irradiation. ** means p < 0.01.



To further evaluate the role of Nrf2 in radiation-induced cell death, primary skin cells from WT and Nrf2-/- mice were isolated and cultured. An Nrf2-overexpressing adenovirus was constructed and introduced into cultured primary skin cells, leading to an increase in the protein level of Nrf2 (Figure 1D). Forty-eight hours after 10 Gy X-ray irradiation, the cell death rate of skin cells from Nrf2-/- mice was significantly higher than that of WT skin cells (Figure 1E). Nrf2 reintroduction using adenovirus in skin cells from Nrf2-/- mice dramatically decreased the cell death rate (Figure 1E). These data provide important insights into the critical role of Nrf2 in preventing radiation-induced skin injury.



Nrf2 Confers Protection Against Radiation in Skin Cells

We next explored the involvement of Nrf2 in the response to ionizing radiation. Human keratinocyte HaCaT cells were exposed to a single dose of 20 Gy of irradiation and then subjected to immunofluorescence detection of Nrf2. The results revealed that radiation induced a marked translocation of Nrf2 into the nucleus (Figure 2A), indicative of its involvement in the cellular response to radiation. Western blot analysis of irradiated and nonirradiated human skin tissues showed no change in the total level of Nrf2. Nevertheless, irradiated skin tissues expressed a higher level of phosphorylated Nrf2 than nonirradiated skin tissues (Figure 2B). These results indicated that irradiation modulates Nrf2 activity in human skin.




Figure 2 | Nrf2 confers protection against radiation in skin cells. (A) Immunofluorescence assay detecting Nrf2 translocation after irradiation and Nrf2 overexpression. (B) Western blot analysis of Nrf2 and phosphorylated Nrf2 (S40) after irradiation. (C) ROS levels in skin cells after IR and Nrf2 overexpression were detected using an ROS-sensitive DCF-DA probe. (D) The dynamic repair process of DNA DSBs was measured by detecting nuclear gH2AX foci at several time points after 5 Gy of X-ray irradiation. * means p < 0.05, ** means p < 0.01.



Because radiation generates free radicals, including ROS (17), we investigated whether free radicals are modulated by Nrf2 alteration after irradiation. Human keratinocyte HaCaT cells and human skin fibroblast WS1 cells preinfected with Nrf2 adenovirus showed a marked reduction in radiation-induced elevation in ROS levels (Figure 2C and Supplementary Figure 3). Since free radicals also exert DNA damage, we further explored whether Nrf2 influences the dynamic repair process of DNA double-strand breaks (DSBs) induced by radiation in HaCaT cells. At 1, 2 and 4 hours after irradiation, the number of foci in the Nrf2 adenovirus-infected groups dropped to 57.1% (P< 0.01), 45% (P < 0.01) and 41.67% (P < 0.01) of the number in the control adenovirus-infected group, respectively (Figure 2D). These results demonstrated that overexpression of Nrf2 induced ROS elimination after irradiation and attenuated radiation-induced DNA damage in human skin cells.



Nrf2 Reduces Cell Death and Senescence After Irradiation

To investigate the effect of Nrf2 on the viability of skin cells, cells were infected with Nrf2 adenovirus or control adenovirus prior to radiation exposure. HaCaT and WS1 cells infected with Nrf2 adenovirus exhibited significantly higher viability than cells infected with control adenovirus following radiation (Figure 3A and Supplementary Figure 4). We next investigated whether overexpression of Nrf2 was associated with a decreased cell death rate in skin cells. As shown in Figure 3B, forced expression of Nrf2 did not affect the cell death rate of HaCaT and WS1 cells that were not exposed to irradiation. In contrast, Nrf2 overexpression significantly decreased the cell death rate of HaCaT cells that were exposed to 20 Gy irradiation. In radiation-sensitive WS1 cells, Nrf2 overexpression exhibited a pronounced protective capacity by reducing radiation-induced cell death by up to 52% (Figure 3B and Supplementary Figures 6A, B). These results demonstrated that Nrf2 reduces the cell death of skin cells caused by irradiation. To explore whether Nrf2 plays a role in radiation-induced cell senescence, β-galactosidase staining was performed. Irradiation caused a significant increase in β-galactosidase staining in WS1 cells, and Nrf2 overexpression significantly decreased cell senescence (Figure 3C). These results indicated that Nrf2 reduces the irradiation-induced senescence of skin cells.




Figure 3 | Nrf2 restores cell viability and reduces cell death and senescence after irradiation. (A) The proliferation of HaCaT and WS1 cells was measured in an EdU incorporation assay at 24 hours after irradiation. (B) The cell death rate of HaCaT and WS1 cells was detected using Annexin-V/7-AAD staining. (C) The senescence of WS1 cells was evaluated using β-galactosidase staining. (D) The mitochondrial membrane potential in HaCaT cells was evaluated using a JC-1 staining assay. (E) The ER structure was visualized using ER-Tracker Red. * means p < 0.05, ** means p < 0.01.



Mitochondrial functional failure, including the loss of mitochondrial integrity and changes in mitochondrial membrane potential, is one of the most important factors causing cell death. Nonirradiated HaCaT cells predominantly showed red fluorescence by JC-1 staining, whereas a substantial proportion of cells shifted to green fluorescence after irradiation, indicating that the mitochondrial membrane potential was reduced. HaCaT cells with forced expression of Nrf2 exhibited less of a shift from red to green fluorescence, indicating that the mitochondrial membrane potential can be maintained by Nrf2 overexpression after ionizing radiation (Figure 3D). These results demonstrated that Nrf2 protects mitochondria against ionizing radiation. Next, we explored the protective effect of Nrf2 on the endoplasmic reticulum (ER) structure using ER-Tracker Red. Nonirradiated HaCaT cells showed clear paranuclear staining of the ER, with a clear ER structure, which was attenuated and morphologically changed after 20 Gy of irradiation (Figure 3E). However, Nrf2 adenovirus-infected cells showed a paranuclear ER-Tracker Red distribution, which was morphologically similar to that of nonirradiated cells, indicating that the integrity of the endoplasmic reticulum can be maintained by Nrf2 overexpression after ionizing radiation (Figure 3E).



Nrf2 Overexpression Ameliorates Radiation-Induced Skin Injury in Rat Models

Irradiation (45 Gy and 30 Gy) was delivered to the gluteal region of rats to establish rat RISI models. Irradiation at 45 Gy significantly increased skin ROS levels at 3 d after treatment, whereas infection with Nrf2, but not the control adenovirus, significantly reduced the generation of ROS (Figure 4A). Because radiation-induced ROS results in oxidative damage to lipids, aggravating the progress of skin injury, we measured the concentration of MDA in skin tissues after 45 Gy of irradiation to test whether the overexpression of Nrf2 affects radiation-induced lipid peroxidation. As shown in Figure 4B, infection with Nrf2 adenovirus resulted in an approximately 1.8-fold significant decrease in MDA levels compared with the control adenovirus. These results indicated that Nrf2 overexpression attenuates ROS generation and lipid peroxidation in vivo. Two radiation-induced skin injury models (30 and 45 Gy electron beam irradiation of rat skin) were applied to evaluate the role of Nrf2 in wound healing. After irradiation, injuries to skin tissues were graded on a scale of 1 (no damage) to 5 (severe damage) as described previously (16, 17). After exposure to 30 Gy of irradiation, cutaneous damage to rat skin began at 15 d after irradiation, although the damage was less severe than that after exposure to 45 Gy of irradiation. Adenovirus-mediated Nrf2 overexpression in rats ameliorated radiation-induced skin injury compared with control adenovirus- and PBS-treated rats (Figure 4C). In rats exposed to 45 Gy of irradiation, radiation-induced skin injury was significantly less severe at 13 d after irradiation in the Nrf2-overexpressing group than in the PBS-treated group (Figure 4D and Supplementary Figure 5). Although infection with Nrf2 adenovirus showed a similar skin wound as PBS-treated or control adenovirus-infected rats at 75 d postirradiation, Nrf2 overexpression attenuated epidermal hyperplasia (white arrow) and maintained skin appendages (blue arrow), which were often destroyed by irradiation (Figures 4E–G).




Figure 4 | Nrf2 overexpression ameliorates radiation-induced skin injury in rat models. Rat gluteal skin was irradiated with an electron beam followed by subcutaneous injection of control adenovirus, Nrf2 adenovirus or PBS (six animals per group). (A) ROS levels in rat skin tissues from the irradiated area were detected 3 days after IR. (B) Lipid peroxidation of rat skin tissues from the irradiated area was detected using MDA 3 days after IR. (C, D) Skin injury was measured using a semiquantitative score of 1 (no damage) to 5 (severe damage). (E) Representative hematoxylin and eosin (HE) staining of rat skin at 75 days after irradiation. (F) Number of skin appendages in each group. (G) Epidermal thickness in each group. * means p < 0.05, ** means p < 0.01.





Nrf2 Changes the Gene Expression Profile in Skin Cells After IR

Whole transcriptome sequencing technology was used to clarify the mechanism of RISI mitigation mediated by Nrf2. HaCaT cells overexpressing Nrf2 and control HaCaT cells were exposed to 20 Gy of irradiation, RNA was extracted, and gene profiling was performed. Statistical analysis indicated that the expression of a total of 127 genes were changed significantly after Nrf2 overexpression, 55 of which were upregulated, and 72 of which were downregulated. We used a heatmap to show these differences (Figure 5A). The 30 genes with the most significant upregulation and the 30 genes with the most significant downregulation are listed in Tables 1, 2, respectively. The GO database explains the role of eukaryotic genes and proteins in cells by creating a set of control words with dynamic forms, including three independent ontologies: biological process (BP), molecular function (MF), and cellular component (CC). The enriched gene sets of significantly regulation are shown in Figure 5D. GO analysis indicated that genes were closely related to biological processes involved in the organic hydroxy compound metabolic process, positive regulation of response to stimulus, positive regulation of protein catabolic process, amine metabolic process, positive regulation of protein catabolic process (Figure 5D and Figure S5). These results show that the effect of RISI mitigation by Nrf2 involves multiple signaling pathways. Moreover, GSEA showed that IR+Nrf2 was associated with positive regulation of genes involved in the reactive oxygen species pathway and Nrf2/ARE pathway (Figures 5B, C). As gene sets that respond to oxidative stress were enriched, Nrf2 downstream gene expression levels were further examined. The expression levels of ABCC2, CYP1A1, DUOX2, GCLM, GSR, HMOX1, MGST1, MICB, NQO1, SLC7A11, SOD1 and SOD2 were significantly upregulated. However, the expression of some of the Nrf2 downstream targets, including GPX1 and catalase (CAT), did not change significantly. Surprisingly, the expression of CEBPA, NAPRT and TXNRD1 was downregulated dramatically after IR and Ad-Nrf2 compared with IR alone (Figure 5E).




Figure 5 | Nrf2 changes the gene expression profile in skin cells after IR. Transcriptome sequencing was performed for HaCaT cells overexpressing Nrf2. (A) Heatmap of cluster analysis based on sequencing results. (B) GSEA plot showing normalized enrichment scores (NESs) for reactive oxygen species pathway signatures using RNA-seq data from IR+Nrf2- and IR-treated skin cells. (C) GSEA plot showing normalized enrichment scores (NESs) for Nrf2 ARE regulation signatures using RNA-seq data from IR+Nrf2- and IR-treated skin cells. (D) GO enrichment analysis of differentially expressed upregulated and downregulated genes based on RNA-seq data with adjusted P-values. (E) Real-time PCR analysis of the mRNA levels of Nrf2 downstream genes after IR+Nrf2 and IR treatment. * means p < 0.05, ** means p < 0.01.




Table 1 | Downregulated genes between Ad-NC+20 Gy radiation and Ad-Nrf2+20 Gy radiation.




Table 2 | Downregulated genes between Ad-NC+20 Gy radiation and Ad-Nrf2+20 Gy radiation.






Discussion

Radiation-induced skin injury (RISI) is one of the most common side effects of radiotherapy for cancer, affecting approximately 95% of patients receiving radiotherapy, especially in the management of head and neck cancers and breast cancers (3). Additionally, RISI is among the first symptoms to occur after radiation exposure during nuclear accidents. Skin effects can be divided into acute reactions, which occur within days of initiating exposure, and late effects, which often become apparent months to years after irradiation (23, 24). The involvement of an antioxidative response to radiation has been extensively reported, and the use of antioxidants could mitigate radiation-induced skin injury (25–29). Papers from our group have shown that superoxide dismutases (SODs) and peroxiredoxin 6 (PRDX6) reduced ROS levels and contributed to the amelioration of radiation-induced skin injury (15, 16). However, ionizing radiation induces several types of free radicals that may undergo instantaneous interconversion (17, 24, 30, 31). Although the simultaneous elimination of all kinds of free radicals is difficult, it will be an appropriate strategy to protect against or prevent RISI. Thus, finding a molecular switch that can eliminate different forms of free radicals may bring hope to address RISI. Nrf2 is considered one of the most important orchestrators of the cellular antioxidant response (32), which makes it an ideal target to treat RISI. However, the role of Nrf2 in high-dose radiation-induced skin injury is not fully understood. In the current study, we demonstrated that Nrf2-/- mouse skin exhibits susceptibility to irradiation. Forced reintroduction of Nrf2 in primary skin cells from Nrf2-/- mice increased cell viability and protected them from cell death induced by irradiation. Posttranslational modifications of Nrf2, including phosphorylation (33, 34) and acetylation (35, 36), were reported to alter its transcriptional activity. After exposure to radiation, Nrf2 was activated by S40 phosphorylation and translocated to the nucleus. However, the protein kinase mediating S40 phosphorylation remains unclear and needs further study. Taken together, these results, along with those of other studies (14, 37), clearly demonstrate that Nrf2 plays a pivotal role during the process of RISI.

Pharmacological induction or activation of Nrf2 has been widely studied to prevent or protect against radiation-induced dermatitis in preclinical research both in vitro and in vivo (14, 37). Overexpression is a more effective way to increase Nrf2 in cells. Radiation-induced oxidative stress also conveys signals to the cell nucleus to induce stress responses such as cell growth arrest, senescence and cell death. Exogenous overexpression of Nrf2 by adenovirus eliminated radiation-induced ROS, accelerated DNA damage repair, and protected vital cellular organelles, including mitochondria and ER, from radiation. Furthermore, overexpression of Nrf2 in both human keratinocyte HaCaT cells and human skin fibroblast WS1 cells restored cell viability, eased cell senescence and decreased cell death induced by a single dose of 20 Gy X-ray radiation.

Radiation-induced ROS are a complex mixture including •OH, O2•-, •O2H, ONOO-, and H2O2. These radicals, together with secondary radicals derived in the superoxide-generating environment, are likely to cause oxidative damage to lipids, DNA and proteins (38). Skin is rich in lipids, proteins and DNA, which makes it one of the most sensitive and targeted organs for oxidative stress (39). Nrf2 downstream targets, including SOD1, SOD2, catalase (CAT), and glutathione peroxidases (GPXs), contribute to cellular defense against irradiation (32). Subcutaneous injection of Ad-Nrf2 significantly decreased ROS levels and MDA levels in rat skin 3 days after radiation exposure, which indicated that Nrf2 overexpression attenuated lipid peroxidation and ROS amplification. The severity of cutaneous damage was quantified by the RISI score (1-5) as described previously (15–17). Acute skin damage began 15 d after irradiation. Subcutaneous injection of Nrf2 adenovirus ameliorated acute skin injury compared with the control adenovirus- and PBS-treated groups. Skin fibrosis, including hyperpigmentation and hypopigmentation, is one of the major forms of late skin injury induced by radiation. The TGF-β signaling pathway is reported to be involved in radiation-induced fibrosis. However, the mechanism of radiation-induced fibrosis is not fully understood, and there are no efficient treatments. Nrf2 overexpression attenuated epidermal hyperplasia and maintained skin appendages, showing that skin fibrosis was also reduced.

Whole transcriptome sequencing technology was used to uncover the underlying mechanism of Nrf2 in RISI. GO enrichment analysis showed that the response to oxidative stress was upregulated, as expected. Several well-defined target genes of Nrf2 were further examined, and the results showed that most of these genes were upregulated after Nrf2 overexpression, which indicated that Nrf2 exerts antioxidative activity by promoting the transcription of these genes. However, the mRNA levels of GPX1 and catalase (CAT) were not significantly increased, and the mRNA levels of CEBPA, NAPRT and TXNRD1 were unexpectedly decreased dramatically. These results showed that alternative pathways may be responsible for the protective role of Nrf2, which needs further study.

In conclusion, the present study indicated that Nrf2 is critical in the process of RISI. Nrf2 deficiency increases susceptibility to RISI, and forced expression of Nrf2 alleviates RISI after radiation exposure by activating antioxidant enzymes. The present study provides novel evidence for the protective role of Nrf2 in attenuating high-dose radiation-induced RISI.
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Ionizing radiation and radioactive materials have been widely used in industry, medicine, science and military. The efficacy of radiotherapy and adverse effects of normal tissues are closed related to cellular radiosensitivity. Molecular mechanisms underlying radiosensitivity are of significance to tumor cell radiosensitization as well as normal tissue radioprotection. 5,6,7,8-Tetrahydrobiopterin (BH4) is an essential cofactor for nitric oxide synthases (NOS) and aromatic amino acid hydroxylases, and its biosynthesis involves de novo biosynthesis and a pterin salvage pathway. In this review we overview the role of BH4 metabolism in modulating radiosensitivity. BH4 homeostasis determines the role of NOS, affecting the production of nitric oxide (NO) and oxygen free radicals. Under conditions of oxidative stress, such as UV-radiation and ionizing radiation, BH4 availability is diminished due to its oxidation, which subsequently leads to NOS uncoupling and generation of highly oxidative free radicals. On the other hand, BH4/NOS axis facilitates vascular normalization, a process by which antiangiogenic therapy corrects structural and functional flaws of tumor blood vessels, which enhances radiotherapy efficacy. Therefore, BH4/NOS axis may serve as an angel or a devil in regulating cellular radiosensitivity. Finally, we will address future perspectives, not only from the standpoint of perceived advances in treatment, but also from the potential mechanisms. These advances have demonstrated that it is possible to modulate cellular radiosensitivity through BH4 metabolism.
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Radiation-Induced Injuries and ROS Generation

Ionizing radiation and radioactive materials have been widely used in industry, medicine, science and military. In addition, widespread application of nuclear technology may increase accidental or occupational radiation exposure, such as nuclear accidents, terrorist attacks, etc, which finally leads to radiation-induced injury or even mortality (1, 2). Radiosensitivity determines the injury severity or even survival exposed to ionizing radiation. Radiotherapy is an indispensable component of malignancy treatment, either alone or in combination with other treatments (3), which is applied to over 50% of all cancer patients (4). Although the accuracy of radiotherapy is improving, normal tissues are more or less damaged, resulting in toxicity, which may be a critical dose-limiting complication and affect the quality of life (5–7). Numerous approaches to modulate radiosensitivity, including increasing tumor response to radiotherapy and minimizing damage to normal tissues, have been reported in the past decade (8). Unfortunately, there has been a dearth of clinical treatments for radiation-induced injuries. Various compounds have been identified as potential radiation protection agents, such as free radical scavengers, antioxidants, cytokines, etc (9, 10). Amifostine is a FDA-approved radioprotector, an effective free radical scavenging agent (11), and has been extensively studied and used in clinical radiotherapy (12). It is worth noting that amifostine cannot protect all human organs from the toxic effects of ionizing radiation (13) and it has obvious side-effects, such as nausea and vomiting, which may cause its discontinuation during radiotherapy (14, 15). Thus, it is essential to uncover the mechanisms underlying cellular radiosensitivity and to innovate alternative agents with radioprotective or/and radiosensitization properties in clinical applications.

Ionizing radiation induces cellular damage through direct deposition of energy and indirect oxidative damage caused by excessive reactive oxygen species (ROS), which is the main toxic effects of ionizing radiation (16). Radiation-induced accumulation of ROS results in protein, lipid and DNA damage, leading to a series of pathophysiological changes and ultimately to acute and/or chronic damage (17). Microvascular injury is a distinctive feature of acute and chronic radiation injury. The dysfunction of vascular endothelium caused by ionizing radiation play a crucial role in the occurrence and development of radiation damage (18, 19). Radiation exposure can induce different degrees of functional and morphological changes in vascular endothelial cells, including apoptosis, loss of thrombus resistance and increased endothelial permeability. Endothelial nitric oxide synthase (eNOS) plays an important role in radiation injury. Radiation exposure impairs the function of eNOS and inhibits the production of endothelia nitric oxide (NO) (20). Collectively, strategies to prevent or ameliorate post-radiation endothelial dysfunction may improve the severity of radiation injury.



Functional Significance of BH4

5,6,7,8-tetrahydrobiopterin (BH4) is an essential cofactor for multiple enzymes, including three aromatic amino acid hydroxylases (phenylalanine hydroxylase, tyrosine hydroxylase and tryptophan hydroxylase) and nitric oxide synthases (NOSs) (Figure 1). Phenylalanine hydroxylase (PAH) is first enzyme recognized as a BH4-dependent enzyme (21). The activity of rat liver PAH is disrupted by ionizing radiation, thereby exerting a negative effect on BH4 activity (22, 23). Other aromatic amino acid hydroxylases, such as tyrosine hydroxylase (TH) and tryptophan hydroxylase (TPH), share common features with PAH with respect to the reaction mechanism (24), to BH4 (25) and substrate binding (26).




Figure 1 | Enzyme cofactor activity of BH4. BH4 is an essential cofactor for multiple enzymes, including three aromatic amino acid hydroxylases (PAH, TH and TPH) and nitric oxide synthases (NOSs). All three NOSs need BH4 to produce NO. Generally, these enzymes combine the oxidation of L-arginine with the reduction of molecular oxygen to form NO and L-citrulline. BH4 is also the cofactor activity of three aromatic amino acid hydroxylases, which leads to the synthesis of neurotransmitters and prevents the accumulation of phenylalanine.



NOSs includes endothelial nitric oxide synthase (eNOS), neuronal nitric oxide synthase (nNOS) and induced nitric oxide synthase (iNOS) (27), wherein eNOS has been shown to play a key role in radiation damage and has been emerging as a therapeutic target (28). NOS catalyzes the conversion of L-arginine to L-citrulline and NO (29). NOS dimers consist of two identical monomers and each monomer consisting of a C-terminal reductase domain and an N-terminal oxygenase domain. The C-terminal binding flavin mononucleotide, flavin adenine dinucleotide and NADPH. The N-terminal binding sites containing heme, BH4, and L-arginine (20). BH4 has been proven to regulate NOS functions at a variety of levels. BH4 enhances NOS enzyme activity by increasing heme iron levels (30) and increases the affinity of NOS with its substrate (31). In addition, BH4 can promote the stability of NOS dimer structure, which is essential for NOS function (32).



Biosynthesis and Regulation of BH4

There are two distinct pathways for BH4 biosynthesis, including de novo pathway and salvage pathway (33) (Figure 2). The former refers to the synthesis of BH4 from guanosine triphosphate (GTP) through three enzymatic reactions; the latter refers to the process of converting sepiapterin as a substrate to BH2 and further reduction to BH4 (20). The relative contribution of the de novo and salvage pathways to the cellular availability of BH4 varies depending on the cell type.




Figure 2 | Pathways for the biosynthesis of BH4. The de novo pathway (left) is synthesized from GTP to BH4 in three steps. GCH1 is the rate-limiting enzyme in BH4 de novo biosynthesis. The salvage pathway (right) produces BH4 from its oxidized form, starting with sepiapterin in two steps, which is essential to convert exogenous sepiapterin into BH4.




De Novo Pathway of BH4 Synthesis

In the de novo pathway, BH4 is synthesized from GTP by three enzymes, namely GTP cyclohydrolase I (GCH1), 6-pyruvyl-tetrahydrobiopterin synthase (PTPS) and methotrexate reductase (SR). As shown in Figure 2, GCH1 is the rate-limiting enzyme in BH4 de novo biosynthesis, which catalyzes the formation of dihydroneopterin triphosphate (DNTP). The first step in the synthesis of BH4 is complicated and highly regulated at the level of transcription, translation and post-translation (34). Next, DNTP is converted into 6-pyruvyl-tetrahydrobiopterin by PTPS. Although the key rate-limiting enzyme in the de novo synthesis pathway of BH4 is GCH1 in most cells, PTPS has also been considered as a rate-limiting enzyme in certain types of cells, especially in human liver cells (35). After being stimulated by cytokines, LPS, hydrogen peroxide, insulin and other immune stimuli, GCH1 expression is induced and PTPS therefore becomes a rate-limiting enzyme (35). In the final step of this pathway, SR catalyzes the production of 6-pyruvyl-tetrahydrobiopterin to BH4. This step involves two consecutive NADPH-dependent reduction reactions. The side chain carboxyl of 6-pyruvyl-tetrahydrobiopterin is first reduced and rearranged to form the intermediate 6-lactanoyl-tetrahydrobiopterin, which is then reduced to BH4 on the second side chain carboxyl (35).

As a key enzyme for de novo pathway of BH4 synthesis, GCH1 activity is regulated by various factors, such as transcriptional factors, post-translational regulation, and activity regulatory proteins. In particular, we have demonstrated that AU-rich element RNA-binding factor 1 (AUF1) regulates GCH1 expression via its 3’UTR (36). Phosphorylation is a common post-translational modification in organisms (37). Post-translational regulation of GCH1 activity appears to occur by the protein phosphorylation. It has been reported that phosphorylation of GCH1 at serine 81 is critical in the activation of this enzyme because it not only improves its intrinsic activity and increases its protein expression level, but also reduces the feedback inhibition of its regulatory protein GTP cyclohydrolase I feedback regulator (GFRP) (38–40). The interaction between GCH1 and GFRP can either activate or inhibit GCH1 activity (41). In the presence of phenylalanine, GFRP interacts with GCH1 to activate the GCH1 activity (42, 43). In contrast, the binding of GCH1 with GFRP mediates the feedback inhibition of BH4 (42).



Salvage Pathway of BH4 Synthesis

The salvage pathway generates BH4 from its oxidized forms under the action of sepiapterin reductase (SR) and dihydrofolate reductase (DHFR) (Figure 2). SR is a homodimer composed of two subunits, which takes part not only in the de novo synthetic pathway of BH4 but also in the salvage biosynthetic pathway (44). Additionally, many non-pteridine derivatives, vicinal dicarbonyls, monoaldehydes and monoketones are sensitive as substrates of SR (44). It has been found that the regulation of endothelial BH4 content is mainly accomplished through salvage pathway (45, 46) and the decrease in SR leads to an impairment in endothelial BH4. Similarly, an increase in SR leads to an increase in BH4 level and NO production, and a reduction in oxygen radical production. DHFR is an enzyme necessary for the biosynthesis of folate in eukaryotic and prokaryotic cells (47). In addition to crucial roles in folate metabolism, DHFR can also reduce BH2 and thus regenerate BH4 (48). Previous studies have shown that DHFR plays a key role in determining BH4 homeostasis, NO bioavailability and NOS coupling in endothelial cells (49). When endothelial cells are stimulated via angiotensin II, DHFR expression is down-regulated, BH4 level is decreased, and NOS uncoupling is increased, which is restored by DHFR overexpression (45). Thus, DHFR is crucial in maintaining endothelial BH4 levels and NO bioavailability under oxidative stress.

The salvage pathway is very essential for the conversion of sepiapterin to BH4. Although sepiapterin is not a metabolite of mammals, it is a key exogenous substance that enhances BH4 levels in mammals (50). Thus, supplementation of cells with sepiapterin has been a common strategy to increase intracellular BH4 levels via the salvage pathway.




The Effect of Radiation on BH4 Metabolism and Possible Molecular Signaling Pathways

BH4 is reductive and easily oxidized to BH2 when damaged, such as UV-radiation and ionizing radiation. Oxidation of BH4 to BH2 and other oxidized biopterin species causes eNOS to produce higher superoxide levels instead of NO, a phenomenon commonly referred to eNOS, leading to increased oxidative stress (20, 51). Ionizing radiation oxidizes BH4. Engin et al. found that the urinary biopterin concentration is significantly higher in radiation-exposed hospital staff compared with the healthy subjects (52). BH4 plasma level is significantly lower in patients with abdominal radiotherapy one week after radiotherapy (53). Similarly, after daily exposure to 4 Gy, the plasma BH4 level of the rats decreases significantly, which is consistent with the downward trend of the plasma BH4 level of the patients receiving abdominal radiotherapy. Compared with wild-type mice, BH4 deficient mice show an increase in radiation-induced aortic peroxynitrite in lung tissues (54). Radiation-induced salivary gland dysfunction in mice is attributed to increased peroxynitrite (55). All these data indicate that ionizing radiation promotes the formation of peroxynitrite, which is likely to be the result of reduced BH4 availability after radiation (56).

GFRP overexpression increases the interaction between GFRP and GCH1, thereby negatively regulating the biosynthesis of BH4 and increasing the level of oxidative stress induced by ionizing radiation (54). The mRNA expressions of GFRP in lung and liver of wild- type mice increase after 8.5 Gy of total body Irradiation (TBI), suggesting that the inhibition of GCH1 activity mediated by GFRP may be a possible mechanism of BH4 inhibition after ionizing irradiation (54, 57).

iNOS activity is activated immediately after ionizing radiation (within 2 h) via NF-κB pathway (58), thereby inducing NO production, which may then interact with radiation-induced superoxide to form peroxynitrite (56). Peroxynitrite is prone to oxidize BH4, implying that the NF-κB pathway plays a key role in modulating the bioavailability of BH4 after ionizing radiation (59). Fascinatingly, coordinated activation of JAK-STAT pathway and NF-κB pathway may be involved in radiation-induced BH4 deficiency (56, 60).

Despite the finding that BH4 metabolism involves in NOS uncoupling and ROS production, the effect of radiation on BH4 metabolism may have other mechanisms. It has been reported that protein S-nitrosylation, an important post-translational modification (61, 62), requires NO participation. Dysregulated S-nitrosylation has been shown in multiple human diseases (63, 64). Microbiome-derived NO promotes extensive S-nitrosylation of the host proteome to regulate miRNAs, gene expression as well as host functions and physiology (65). BH4 production mediated by PTPS facilitates latent TGF-β binding protein 1 (LTBP1) S-nitrosylation, thereby suppressing TGF-β secretion and promoting tumor growth (66). Components of the ubiquitin-proteasome system are altered by BH4-dependent NO signaling via protein S-nitrosylation, which implicates the widespread impact of BH4 on downstream cellular signaling (67). Recent studies have delineated a previously unrecognized link between BH4 metabolism and ferroptosis (68), which is associated with radiotherapy (69). So dysregulated S-nitrosylation may also be responsible for the reduction of BH4 after irradiation.



BH4 and eNOS Function

NO is a potent endogenous vasodilator produced by NOS. eNOS produces NO which is an essential regulator of endothelial function, participating in various physiological events and is a key regulator of endothelial cell migration, survival and angiogenesis (70). The impaired NO production by eNOS is a main reason for endothelial dysfunction (71, 72). Reduced NO production in diabetic patients is associated with the pathogenesis of endothelial dysfunction (73, 74). Multiple studies have demonstrated that ionizing radiation inhibits the activity of eNOS and reduces the production of endothelial NO. Even years after radiotherapy, there is still endothelial dysfunction in the increased expression of pro-thrombotic and pro-inflammatory markers in irradiated blood vessels (75). Functional eNOS oxidizes L-arginine to L-citrulline and NO in the presence of BH4, which is an effective natural reducing agent (76). Suboptimal levels of BH4 due to the oxidation to BH2 via stimuli such as radiation exposure may lead to NOS uncoupling and the subsequent generation of highly oxidative radicals, including superoxide and peroxynitrite (77), which is the main mechanism of impaired vascular regulation (78). When BH4 is limited, activated NOS cannot catalyze the conversion of L-arginine to L-citrulline and NO, but can still accept electrons from NADPH and transfer electrons to another substrate O2, resulting in the production of O2- instead of NO. BH4 is oxidized by ONOO- to BH2 and then to biopterin (B). BH2 together with NOS causes ROS production instead of NO (20, 51). Thus, similar to BH4, BH2 has an affinity for the pterin-binding site, which makes it an efficient uncoupling agent for NOS (79). NOS activity is strictly regulated by plenty of biochemical pathways (80), including the availability of its cofactor BH4 (81). For example, compared with age-matched females, the higher oxidative stress of male spontaneously hypertensive rats leads to the relative lack of BH4, leading to the decrease of renal NOS activity and NO bioavailability (82–85).



BH4 Metabolism and Ionizing Radiation


BH4 Metabolism and Radiation-Induced Injuries

Since BH4 reduces ROS by regulating NOS product (86–88), BH4 has been shown to play a key role in the pathogenesis of multiple diseases characterized by increased oxidative stress, such as diabetes, arteriosclerosis, hypertension and radiation-induced injuries (48, 53, 89, 90). Stress-induced ROS production may reduce the availability of BH4, which may induce NOS uncoupling and increase the production of oxidative superoxide radicals. NOS can catalyze the production of NO and L-valine from L-arginine in the presence of sufficient BH4 (19, 20, 48). BH4 is likely to be involved in free radical production and may be related to the progression of radiogenic damage. So far, multiple studies have focused on the biochemical and mechanistic effects of BH4 in radiation-induced injuries and the radioprotective effect of BH4 has been confirmed (53, 90). It has been shown that radioprotection of BH4 through some mechanisms such as scavenging free radicals, promoting responses to DNA damage, and alleviating inflammatory responses, etc (53, 90).

BH4 has become a potential strategy for fibrosis and diastolic dysfunction, which are all related to ROS (91, 92). We have previously reported that GCH1 expression and BH4 levels in irradiated human skin and rat skin tissues are lower than that in the unirradiated counterparts, which impairs NO homeostasis and enhances ROS cascade (90). Oxidative stress-responsive transcriptional factor Nrf2 is able to transcriptionally activate GCH1, thereby restoring cellular BH4 level and attenuating procession of radiation-induced skin injury in vitro and in vivo (90).

BH4 treatment can decrease oxidative stress in irradiated cardiomyocytes, thereby reducing radiation damage and improving myocardial function (93). NO is insufficient after ionizing radiation, which is one of the key indicators of myocardial fibrosis. Patients with fibrotic diseases show low NO levels (94, 95). It has been reported that BH4 supplementation can restore NO and reduce animal myocardial fibrosis (96). BH4 can inhibit the decoupling of NOS and improve cardiac dysfunction (59, 79, 97–100). One month after the aortic arch narrowing of C57 mice, NOS decoupling and oxidative stress occur, exogenous administration of BH4 can improve myocardial function. When the coronary artery is severely narrowed, perfusion of BH4 can improve its diastolic function (101). GCH1 activity and BH4 level are decreased in irradiated mesenteric artery and endothelial cells. Administration of a GCH1 inhibitor DAHP significantly aggravates vascular injury and intestinal damage, while BH4 treatment can improve intestinal vascular injury and ischemia induced by ionizing radiation, and restore vascular function (53). Recent study has shown that the co-administration of Sildenafil (SD) and simvastatin (SV), NO donor/BH4 regulator, inhibits the cranial irradiation-induced oxidative stress, inflammation, NO-pathway dysregulation and neuronal apoptosis, indicating a neuroprotective effect role of SD/SV in irradiation-induced brain injury as a possible mechanism of its NO donor/BH4 regulatory activities (102).

GT3, a radioprotective vitamin E analog, can reduce radiation-induced oxidative/nitrosative stress (89). GT3 regulates the expression of GFRP and thus plays its radioprotective role in part by regulating the BH4 availability (89). A GFRP-overexpressing transgenic mice display reduced tissue BH4 and blood GSH levels, indicating a higher oxidative stress (54). Cheema et al. investigated liver metabolic changes following irradiation in control and GFRP overexpression mice (57). Compared with wild-type mice, GFRP transgenic mice show reduced glutathione levels and increased levels of glycocholic acid and N-arachidonic taurine after irradiation, suggesting the early occurrence of metabolic dysfunction. Thus, GFRP transgenic mice are susceptible to radiation stress and this sensitivity may lead to increased radiation-induced injuries (54).

Collectively, ionizing radiation oxidizes BH4, which results in NOS uncoupling and augmented radiation-induced secondary ROS, ultimately leading to radiation-induced injuries. While GCH1-mediated BH4 metabolism attenuates radiation-induced ROS production to improve radiation damage (Figure 3).




Figure 3 | Schematic representation of BH4 metabolism in radiosensitivity. Radiation oxidates BH4, which results in NOS uncoupling and augmented radiation-induced secondary ROS, ultimately leading to radiation-induced injuries. While GCH1-mediated BH4 metabolism attenuated radiation-induced ROS production to improve radiation damage.





BH4 Metabolism and Cancer Radiosensitivity

We retrieved the expression of BH4 metabolic enzymes (GCH1, PTPS, SR and DHFR) in various tumors based on the Cancer Genome Atlas (TCGA) database (Figure 4) (44). According to the results, GCH1 exhibits relatively higher expression levels in the liver, endometrium and breast cancers than the tumor adjacent tissues. PTPS is overexpressed in lung, colon and endometrium cancers. The expression of the SPR gene is higher in liver cancer, colorectal cancer and invasive breast carcinoma. And DHFR gene is highly expressed in glioblastoma multiforme, invasive breast carcinoma, stomach adenocarcinoma and uterine corpus endometrial carcinoma. These different BH4 metabolic enzymes may be related to specific tissue functions. In a word, BH4 metabolic enzymes are generally overexpressed in tumor tissues than in corresponding normal tissues, which may be due to the higher ROS level in tumor cells (103). Therefore, BH4 metabolic enzymes are possible hallmarks and therapeutic targets.




Figure 4 | The expression of BH4 metabolic enzymes in human tumors. The comparison of (A) GCH1, (B) PTPS, (C) SR and (D) DHFR expression in in various tumor tissues and corresponding normal tissues. And BH4 metabolic enzymes generally overexpress in tumor tissues than corresponding normal tissues. *P < 0.05, **P < 0.01 and ***P < 0.001, compared with the normal tissues. Gene expression data are obtained from the Cancer Genome Atlas (TCGA) database (44). BLCA, Bladder urothelial carcinoma; BRCA, Breast invasive carcinoma; CHOL, Cholangiocarcinoma; 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; LGG, Brain Lower Grade Glioma; LIHC, Liver hepatocellular carcinoma; LUAD, Lung adenocarcinoma; LUSC, Lung squamous cell carcinoma; PAAD, Pancreatic adenocarcinoma; PRAD, Prostate adenocarcinoma; READ, Rectum adenocarcinoma; STAD, Stomach adenocarcinoma; THCA, Thyroid carcinoma; UCEC, Uterine Corpus Endometrial Carcinoma.



In addition to the radioprotective effects of BH4 and its metabolites, some studies have shown that they can improve the therapeutic effect of radiotherapy. Therefore, BH4 and its metabolites are considered as radiosensitization targets in cancer radiotherapy. It has been reported that BH4/BH2 ratio in colorectal, breast and head and neck tumors is significantly lower than that in normal tissues (104). In mouse spontaneous breast cancer model, exogenous BH4 precursor sepiapterin increases BH4/BH2 ratio, which enhances the NOS activity and increases NO production. Sepiapterin finally leads to the transition from pro-inflammatory/pro-survival signals to anti-inflammatory/pro-apoptotic signals, thereby inhibiting spontaneous tumor growth (104). In addition, in a murine SCCVII tumor model, radiation-induced NO through increases eNOS activity mitigates tumor hypoxia and increases radiosensitivity (105). It is now clear that NO, which is associated with malignancy, may exhibit a dual activity: stimulating tumor growth and having the opposite anti-tumor effect (106), which depends on the concentration of NO (107, 108). At low concentrations, NO can inhibit apoptosis and cause mutations, which may lead to the formation of malignant growth loci. Conversely, high concentrations of NO seem to be harmful to malignant cells, especially when exposed to ionizing radiation (107–109). Kashiwagi et al. (110) demonstrated that NOS activity affects tumor blood vessels. Inhibition of NOS in glioma cells can improve oxygen delivery and a more normal phenotype (110). Whereas, vasculature normalization with antiangiogenics is short-lived. Treatment of mice with the NOS inhibitor L-NNA reduces tumor blood flow, resulting in delayed tumor growth, but quickly lost its effect (111). On the other hand, post ionizing radiation NOS inhibition delays tumor growth via Th1 immune polarization within the tumor microenvironment (112). A 6-day sepiapterin treatment in mice reduces tumor blood flow, delays tumor growth and improves animal survival, while tumor oxygenation continues to improve significantly after 10 days of sepiapterin treatment and improved tumor oxygenation is associated with increased tumor cell apoptosis (113). Pretreatment with sepiapterin not only enhances the killing of tumor by ionizing radiation, but also enhances the absorption of doxorubicin. Thus, as a vascular normalizing agent, sepiapterin can reduce tumor hypoxia, improve tumor %HbO2 and perfusion, and prevent cancer cells from acquiring aggressive phenotypes in the hypoxic microenvironment, ultimately leading to radiation-induced apoptosis, thereby enhancing tumor radio- and chemosensitivities (113, 114).

In the salvage pathway, DHFR exhibits a critical role in BH4 generation. Radiotherapy, however, tends to trigger DHFR amplification, thereby enhancing the activity of DHFR (115, 116). Enhanced DHFR activity promotes DNA replication in cervical cancer cells, leading to reduced therapeutic efficacy (117). The use of DHFR inhibitors, such as methotrexate (MTX) analogues as radiosensitizers is expected to improve the therapeutic effect (118, 119). Liang et al. (117) synthesized a series of 2,4-diaminopteridine analogues as DHFR inhibitors for radiosensitization. In particular, the combination of X-rays and a compound named 2a effectively suppresses cervical tumor growth and compound 2a has higher radiosensitization activity than MTX. Hence, if the DHFR activity is inhibited, the radiotherapy effect will be improved to varying degrees. The normal tissue or cancer types associated with BH4-mediated radiosensitivity are summarized in Figure 5.




Figure 5 | Identified normal tissues or cancer types associated with BH4-mdiated radiosensitivity. Green represents normal tissue, while red represents tumor tissue. Brief description of pathways associated with BH4 are shown.






Future Directions

Since BH4 is easily oxidated (20, 51, 120), novel approaches are needed to protect its integrity during delivery. Nanotechnology offers a new way to deliver drugs efficiently and specifically. It is reported that liposome formulations can improve the therapeutic effect of drugs with poor bioavailability (121). Liposomal BH4 has been used to reverse the loss of BH4 after ischemia-reperfusion injury (122, 123). Similarly, targeted delivery of BH4 nanocarriers can be used as a prophylactic treatment for atherosclerosis (124). Thus, it is possible to use novel approaches, such as liposomes and nanoparticles, to carry BH4 to enhance its stability and make its clinical application more promising. In addition, the design of ROS responsive nanomaterials based on the high ROS conditions at radiation-damaged sites provides a new approach for BH4 loading for radioprotection. Although it has been reported that vitamin C, folic acid, etc. can enhance the binding of BH4 to eNOS, thereby increasing the level of intracellular BH4 (48, 125), the clinical efficacy is compromised due to difficulties to combine with BH4. The rescue approach of regulating BH4 synthesis through its precursor sepiapterin may be another treatment strategy (126).

During cancer radiotherapy, the role of BH4 metabolism in cancer cell radiosensitivity yet to be determined. BH4 on one hand reduced radiogenic ROS, however, BH4 on the other hand normalizes vessels, which enhances radiotherapy efficacy. Given the rapid development of targeted therapies, specific radiosensitizers can be used for cancer radiotherapy. Tumor cells constantly interact with the surrounding microenvironment. Apart from the tumor cells, the tumor microenvironment includes a variety of cell types (endothelial cells, fibroblasts, immune cells, etc.) and extracellular components (cytokines, growth factors, hormones, extracellular matrix, etc.) (127). High expression of GCH1 in cancer-associated fibroblasts stimulates breast cancer cell proliferation and motility (128). As a critical T-cell regulator, BH4 can be manipulated to enhance immunity and inhibit tumor growth (129). The role of BH4 metabolism in tumor microenvironment is largely unknown. Further research on these mechanisms will accelerate the development of radiosensitizers based on BH4 metabolism.
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Breast cancer is the primary problem threatening women’s health. The combined application of valproic acid (VPA) and hydroxyurea (HU) has a synergistic effect on killing breast cancer cells, but the molecular mechanism remains elusive. Replication protein A2 phosphorylation (pRPA2), is essential for homologous recombination (HR) repair and cell cycle. Here we showed that in response to HU, the VPA significantly decreased the tumor cells survival, and promoted S-phase slippage, which was associated with the decrease of pCHK1 and WEE1/pCDK1-mediated checkpoint kinases phosphorylation pathway and inhibited pRPA2/Rad51-mediated HR repair pathway; the mutation of pRPA2 significantly diminished the above effect, indicating that VPA-caused HU sensitization was pRPA2 dependent. It was further found that VPA and HU combination treatment also resulted in the decrease of endonuclease MUS81. After MUS81 elimination, not only the level of pRPA2 was abolished in response to HU treatment, but also VPA-caused HU sensitization was significantly down-regulated through pRPA2-mediated checkpoint kinases phosphorylation and HR repair pathways. In addition, the VPA altered the tumor microenvironment and reduced tumor burden by recruiting macrophages to tumor sites; the Kaplan-Meier analysis showed that patients with high pRPA2 expression had significantly worse survival. Overall, our findings demonstrated that VPA influences HR repair and cell cycle through down-regulating MUS81-pRPA2 pathway in response to HU treatment.
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Introduction

Breast cancer is a common form of malignant tumor in women, about 2 million new cases are diagnosed each year (1). Chemotherapy is one of the mainstays of oncological treatment for breast cancer but is associated with adverse effects. To reduce the prevalence of adverse effects while enhancing the cytotoxic effect of chemotherapeutics on killing tumor cells, drug combination is commonly used (2).

In recent years, histone deacetylase inhibitors (HDACi) have been widely studied as a possible adjuvant or neoadjuvant to chemotherapy (3, 4). Specifically, valproic acid (VPA) - a class I and II HDACi used in the treatment of epilepsy and as a mood stabilizer for bipolar disorder (5–7) - has demonstrated the ability to inhibit the growth of breast cancer cells while also exhibiting a radio sensitizing effect at a safe therapeutic dose (6, 8–13). Hydroxyurea (HU), is a common chemotherapeutic for hematological malignancies such as polycythemia vera, melanoma, and head and neck cancer (14–17). The combination of VPA and HU has been demonstrated to have a synergistic effect in killing tumor cells (15–18), the molecular mechanism of action involves inhibition of Replication Protein A2 (RPA2) hyperphosphorylation-mediated DNA repair pathway (14).

RPA2 is the key subunit of the homologous recombination (HR) repair mechanism induced by DNA replication fork stagnation (19, 20). RPA2 comprises of multiple critical Ser/Thr residues that are phosphorylated sequentially in response to genotoxic stress (21). Ser33 phosphorylation is mediated by the ataxia telangiectasia and Rad3-related protein (ATR) (22, 23), which in turn promoted Thr21, Ser4 and Ser8 phosphorylation. Phosphorylation of Ser4/8 produces the most hyperphosphorylated form of RPA2 (24, 25). Studies have shown that phosphorylated RPA2 (pRPA2) is essential for HR repair as it is required for cell cycle checkpoints (26); directly interact with Rad51 (14, 27); and both RPA2 phosphorylation and HR repair occur mainly in the S- and G2-phases of the cell cycle (28, 29). Our previous studies have demonstrated that pRPA2 is specifically involved in the repair of DNA replication fork stagnation or collapse induced by HU (14, 30).

In this study, using different cell systems, an animal model of breast cancer, and human tissue samples, we systematically explored whether other mechanisms of action are involved in the observed cytotoxic effect of VPA and HU. We discovered that VPA influences HR repair and cell cycle through MUS81-pRPA2 pathway.



Materials and Methods


Cell Culture

Wild-type pRPA2 (wt-pRPA2) and hyperphosphorylation mutant RPA2-p (mu-pRPA2, S4A/S8A/S11A/S12A/S13A/T21A/S33A) cells were stably established as described in our previous publication (14). MCF10A cell line was transformed by the environment carcinogen DMBA (MCF10A-DMBA) as described elsewhere (31), MCF10A-DMBA cells were cultured with Dulbecco’s Modified Eagle’s Medium (DMEM)/Nutrient Mixture F-12 Ham (D9785, Sigma) combined with 5% horse serum (26050088, Gibco), 100ng/ml Cholera toxin (C8052, Sigma), 20ng/ml epidermal growth factor (E5036, Sigma), 0.5µg/ml hydrocortisone (614157, Sigma), 10µg/ml human insulin (I9278, Sigma), and 1% Penicillin-Streptomycin (V900929, Sigma). MCF-7, wt-pRPA2 and mu-pRPA2 cells were maintained in DMEM medium with 10% fetal bovine serum (FBS; Gibco).



Drug Treatment of Cancer Cells

The VPA+HU treatment was previously described (14). In brief, the cells were pretreated with 0.5mM VPA (Sigma) for 24h or 48h before 2mM HU (Sigma) was added and cultured for another 18h, before subject to further experimental analysis.



Clonogenic Survival Assay

The clonogenic survival assay method was described elsewhere (9, 32). The number of cell colonies (≥50 cells per clone) was counted and cell survival was presented as the cell survival fraction (SF), with SF = (the number of clones/seeded cells)/plating efficiency (PE).



Comet Assay

Performed according to the manufacturer’s instructions (Trevigen Company), DNA damage was detected by alkaline and neutral comet assay.



SiRNAs and Transfections

Knockdown of MUS81 in MCF-7 cells was performed by transfecting 200pmol siMUS81 (Genepharma) (5′-ACGCGCUUCGUAUUUCAGATT-3′ and 5′-UCUGAAAUACGAAGCGCGUTT-3′) (5′-GCAGGAGCCAUCAAGAAUATT-3′ and 5′-UAUUCUUGAUGGCUCCUGCTT-3′) or corresponding amounts of non-targeting control siRNA (Genepharma) with Lipofectamine 2000 (12566014, Thermo Fisher). After 24–48h, transfection mixture was removed and cells were stimulated with HU. Efficient knockdown was confirmed by western blotting.



Cell Cycle Analysis

10μM of 5-Bromo-2-deoxyUridine (BrdU) (B5002, Sigma) was added to the cells 30min before the end of treatment, after which the cells were harvested and fixed in 70% ethanol overnight at -20°C. The cells were subsequently incubated with 0.4mg/ml of pepsin (Sigma) in 2M hydrochloride acid for 30min and neutralized with 0.1M sodium borate for 15min (Fisher Company). The cells were then washed and further incubated with the primary antibody of anti-BrdU (B44, BD). After washing, the cells were incubated with a secondary antibody of AlexaFluor 594-labeled goat anti-mouse IgG (Molecular probes). The nucleus was stained with 4′,6-diamidino-2-phenylindole (DAPI; Sigma) for cell cycle analysis by flow cytometry.



Treatment of Animals and BrdU Incorporation

The female Sprague-Dawley (SD) rats used in this study, weighed between 200 and 250g, were obtained from Jinan Peng Yue Experimental Animal Breeding Co., Ltd (Jinan, CN). All animal experimental procedures were approved by the Shandong University Human and Animal Ethics Research Committee (81472800, approved March 2014). DMBA was dissolved in purified corn oil and adjusted to the concentration of 20mg/ml. Intragastric gavage (i.g.) was performed on SD rats with a single dose of 1ml DMBA-oil solution. During the experiment, the body weight was measured weekly. Meanwhile, breast palpation was performed on rats 3-4 times a week to check for tumor. About 40-60 days after gavage, primary tumors could be detected around the breast. The rats were randomly divided into four groups: untreated control, VPA, HU, and VPA+HU. The untreated group animals were treated with 0.9% saline. The rats in the VPA and VPA+HU groups received VPA [200mg/kg Intraperitoneal injection (IP), once a day] for 10 days. Four hours after the administration of VPA, HU (400mg/kg, IP, once a day) was administered to rats in the HU and VPA+HU groups for 10 days. The BrdU was injected IP to rats (100mg/kg) 24h before tissue harvest. On the 66th day after the end of the VPA and HU treatment, the rats were humanely euthanized pursuant to the animal ethics approval.



Histopathological Analysis

The tumors were fixed in 4% paraformaldehyde solution for 48h, then embedded in paraffin and sectioned (5µm). Paraffin-embedded tumor tissue sections were deparaffinized in xylene and rehydrated in graded ethanol solution. Sections were counterstained with hematoxylin and eosin (HE) and observed under light microscope.



Western Blot and Immunofluorescence Analysis

Western blot and immunofluorescence were performed as described previously (9, 32). The primary antibodies were anti-ATR (2790S, 1:800), anti-ATR (13934, 1:1000), anti-CHK1 (12908, 1:500), anti-phospho-CHK1 S317 (2344, 1:1000 for western blot; 1:150 for immunofluorescence), anti-WEE1 (sc-5285, 1:500), anti- pCDK1 (Y-15) (4539, 1:1000), anti-phospho-RPA2 Ser4/Ser8 (A300-245A, 1:2000 for western blot; 1:500 for immunofluorescence), anti-Rad51 (PC130, 1:1500), anti-Rad51 (sc-398587, 1:100), anti-γH2AX Ser139 (05-636, 1:1500), anti-53BP1 (NB100-304, 1:2500), anti-MUS81 (11018-1-AP, 1:1000), anti-Phospho-Histone H3 (Ser10) (66863-1-Ig, 1:2000), anti-phospho-RPA2 S33 (TA312067S, 1:1000), anti-CDK1 (CY5176, 1:1000) and anti-GAPDH (TA-08, 1:2000). Secondary antibodies included the goat anti-rabbit IgG horseradish peroxidase conjugated and goat anti-mouse IgG-horseradish peroxidase conjugated IgG (Pierce) in addition to the AlexaFluor 594-labeled goat anti-mouse IgG and AlexaFluor 488-labeled chicken anti-rabbit IgG (Molecular Probe). The images from the immunofluorescence assays were viewed at 100× magnification with a Zeiss Axio observer inverted fluorescence microscope (3858000984).



Immunohistochemistry Analysis

Paraffin-embedded sections were deparaffinized and rehydrated as described above. Heat-induced epitope retrieval was performed. Endogenous peroxidase activity was inactivated by incubation in 3% hydrogen peroxide for 15min. Sections were incubated in goat serum for 1h. Following this, the slides were incubated in primary antibodies anti-F4/80 (123101, 1:200), anti-53BP1 (NB100-304, 1:1000), anti-phospho-CHK1 S317 (O14757, 1:100), anti-phospho-RPA2 Ser4/Ser8 (A300-245A, 1:1000), and anti-Rad51 (PC130, 1:500) overnight at 4°C, before incubation with biotinylated secondary antibody (1:300 dilution) for 1h then 30min in the ABC kit. The slides were incubated in diaminobenzidine (DAB), counterstained with hematoxylin, and sections were observed under light microscope.



Statistical Analysis

Continuous values were expressed as mean ± standard deviation (SD). The unpaired two-tailed t-test was utilized to compare the groups. The Shapiro-Wilk test was used for the normality test. Correlation analysis of classification data was carried out by the chi-square test. All statistical analyses were performed using GraphPad Prism 6 (GraphPad Prism Software) or IBM SPSS Statistics for Windows, Version 25.0 software. Statistically significant differences were set at P < 0.05.




Results


Distribution of pRPA2 in Human Breast Cancer and Para-Carcinoma Tissues

Our previous studies have proved that pRPA2 at S4/8 plays an important role in VPA sensitization chemotherapy (14), therefore, we want to explore the expression of pRPA2 at S4/8 in human tissues. We collected a total of 45 samples of para-cancerous tissues and 140 samples of cancerous tissues from Shanghai Outdo Biotech Company (Shanghai, China) in accordance with the ethics approval from Taizhou Hospital in Zhejiang province (Figure 1A). We first examined the levels of pRPA2 expression in the para-carcinoma tissues. The Shapiro-Wilk test (P > 0.05) indicated that the distribution of pRPA2 in the tissues did conform to the normal distribution (Figure 1C), therefore the 95% confidence interval was used. The normal medical reference range of pRPA2 in the paracancer tissues was 131.79 - 151.07. The expression levels of pRPA2 were divided into two types: low-level type (L: pRPA2 < 151.07), and high-level type (H: pRPA2 > 151.07) (Figure 1B). As shown in Figure 1D, the proportions of L and H types are 37.4% and 62.6% respectively, and pRPA2 is expressed predominately in the H type. The Curtis dataset in Figure 1F showed that the expression of the RPA2 gene in breast cancer tissues is higher than that in normal tissues. Kaplan-Meier analysis showed that patients with high pRPA2 expression had significantly worse survival (Figure 1E).




Figure 1 | The distribution of pRPA2 in human tumor tissues and para-carcinoma tissues. (A) The tissue array of 45 para-cancerous tissue samples and 140 cancerous tissue samples. (B, D) The expression level of pRPA2 in tumor tissues was divided into two types: low-level type (L: pRPA2 < 151.07) and high-level type (H: pRPA2 > 151.07). (C) Shapiro-Wilk test (P > 0.05) suggests that the distribution of pRPA2 in paracancer tissues did conform to the normal distribution. (E) Kaplan-Meier analysis showed that patients with high pRPA2 expression had significantly worse survival. (F) Curtis dataset showed that the expression of the RPA2 gene in breast cancer tissues is higher than that in normal tissues. (G) The difference of cell cycle checkpoint kinase genes between DMBA-induced tumor cells and normal cells.





VPA-Induced Breast Cancer Cell Death Is Dependent on pRPA2 in Response to HU Treatment

We previously demonstrated that intracellular replication breakage occurs with 2mM HU treatment for 18h (14, 30). As shown in Figure 2A, the survival fraction of MCF10A-DMBA cells treated by VPA+HU cells significantly decreased compared with the other groups (P < 0.01), indicating that VPA is capable of enhancing tumor cells sensitivity to HU.




Figure 2 | pRPA2 plays a key role in VPA-induced breast cancer cell death and VPA-inhibited checkpoint kinase phosphorylation. (A, B) Clonogenic survival in MCF10A-DMBA, wt-pRPA2 and mu-pRPA2 cells treated with VPA, HU, or combination of VPA and HU. (C, F) The levels of ATR, pCHK1 (S317), CHK1, WEE1, pCDK1 (Y-15) and CDK1 were detected by immunoblotting in MCF10A-DMBA, wt-pRPA2 and mu-pRPA2 cells treated as indicated in Fig. 1. (D, E), (I–N) Quantification of the relative protein levels. GAPDH was used as loading control. (G, H) The pictures presented pCHK1 (S317) nuclear signal in MCF10A-DMBA, wt-pRPA2 and mu-pRPA2 cells. Each data point in the graph was from three independent experiments. Compared with the untreated group, *P < 0.05, **P < 0.01; compared with the HU group, #P < 0.05, ##P < 0.01.



VPA-induced cancer cell death may be associated with damage to pRPA2-mediated HR repair (14, 30). To test this hypothesis, we used the theory of synthetic lethality (SL) (33) to explore whether the HR mechanism of cells is affected. Due  to the presence of cellular Poly (adenosine diphosphate (ADP)-ribose) polymerase inhibitors (PARPi), the cell cannot initiate the base excision repair (BER) pathway, so the two independent DNA damage repair pathways, HR and BER, are deficient and is fatal to the cancer cells (34). Hence, we employed ABT888, a typical PARPi, to test for MCF7 cells expressing mu-pRPA2 and wt-pRPA2 survival.

As shown in Figure 2B, the combined VPA and ABT888 inhibited wt-pRPA2 cell growth and killed tumor cells (P < 0.01). Before ABT888 and VPA treatment, the survival fraction in the untreated cells expressing mu-pRPA2 decreased by 49.22% (P < 0.01) as compared to the untreated cells expressing wt-pRPA2, indicating that the pRPA2 is critical to DNA repair. In contrast, there were no statistically significant differences in the cell survival rate between the ABT888 group and VPA+ABT888 group (P > 0.05), suggesting that pRPA2 is critical to replication forks repair, and without pRPA2, the effect of VPA is significantly reduced. We, therefore, concluded that VPA and ABT888 can synergistically kill tumor cells by inhibiting the HR and BER process, and the pRPA2 may be the potential target of VPA.



VPA Can Inhibit pRPA2-Mediated Checkpoint Kinases Phosphorylation in Response to HU Treatment

Disturbances in the process of DNA replication forks and DNA damage activate checkpoint kinases, including ATR and checkpoint kinase-1 (CHK1) (35, 36). Obstructed replication forks activate kinases that promote cell cycle arrest and the intra S-phase checkpoint (35), which prevent fatal premature transitions of cells with incompletely replicated or damaged DNA into mitosis (37). WEE1 kinase is capable of phosphorylating cyclin-dependent kinase (CDK1) (38). ATR/pCHK1 and the WEE1/pCDK1 signal pathway regulates DNA replication origin firing during the S-phase and transition into the G2/M phase (4, 39, 40).

We next examined whether VPA influences checkpoint kinases phosphorylation. The MCF10A-DMBA cells were treated with HU, which impedes the progression of replication forks and activates checkpoint kinases. We found that the cell cycle checkpoint kinase CHK1 and CDK1 genes were increased in the cells (Figure 1G).

However, the combination of VPA and HU significantly diminished ATR, CHK1, WEE1, pCDK1 at Y-15, CDK1, pCHK1 at S317 and pCHK1(S317) nuclear signal in the cells (Figures 2C–E, G).

We further explored whether VPA can regulate checkpoint kinases phosphorylation in the wt-pRPA2 and mu-pRPA2 cells. The results showed that the combination of VPA and HU significantly decreased levels of ATR, pCHK1, CHK1, WEE1, pCDK1 and CDK1 in the wt-pRPA2 cells (Figures 2F, I–N). However, HU-alone could not increase the levels of ATR, pCHK1, WEE1, pCDK1 and CDK1 in the mu-pRPA2 cells, and there was no statistical difference between HU-alone and VPA+HU groups (Figures 2F, I–N). The results indicated that pRPA2 is capable of regulating checkpoint kinases phosphorylation. Furthermore, we also detected the pCHK1(S317) nuclear signal in wt-pRPA2 cells and mu-pRPA2 cells, and the results were consistent with the western blot results (Figure 2H). Hence, we concluded that VPA suppresses the cell cycle checkpoint kinases phosphorylation in response to replicative stress in several cellular systems.



S Phase Slippage to G2/M Promoted by VPA Is Related to pRPA2 After HU Treatment

Cell cycle progression is restricted due to activated checkpoint kinases. We hypothesized that VPA may potentially disturb this mechanism. As shown in Figures 3A, B, HU arrested MCF10A-DMBA cells in the S-phase and delayed their transition into the G2/M-phase, VPA induced a cell cycle arrest in the G1-phase. As expected from its ability to block checkpoint kinase phosphorylation (Figure 2F), VPA reduced HU-treated MCF10A-DMBA cells in the S-phase and led the cells to slide into the G2-phase (Figures 3A, G, H). Following VPA and HU treatment, breast cancer cells had increased levels of Histone H3 (S10), indicating an increase of mitotic cells, compared with HU alone (Figures 3G, H). Hence, we deduced that breast cancer cells exposed to VPA+HU escape from the HU-induced S-phase block and traverse into G2-phase and catastrophic injury.




Figure 3 | VPA promotes S phase slippage. (A–F):MCF10A-DMBA, wt-pRPA2 and mu-pRPA2 cells were treated with VPA and/or HU. Cell cycle analysis is shown as mean ± SD (n = 3). Statistical significance is displayed for cells in the S-phase. (G) The level of pHistone H3 (S10) was detected by immunoblotting. (H) Quantification of the relative protein levels. GAPDH was used as loading control. Each data point in the graph was from three independent experiments. Compared with the untreated group, *P < 0.05, **P < 0.01; compared with the HU group, ##P < 0.01.



When DNA is replicated in the S-phase and during chromosome segregation in the M-phase, cells are particularly vulnerable to genome instability and DNA damage. The pCHK1 and pCDK1 activation defect, and persistent γH2AX seen in mu-pRPA2 cells suggest that DNA damage accumulates when these cells decrease in S-phase stasis in response to replication stress (Figures 4G, I). To determine whether RPA2 phosphorylation is also important to prevent damaged cells from entering mitosis, we next analyzed wt-pRPA2 and mu-pRPA2 cell cycle profiles. As shown in Figures 3C–F, VPA reduced HU-treated wt-pRPA2 cells in the S-phase, but the S-phase of mu-pRPA2 cells treated with HU was reduced by 20.71% as compared with the corresponding group in the wt-pRPA2 cells. There was no statistical difference between the HU and VPA+HU group in the mu-pRPA2 cells. These data indicated that RPA2 phosphorylation is essential for maintaining S-phase checkpoint arrest, and pRPA2 may be the potential target of VPA.




Figure 4 | VPA influences DNA DSBs after HU treatment in breast cancer cells. (A) The MCF10A-DMBA cells treated as indicated in Fig. 1 with comet tail presented in the pictures using neutral come assay. (B, C) Relative DSBs of cells were analyzed. (D, G) The level of γH2AX was detected by immunoblotting in MCF10A-DMBA, wt-pRPA2 and mu-pRPA2 cells. (E, F) Quantification of the relative protein levels. GAPDH was used as loading control. (H, I) γH2AX foci formation in MCF10A-DMBA, wt-pRPA2 and mu-pRPA2 cells. Each data point in the graph was from three independent experiments. Compared with the untreated group, *P < 0.05, **P < 0.01; compared with the HU group, #P < 0.05, ##P < 0.01.





VPA Enhances HU-Induced DNA DSBs Through the Inhibition of pRPA2 Level in Tumor Cells

Since HU treatment leads to collapsed replication forks to one-ended DNA double-strand breaks (DSBs), we next investigated VPA’s effect on DSBs under HU treatment using the comet assay. The neutral comet assay results showed that the comet tail length in the MCF10A-DMBA cells treated with VPA+HU significantly increased compared with other groups (Figures 4A, B, P < 0.01). These results further indicated that the combination of VPA and HU enhances MCF10A-DMBA cells’ sensitivity. The results were verified using the alkaline comet assay (Supplementary Figures 1A, B, P < 0.01).

The findings presented in Supplementary Figure 1E and Figure 4C demonstrated that VPA and/or HU significantly increased the comet tails in wt-pRPA2 cells (P < 0.01), while the comet tails in the HU-alone group of mu-pRPA2-cells were significantly longer than the corresponding group of wt-pRPA2-cells. No significant difference in the tail length between the HU and VPA+HU groups in the mu-pRPA2 cells was observed. The findings suggest that pRPA2 is important to replication forks repair, and without pRPA2, the effect of VPA is significantly reduced. Similar results were obtained using the alkaline comet assay (Supplementary Figures 1C, D, P < 0.01).

The DSBs marker, γH2AX was used to detect DNA damage in MCF10A-DMBA cells. The results showed that the protein level of γH2AX in the VPA+HU group was significantly higher than each of the single drug treatment groups in the cells (Figures 4D, E). Immunofluorescence assay showed that VPA enhanced the HU-induced positive signal of the cells with nucleus γH2AX foci in the cells (Figure 4H).

We also checked for γH2AX in the wt-pRPA2 and mu-pRPA2 cells. Western blot results showed that VPA and/or HU significantly increased the level of γH2AX in wt-pRPA2 cells, while the level of γH2AX in the HU-alone group of mu-pRPA2 cells was significantly higher than the corresponding group of wt-pRPA2 cells (P < 0.01). However, in the mu-pRPA2 cells, there was no significant difference in the level of γH2AX between the HU and VPA+HU groups (Figures 4G, F). The level of γH2AX was detected by an immunofluorescence assay, and the results were consistent with the western blot results (Figure 4I).

In summary, we demonstrated using different cell lines that VPA enhances HU-induced DNA DSB breaks, and pRPA2 plays a crucial role in DNA repair.



VPA-Induced HU Sensitization Is Associated With the Decrease of pRPA2-Mediated HR Repair Function

To further elucidate the molecular mechanisms of how VPA can sensitize tumor cells to HU treatment, we hypothesized that VPA disrupts the HR repair signaling pathway.

The results in Figures 5A–D showed that pRPA2 at both sites of S33 and S4/8 and Rad51 levels in the VPA+HU group were significantly decreased compared to HU only treatment in the MCF10A-DMBA cells. The results suggested that sensitization is caused by VPA interfering with the pRPA2 at both sites of S33 and S4/8, mediated by Rad51-dependent HR pathway.




Figure 5 | VPA influences the pRPA2 and Rad51 in cell system. (A, E) The levels of pRPA2(S33), pRPA2(S4/8) and Rad51 were detected by immunoblotting in MCF10A-DMBA, wt-pRPA2 and mu-pRPA2 cells treated as indicated in Fig. 1. (B, F–H) Quantification of the relative protein levels. GAPDH was used as loading control. (C, D) pRPA2(S4/8) and Rad51 foci formation in MCF10A-DMBA cells. (I) Quantification of the Rad51 foci. Each data point in the graph was from three independent experiments. Compared with the untreated group, *P < 0.05, **P < 0.01; compared with the HU group, #P < 0.05, ##P < 0.01.



To further verify the above results, we also assessed pRPA2 at both sites of S33 and S4/8 and Rad51 in the wt-pRPA2 and mu-pRPA2 cells. The results showed that VPA+HU significantly decreased pRPA2 and Rad51 induced by HU in the wt-pRPA2 cells (Figures 5E–H). However, HU did not increase the pRPA2 and Rad51 in the mu-pRPA2 cells, and there was no statistically significant difference between the HU and VPA+HU groups. We also detected the positive signal of the cells with pRPA2 and Rad51 foci in wt-pRPA2 cells or mu-pRPA2 cells. Consistent findings were obtained via western blot (Figure 5I and Supplementary Figures 2A, B). These results indicated that VPA induced cell sensitivity by interfering with the pRPA2 mediated Rad51-dependent HR pathway, and pRPA2 is critical to this pathway.



VPA-Caused HU Sensitization Is Associated With Endonuclease MUS81

Methyl methane sulfonate ultraviolet sensitive gene clone 81 (MUS81) plays an important role in maintaining genome stability and replication fork integrity (41).

Notably, recent studies have found that the expression level of MUS81 is closely related to the evolution of various cancers (42, 43). The crossover junction endonuclease MUS81 interacts with EME1 and EME2 to form a DNA structure-specific endonuclease with substrate preference for branched DNA structures with a 5’-end at the branch nick (44). In addition, MUS81 protein abundance increases in cells following exposure to agents that block DNA replication (45, 46).

We next examined how VPA reduces pRPA2 in response to HU treatment. We hypothesized that VPA interferes with endonuclease MUS81-mediated nuclease activation, and result in the replication forks failure to trigger the functional signal pathway after HU treatment.

As shown in Figures 6A, B, the combination of VPA and HU significantly diminished MUS81 in MCF7 cells (Figures 6A, B). After knocking down MUS81 by its siRNA, pRPA2 at both sites of S33 and S4/8 was down-regulated (Figure 6C), indicating that the level of pRPA2 was regulated by MUS81.




Figure 6 | VPA-caused HU sensitization is associated with endonuclease MUS81. (A) The level of MUS81 was detected by immunoblotting in MCF-7 cells treated as indicated in Fig. 1. (B) Quantification of the MUS81 protein levels. GAPDH was used as loading control. (C) MCF-7 cells were transiently transfected with indicated siMUS81. After 24 h, cells were treated with 2 mM HU and 0.5 mM VPA. Protein detection was performed by immunoblot. (D, E) MCF-7 cells were treated with 2 mM HU, 0.5 mM VPA or/and siMUS81. Cell cycle analysis of the DNA content of MCF-7 cells using flow cytometry. Cell cycle analysis shown as mean ± SD (n = 3). Compared with the untreated group, **P < 0.01; compared with the HU group, ##P < 0.01.



To next investigate the role of MUS81 in HR repair and cell cycle, we decreased MUS81 with its siRNA in MCF-7 cells, and treated the cells with VPA and HU, then analyzed the checkpoint kinases phosphorylation, cell cycle progression and HR repair proteins. As demonstrated in Figure 6C, after down-regulation of MUS81, pCHK1, WEE1, pCDK1, CDK1, pRPA2 and Rad51, VPA appeared to lose its effect in HU sensitization. The cell population at S-phase in siMUS81 cells treated with HU was reduced by 10.88% as compared with the corresponding group in the si control cells, a significant difference in the S-phase was not detected between HU and VPA+HU groups, consistent with the results of checkpoint kinases in siMUS81 cells (Figures 6D, E). The data indicated VPA can target MUS81-pRPA2-mediated checkpoint kinases phosphorylation and HR pathways for causing replication forks to fail to signal.



VPA Sensitizes Tumor Tissues to HU Treatment in Rats In Vivo

For the next set of experiments, we used a primary rat model of breast cancer induced by DMBA, described in our previous studies (14, 47). It was reported in the literature that 150 to 300mg/kg of VPA was usually used for animal study (34, 48). In this study, 200mg/kg was employed. Previous study used 50mg/kg/day to 1500mg/kg/day over 10 days to study the toxic effect of HU on rats (49). In this study, three concentrations of 200, 400 and 600mg/kg HU were selected. As shown in Figure 7A and Supplementary Tables 1, 2, we found that under the condition of 400mg/kg HU not only effectively kills the tumor but also minimizes the side effects. Therefore, this dose was chosen for subsequent experiments.




Figure 7 | VPA sensitizes tumor to HU treatment in rats. (A) The effect of different doses of VPA and HU on the bodyweight of normal rats.(B) The changes of rat tumor volume in untreated control, 200mg/kg VPA, 400mg/kg HU, and VPA+HU groups. (C) The changes of rat body weight in different groups. (D) Photographs of tumor volume in untreated, VPA, HU, and VPA+HU groups. (E) The morphological change of tumor in groups after treatment.



We concurred with previous studies that VPA treatment produced a significant reduction in tumor volume (Figure 7D). This trend was more pronounced in the HU and VPA+HU groups (Figure 7B, P < 0.01). We observed that the untreated rats exhibited a large number of mammary duct dysplasia and interstitial fibrosis in the tumor tissue, and the acinar structure disappeared, presenting a typical tumor cell morphology (Figure 7E). Some vacuoles structures of tumor tissue were found in the VPA-alone rats; more vacuoles structures and necrotic cells occurred in the HU-alone rats. These changes were more obvious in the VPA+HU rats. There was no significant difference in the body weight between the untreated control and VPA+HU groups at the endpoint, indicating that VPA minimized the side effects of HU (Figure 7C). The above results indicated that VPA efficiently sensitizes primary tumor to HU treatment.



VPA Influences Checkpoint Kinases, HR Repair, and Macrophages in Tumor Tissues

Based on the results of checkpoint kinase in the different cell systems mentioned above, we next verify the above results in rats in vivo. As demonstrated in Figures 8A, B, HU significantly increased, while VPA+HU significantly decreased, the protein levels of pCHK1 at S317 and pCDK1 at Y-15 in the tumor tissues. Furthermore, we also tested the expression of pCHK1 using immunohistochemistry analysis, and the results were consistent with the western blot results (Figures 8D, H).




Figure 8 | VPA influences checkpoint kinases phosphorylation and HR repair in tumor tissues. (A) The protein levels of ATR, pCHK1 (S317), pCDK1 (Y-15), 53BP1, pRPA2(S4/8) and Rad51 were detected by immunoblotting in tumor tissues. (B, C) Quantification of the relative protein levels. GAPDH was used as loading control. (D–I) The protein expression of 53BP1, pRPA2(S4/8), Rad51 and pCHK1 (S317) by immunohistochemistry staining in tumor tissues; Macrophages were detected in the tumor by the specific marker F4/80. IOD density of indicated proteins in immunohistochemistry photos was quantified by Image pro plus software. Each data point in the graph was from three independent experiments. Compared with the untreated group, *P < 0.05, **P < 0.01; compared with the HU group, #P < 0.05, ##P < 0.01.



The DSBs marker 53BP1 was used to detect DNA damage in tumor tissues. The results showed that the protein level of 53BP1 significantly increased in the HU group and VPA+HU group (Figures 8A, C). Similar results were obtained using immunohistochemistry analysis. More importantly, 53BP1 expression was only localized in the tumor cells of hyperplastic glands accompanying more vacuole structures and necrotic cells (Figures 8D, E). We further tested the pRPA2 at S4/8 and Rad51 protein levels, the key factor for HR. The pRPA2 and Rad51 were significantly decreased in the VPA+HU group (Figures 8A, C). Similar results were obtained using immunohistochemistry analysis (Figures 8D, F, G), indicating that HU blocks the replication fork of DNA and activates the repair function of HR, and pRPA2 and Rad51 in HR repair are inhibited by VPA+HU.

Recently, it was reported that TMP195, a class IIa HDACi, altered the tumor microenvironment and reduced tumor burden and pulmonary metastases by recruiting macrophages to tumor sites (50), we hypothesized that VPA might regulate macrophages recruitment in breast cancer metastasis. The F4/80, a specific macrophage marker, was used to detect the number and distribution of macrophages in the tumor tissues. We found that macrophages increased slightly in the VPA (P < 0.05) and HU (P < 0.01) groups. The VPA+HU group had a higher proportion of F4/80, and the macrophages were mainly distributed in the stroma and inside of the tumor gland (Figures 8D, I). Therefore, we concluded that VPA sensitizes tumor to HU treatment by stimulating the proliferation of macrophages and recruiting it into tumor tissues.




Discussion

Chemotherapeutic drugs are widely used in the clinical treatment of breast cancer, but due to its toxic adverse effects, finding an effective chemotherapeutic sensitizer is garnering clinical interest (51, 52). We and others have demonstrated that VPA can sensitize breast cancer cells, pancreatic cancer cells, and melanoma cells to HU (14, 18, 53). While mechanism of action had been proposed, the precise pathway is yet to be thoroughly investigated.

In this study, we first established a homologous pair cell-line expressing wt-pRPA2 or mu-pRPA2, MCF10A-DMBA cells, and animal models that simulated the development of human primary tumors. Through the animal and in vitro cell culture, we demonstrated the combined treatment of VPA and HU was effective in inhibiting tumor growth, and the use of VPA alone could also inhibit tumor growth, indicating that pretreatment with VPA can enhance the response of breast cancer to HU. These results confirmed previous studies using breast cancer cell lines (14).

It was reported that VPA sensitized tumor cells to chemotherapy through apoptosis and autophagy (8, 54). Our studies found that disruption to the cell cycle and DNA repair functions are also important mechanisms for VPA sensitization; specifically, VPA decreases checkpoint kinase phosphorylation, promotes S-phase slippage, and inhibits pRPA2-mediated HR repair pathway following HU treatment.

Our results from the wt-pRPA2 and mu-pRPA2 cells confirmed that pRPA2 plays a vital role in activating the checkpoint kinases, regulating cell cycle progression, and specifically participating in the HR repair. In the present study, we found that the mutation of pRPA2 (S4A/S8A/S11A/S12A/S13A/T21A/S33A) in MCF-7 cells significantly decreased MCF-7 cell survival, and ATR, pCHK1 (S317), CHK1, WEE1, CDK1, and pCDK1 (Y-15) could not be activated by HU, thus confirming that pRPA2 is required for checkpoint kinases and cell cycle profile. To the best of our knowledge, this is the first report to identify that WEE1/pCDK1 (Y-15) are regulated by pRPA2. In addition, VPA could not decrease the pCHK1 (S317) and pCDK1 (Y-15) checkpoint kinase phosphorylation in mu-pRPA2 cells. Therefore, we demonstrated that pRPA2 plays a pivotal role in the sensitization of VPA.

We specifically test for the action of VPA on S33- and S4/S8-RPA2 phosphorylation since the stagnant replication forks need to be modified by endonuclease for signaling to initiate DNA repair. MUS81 interacts with EME1 and EME2 to form a DNA structure-specific endonuclease and is involved in DNA repair, gene replication and cell growth (55). Our results corroborate that VPA interferes with the activation of MUS81 nuclease and prevents the signal transduction of the replication fork, thereby reducing the levels of pRPA2 at both S33 and S4/8 (Figure 9). To the best of our knowledge, this is the first report that the HDACi can interfere with MUS81.




Figure 9 | The hypothetical modulation model of VPA on tumor cells.



We further documented the expression of S4/S8-RPA2 phosphorylation in human breast tumor and paracancer tissues by immunohistochemistry. We determined the medical reference range of pRPA2(S4/8), found the clinical association of pRPA2(S4/8) in human breast tumors, and identified the relationship between the expression level of pRPA2(S4/8) and patients’ survival. Specifically, patients with breast cancer tumors expressing high pRPA2(S4/8) had much worse survival. These results indicate that pRPA2(S4/8) represents a new potential predictive biomarker to identify patients who may respond to VPA and HU combined therapy.

Using the animal model, we found that macrophage-mediated immune response was also involved in the VPA-mediated therapeutic effects. Notably, in this study, compared with the HU-alone treatment, the combination of VPA and HU can stimulate macrophages and recruit the macrophages into the tumor site to inhibit tumor growth. These results suggested that VPA influences macrophages in the tumor microenvironment: it can effectively enhance the killing effect of chemotherapy on tumor tissue. Whilst the molecular mechanism involved in the regulation of macrophages is still unclear, our results confirm that pRPA2 regulates cell cycle checkpoint kinases and cell cycle, whether pRPA2 can affect the function of macrophages and the relationship between HR repair and tumor immune response will need to be further investigated.

In summary, the present study demonstrated that VPA influences HR repair and cell cycle through MUS81-pRPA2 pathway in response to HU and macrophages are involved in the regulation of VPA.
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The assembly of stress granules (SGs) is a well-known cellular strategy for reducing stress-related damage and promoting cell survival. SGs have become important players in human health, in addition to their fundamental role in the stress response. The critical role of SGs in cancer cells in formation, progression, and metastasis makes sense. Recent researchers have found that several SG components play a role in tumorigenesis and cancer metastasis via tumor-associated signaling pathways and other mechanisms. Gene-ontology analysis revealed the role of these protein components in the structure of SGs. Involvement in the translation process, regulation of mRNA stability, and action in both the cytoplasm and nucleus are among the main features of SG proteins. The present scoping review aimed to consider all studies on the effect of SGs on cancer formation, proliferation, and metastasis and performed based on a six-stage methodology structure and the PRISMA guideline. A systematic search of seven databases for qualified articles was conducted before July 2021. Publications were screened, and quantitative and qualitative analysis was performed on the extracted data. Go analysis was performed on seventy-one SGs protein components. Remarkably G3BP1, TIA1, TIAR, and YB1 have the largest share among the proteins considered in the studies. Altogether, this scoping review tries to demonstrate and provide a comprehensive summary of the role of SGs in the formation, progression, and metastasis of cancer by reviewing all studies.
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INTRODUCTION

In 1988, dense cytoplasmic bodies formed under stress in chicken embryonic fibroblasts were named stress granules (SGs) (Collier et al., 1988). SGs are dense bodies that, under stress, are composed of RNA and proteins and are located in the cytosol (Gutierrez-Beltran et al., 2015). Ribonucleoproteins appear under different stresses, and with the end of stress, their number decreases and is limited to SGs being disassembled (Kedersha et al., 2013). Within a specific classification of stresses based on a study in 2008, two categories can be presented: Type I stresses preferentially induce SG formation, which includes hypoxia, heat shock, and arsenic, whereas type II stresses especially activate stress-responsive MAPK cascades, which include X-rays and genotoxic drugs like methyl methanesulphonate (MMS), etoposide (Arimoto et al., 2008). In response to this diversity of stress, the cell pursues an evolutionary strategy that leads to the formation of SGs (Jevtov et al., 2015). Stopping the translation process due to stress builds an extensive repository of components of SGs, translation initiation factors, RNA binding proteins, and non-RNA binding proteins constitute the protein components, and mRNA, which is a non-protein part (Cao et al., 2020). With the release of stress and the end of translational inhibition, the SGs disassemble, and the mRNA makes its way to the translating polysomes (Aulas et al., 2017; Khong and Parker, 2018).

Decision points are a term that can be attributed to SGs even though no specific function has been assigned to them so far (Buchan and Parker, 2009). The decision point for the two components of SGs is the mRNA trapped in their structure and the proteins that make them up (Decker and Parker, 2012). mRNA can take three pathways, remain in the structure of SGs and be stored, resume translation from the structure of released SGs, or move toward degradation. Interestingly, factors such as low translatability, increased coding region length, and untranslated region can also positively increase the likelihood of mRNA being present in the SG structure (Aulas et al., 2017). The major protein component of SGs, which is composed of RNA-binding proteins, can also have two specific domains, Prion Like Domains (PLDs) and Intrinsically Disordered Domains (IDDs), which have the potential to form protein aggregates (Gilks et al., 2004). Low complexity sequence is one of the main features of IDDs and PLDs domains identified by single amino acid repeats with polar residues such as tyrosine, serine, asparagine, and glutamine (Malinovska et al., 2013). These domains can cause SGs to assemble during electrostatic interactions by enhancing the liquid-liquid phase separation (Lin et al., 2015). When protein-overloaded RNAs (especially proteins with IDDs and PLDs domains) dispersed in the cytoplasm or nucleoplasm (soluble phase) coalesce into a concentrated state, liquid-liquid phase separation occurs (condensed phase). During this condensed phase, the highly concentrated RNAs and RNA-binding proteins (RBPs) act as a single organelle with liquid-like properties and high interactions to form SGs (Yang et al., 2020).

Stress granules, with their strong presence, have established themselves in a wide range of diseases, and many studies have shown the extent of these diseases, including cancer (Buchan, 2014), neurodegenerative diseases (Asadi et al., 2021), autoimmune diseases (Johnson et al., 2016), and many other diseases. Among these, cancer can be discussed from three different perspectives: the formation of cancer and tumorigenesis, cancer survival and metastasis, invasion, and progression of cancer cells (Hamidi and Ivaska, 2018). Cancer cells respond to mutant oncogenes by over-proliferation and over-cellular potency, so it makes perfect sense to face more stress (Urra et al., 2016; El-Naggar and Sorensen, 2018). On the other hand, adapting to stresses caused by over-proliferation is also a characteristic of cancer cells (Sharma et al., 2016), which generally in cells with normal conditions lead to death, but in cancerous conditions, the cell quickly adapts survives (Senft and Ronai, 2016). Remarkably, cancer uses the ownership and usability of SGs against stress from the cell to benefit from better tumorigenesis and progression (Grabocka and Bar-Sagi, 2016; Protter and Parker, 2016). Thus, SGs have been introduced as a cancer cell stress-adaptive strategy for a wide range of tumor-related stresses, including proteotoxic stress, oxidative stress, and osmotic stress for the cell (Somasekharan et al., 2015; Grabocka and Bar-Sagi, 2016). In addition to affecting cell proliferation, pro-tumorigenic hyperactivation signaling pathways increase the formation of SGs, which prolongs the life of cancer cells and leads to tumor cell proliferation. On the other hand, the prominent role of SGs in resistance to anticancer drugs is a powerful lever of cancer (Cruz et al., 2019; Herman et al., 2019). So far, many studies have been done on the structure, components, and derivatives of SGs in cancer. As a systematic scoping review, the present study revised all studies on SGs to summarize all aspects of their effects on cancer, from its formation to its progression and metastasis. It also provided a table of eligible studies that included major findings, major methods, and, most importantly, the SGs protein components examined further by gene ontology analysis.



MATERIALS AND METHODS


The Review’s Overall Framework

The method proposed by Arksey and O’Malley (2005) served as the basis for this article’s strategy. Levac et al. (2010) and Colquhoun et al. (2014) later improved on this strategy. The 5-step framework is followed in this review, which includes the following steps, respectively: Classifying the research question, Search plan, Study selection, Data collection, Data summary, and synthesis of results. The sixth and final step is consultation, which is not covered in this article. The Preferred Reporting Items for Systematic Reviews and Meta-Analysis Extension for Scoping Reviews (PRISMA-ScR) Checklist is used to consider and observe two crucial aspects of clarity and transparency while writing the article (Tricco et al., 2018).



Classifying the Research Question

The overall main research question developed is defined as:


‘What studies have been done on SGs in formation, progression and metastasis in cancer?’

‘What are the results and findings of these studies?’



It should be noted that general and comprehensive questions are considered to include significant studies.



Search Plan

Pubmed, Embase, Scopus, Cochrane, Google Scholar, Web of Science, and ProQuest were searched to access the publications. A date, language, subject, or publication type restriction was not applied to the search. Review publications were also revised to eliminate the possibility of related articles being ignored. We almost used the following search query for our searches in cancer: “cancer∗” OR “neoplasm∗” OR “cyst∗” OR “carcinoma∗” OR “adenocarcinoma∗” OR “neurofibroma∗” OR “tumor∗” OR “tumor∗” OR “malign∗.” The search keywords and search results in each database are listed in medical subject heading (MeSH) for the PubMed database, and emtree for the Embase database are also used correctly in the search. The last search was led on July 15, 2021. The references were managed using EndNote X8.1.



Study Selection

Cancer studies involving SGs in humans, cell lines, and animal model studies were screened from the publications found during the search. All types of publications, including journal articles, conference presentations, Erratum, conference abstracts, and reports, were screened. Two reviewers (MA and DR) independently completed the screening in two stages (first only title and abstracts, second full-text). The titles and abstracts of the articles were reviewed at this stage using the Inclusion and Exclusion criteria listed below. The full text of the articles was reviewed, and irrelevant articles were removed, ensuring that the articles were entirely consistent with the research questions. Any discrepancies in agreement with the third person’s opinion were resolved.


Inclusion Criteria


I. studies include: SGs in the formation, progression, and metastasis of cancers (any cancer) (all human studies/animal studies/cell culture studies).

II. Articles in English only.

III. Original studies.





Exclusion Criteria


I. Studies of SGs in diseases other than cancer.

II. Studies on the effect of SGs on cancer treatment (anticancer medications, chemotherapy, and radiotherapy).

III. Languages other than English.

IV. Studies that are not original.

V. Studies have used bioinformatics and impractical methods to study stress granules.





Charting the Data

Following the completion of the final articles that answer the research questions, the data-charting was created to organize the study variables using the following headings: author’s name, year of publication, country, type of study, human samples, animal models, cell lines, SGs protein components, methods, major findings, and references. Two reviewers (MA and DR) extracted data from articles using charts separately.



Data Summary and Synthesis of Results

The findings from the publications presented in tables and charts were subjected to quantitative and qualitative analysis. A descriptive numerical summary of the study’s scope, nature, and distribution was reviewed in the quantitative analysis section. The presented data was affirmed on the broader context suggested by Levac et al. (2010), in a narrative review, in the qualitative analysis section.



RESULTS

There were 1029 results from a keyword search across seven databases. Meanwhile, thirteen additional records were discovered through other sources and added to the total number of articles. Endnote software found and deleted 501 duplicate records, bringing the total number of articles to 541. Following a review of the article titles and abstracts, 117 articles that addressed the research question were chosen. At this point, 56 articles were included in Supplementary Table 1 for the charting data stage after reviewing the full text of 117 articles. Figure 1 shows the step-by-step procedure for selecting eligible articles and studies. Eligible studies were published between 2008 and 2021. Supplementary Table 1 was created to rank studies from top to bottom in order to provide faster access to article division based on study frequency. The percentage of various studies is shown in Figure 2. Meanwhile, the majority of studies, about 66% of studies, are dedicated to cell culture studies only (Baguet et al., 2007; Miyoshi et al., 2007; Arimoto et al., 2008; Eisinger-Mathason et al., 2008; Goulet et al., 2008; Busà et al., 2010; Gottschald et al., 2010; Guo et al., 2010; Kalra et al., 2010; Nikpour et al., 2011; Taniuchi et al., 2011a, b, 2014; Park et al., 2012; Fournier et al., 2013; Pizzo et al., 2013; Thedieck et al., 2013; Chang et al., 2014; Kano et al., 2014; Podszywalow-Bartnicka et al., 2014; Yuan et al., 2014; Krisenko et al., 2015; Liu et al., 2015; Somasekharan et al., 2015; Szafron et al., 2015; Valentin-Vega et al., 2016; Weeks et al., 2016; Narayanan et al., 2017; Wall and Lewis, 2017; Takayama et al., 2018; Haghandish et al., 2019; Heberle et al., 2019; Kashiwagi et al., 2019; Mazloomian et al., 2019; Cui et al., 2020; Do et al., 2020; Brown et al., 2021). After that, cell culture, animal and human sample studies with 12.5% of studies (Grabocka and Bar-Sagi, 2016; Coppin et al., 2017; Wang et al., 2018; Choi et al., 2019; Vellky et al., 2020; Zhang et al., 2021; Zhao et al., 2021), respectively, cell culture and human sample studies with 10% of the total studies (Andersson et al., 2008; Wen et al., 2012; Cougot et al., 2014; Bartkowiak et al., 2015; Chiou et al., 2017; Lin et al., 2019), cell culture and animal study in 9% of the total studies (Meng et al., 2012; Gupta et al., 2017; Morettin et al., 2017; Chen H.-Y. et al., 2018; Wang et al., 2021), had a share of this study. Among these, only one study used just human samples in the study’s design (Zheng et al., 2019). Human cancer samples used in the studies, respectively, include pancreatic cancer sample (Wen et al., 2012; Grabocka and Bar-Sagi, 2016; Coppin et al., 2017), gastric cancer sample (Lin et al., 2019; Zhao et al., 2021), breast cancer sample (Her2 positive or negative) (Cougot et al., 2014; Zhang et al., 2021), prostate cancer sample (Vellky et al., 2020), Renal Cell Carcinoma samples (Wang et al., 2018), Bone marrow aspiration and blood samples (Bartkowiak et al., 2015), and non-small-cell lung carcinoma samples (Zheng et al., 2019). The contribution of cell lines used in the studies is summarized in Figure 2. There are 83, which is given as a bar-plot diagram with the corresponding percentage in Figure 2A; the other in this figure represents cell lines that have only been used once in studies. Figure 3 illustrates the amount of each SGs protein component examined in all studies. The highest rates are related to G3BP1 with 12.5%, TIA1 with 7.5%, TIAR with 5%, and YB1 with 4.5%. Only the most important methods and tests are mentioned due to the large number of methods and tests used in these studies. The distribution of studies is limited to twelve countries, with the United States accounting for the largest share with 13 studies, followed by China and Canada with ten each, Japan with eight, France with three, Netherlands, South Korea, Poland, Germany, and Italy with two each, and Iran and Sweden with one each.
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FIGURE 1. Flow chart of search strategy based on PRISMA flow diagram.
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FIGURE 2. Type of studies and participation of cell lines in studies. (A) The longer the bar, the greater the use of cell lines in studies. The figure shows that Hela cells, MCF-7 and MDA MB 231, respectively, had the highest participation among cell lines. OTHER in this section includes cell lines that have been used only once in studies that include: A341, A498, A549, ACHN, 32D mouse progenitor cells, ALL/MIK, AsPC1, Ba-F3/CL1, BCaP, BC-M1, Bladder carcinoma cell line, BxPc3, CAPAN-1, Capan2, Cos-1, CT2A, DG75, DLD1, F470, HCT-8, Hec50, Hepatocellular carcinoma cells (HCC), HFF-1, HGC-27, HPDE, Hs700T, HT-1080, human B lymphoma cells, human PDAC cell line, Jurkat, K562, KrasG12D HPDE cells, Ku812, LAPC4 cell, LC-M1, LNCaP, MCa-PSTC, MKN45, MNNG, MY, Mycoplasma, N2a, NCI-H508, NCI-H747, NCM460, Panc-1, pancreatic cancer cells, PC-E1, RH-30 cells, S2-013, SNB19, SNUC-1, SW480, T98, TOM-1, U118, U343, uroepithelial cell, VCaP, VMRC-LCD, WEHI-3, yeast, and YMB-1. (B) Among the types of studies, cell culture studies were more frequent, followed by cell culture, animal study, and human samples studies with the highest number with 12.5% in study design.
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FIGURE 3. SGs protein components were examined in studies. OTHER refers to proteins that have been considered only once in all studies, including ANG, ASF/SF2, astrin, ATF-4, ATXN2L, CAPRIN1, CIRBP, CRNDEP (peptide), eIF3A, eIF4A1, eIF4D, EWS, FUS, Gal-3, GRP78, hnRNPA/B, hnRNPk, hnRNP-L, HSP70, IGF2BP3, KHSRP, LC3, mTOR, p62, PABP, PABPC1, PRMT7, RACK1, RAPTOR, Rbfox2, RNH1, RPS6, RSK2, S6K1, S6K2, Sam68, SND1, SRSF3, Syk, SYNCRIP, TAF15, USP10, USP9X, and YWHAZ.




DISCUSSION


Cancer, Formation, Progression, and Metastasis

Oncogene activation and tumor suppressor gene (TSG) inactivation can result in uncontrolled cell proliferation, known as cancer (Weiss, 2020). The tumor structure consists of cells that carry changes in the genes that regulate growth and differentiation (Croce, 2008). Oncogenes are involved in the induction of cell proliferation. Changes in these genes can range from developing new oncogenes to the overexpression of common oncogenes that were previously proto-oncogenes. On the other hand, TSGs inhibit cell proliferation by acting in the reverse pathway (Zhu et al., 2015). The features that help cancer cells to progress can be both distinct and complementary and be necessary to the proliferation, survival, and spread of tumor cells which include replication in proliferative signaling pathways, Evasion of growth inhibitors, resistance to programmed cell death, induction of angiogenesis, reprogramming of metabolic mechanisms for anaerobic glycolysis, support for cell proliferation in hypoxia and immune system evasion with The goal to remove these cells in the early stages of progression (Hanahan and Weinberg Robert, 2011).

Different types of cancers based on cellular origin in a common classification can be divided into four main categories: carcinoma, sarcoma, melanoma, lymphoma, and leukemia (Carbone, 2020). Tumors caused by cancer can be divided into two categories based on their characteristics: malignant or benign (Kalkat et al., 2017). One of the main characteristics of malignant tumors is the ability to metastasize (Tarin, 2011). Metastasis is the ability to enable cancer cells to spread to other parts of the body. Almost all tumors have the potency to metastasize (Brown et al., 2017). The blood and lymphatic system are the two main bases for metastasis, with either required for metastasis (Alitalo and Detmar, 2012). The stages of metastasis can be summarized in the steps of local invasion, intravasation by blood/lymphatic circulation, and extravasation in new tissue and proliferation and angiogenesis, respectively (Figure 4; Shelton et al., 2010). Meanwhile, the stresses that enter the cancer cells push the situation in a direction to dysregulate the equilibrium of SGs and use SGs as an advantage in cancer conditions to benefit cancer cells (Anderson et al., 2015; Do et al., 2020).
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FIGURE 4. Proliferation, Cell death repression, Metastasis, and Invasion. Under the influence of activated or proliferated oncogenes, cells progress to cancer by inhibiting the activity of tumor suppressor genes. Various factors can act as carcinogens, including chemical carcinogens, physical carcinogens, and oncogenic viruses. Cancer cells must go through several stages in proliferation to arrive at the subsequent phases. Neutralizes apoptosis by inhibiting programmed cell death. It attacks adjacent tissues and expands its dominance by invasion. It metastasizes through the circulatory system and moves from the blood vessels or lymphatic system to various parts of the body, away from the source of its formation, and spreads throughout the organs. This graphical figure was created using the vector image bank of Servier Medical Art (http://smart.servier.com).




A Precise Glance at Stress Granules: Canonical or Non-canonical Stress Granules

There are two ways to form SGs. The path, which the SGs formation is eIF2α-dependent, and eIF2α is involved in forming SGs leads to the formation of canonical SGs (Bhardwaj et al., 2019). Stress affects eIF2α, mediates serine 51 phosphorylation, and initiates the production of canonical SGs by stopping the development of the translation initiation complex due to lack of GDP / GTP exchange for eIF2α-GTP tRNA-met (Dang et al., 2006). Four stress-related kinases have the ability to phosphorylate the alpha subunit, including PKR under viral infections, PERK due to ER stress, HRI kinase (heme-regulated inhibitor) under osmotic stress and oxidative stress, and GCN2 kinase activated under amino acid starvation (Aulas et al., 2017; Wolozin and Ivanov, 2019). Inhibition of proteasomes that can target these kinases by MG132 and lactacystin can lead to the continuation of these kinases’ effect and the production of canonical SGs (Mazroui et al., 2007).

eIF4A, eIF4E, and eIF4G are also components of the eIF4F complex, which detects the 5′ cap structure on mRNA, which can, if changed or not appropriately functioned, halt translation at the pre-initiation stage and produce SGs called non-canonical which are entirely independent of eIF2α(Mokas et al., 2009). If any of the eIF4F components are inhibited or interfere with their performance, the translation’s beginning is hindered. Pateamine A, silvestrol, and hypuristanol may result in the production of non-canonical SGs by degrading eIF4A activity (Mokas et al., 2009), affecting eIF4E (Fujimura et al., 2012), and the destructive effect of the virus on the eIF4G structure (Yang et al., 2018; Figure 5).
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FIGURE 5. Magnification of canonical and non-canonical stress granules. Under normal conditions, the translation process begins with forming the eIF4F structure and identifying the 5′ cap structure on the mRNA. The pre-initiation complex is formed by joining eIF3, the ribosomal 40S subunit, and non-phosphorylated eIF2a with the initial tRNA. Then, with the 60S ribosome subunit, the ribosome structure is completed, and the translation process is followed. When the cell is stressed, it activates PERK, PRK, HRI, and GCN2 kinases, causes phosphorylation of eIF2a, and prevents the binding of P-eIF2a to the PIC structure. The exact process creates the structure of canonical SGs. If the stress on the cell proceeds by inhibiting the formation of the eIF4F structure by affecting its subunits, the formation of non-canonical SGs is followed by merging the SGs nucleating protein components in the eIF2a independent manner.


In general, canonical or noncanonical SGs increase the number of SGs when the cell is under stress and agitated the equilibrium between SGs assembly and disassembly (Hofmann et al., 2021). Among these, by relieving stress, the formed SGs move toward disassembly. The most critical process that stops due to stress and causes SGs to develop is the translation process. Therefore, resuming translation by relieving stress causes SGs to disassemble (Baumann, 2021). Disassembling SGs occurs in several stages, beginning with the RNA leaving the SG structure and entering the suspended translation process. This RNA release is accompanied by structural instability of the SG, leading to the decomposition of a complete SG structure into smaller core structures that continue disassembling or clearance by autophagy, the final number of SGs decreases (Wheeler et al., 2016).



Stress Granules Assembly Through Cancer Signaling Pathways

Stress that affects cancer cells is not the only cause of SGs formation. Dysregulation of specific signaling pathways associated with inhibition of translation or protein-protein interactions can also induce the formation of SGs (Thedieck et al., 2013; Heberle et al., 2019). The mammalian target of rapamycin (mTOR) is one of the most critical pathways with a considerable contribution in inducing the formation of SGs. mTOR forms two separate complexes, both functionally and structurally, which include mTOR1 and mTOR2. mTOR1 is responsible for regulating cell growth and metabolism, while mTOR2 regulates cell proliferation and survival (Wolfson and Sabatini, 2017; Unni and Arteaga, 2019). mTOR plays an essential role in many signaling pathways, including PI3K/AKT, TSC1/TSC2/Rheb, and AMPK (Dowling et al., 2010). In abnormally activated mTOR tumor cells, it sends growth, metastasis, and invasion signals to other tissues (Hsieh et al., 2012). Among these, up-regulation of the PI3K / AKT / mTOR pathway is one of the main pathways in many malignant tumors (Lim et al., 2015). Assembly of SGs can also be involved in mTORC-related pathways. One of the ways SGs are formed is through the mTORC pathway. On the other hand, inhibition of mTORC1 by Torkinib can lead to a destruction in the formation of SGs, or cell depletion of eIF4G1 or eIF4E, which can neutralize the SG-associated antiapoptotic p21 pathway (Fournier et al., 2013). Raptor is part of the structure of mTORC1, which can be associated with SGs (Takahara and Maeda, 2012). Meanwhile, astrin, as a negative regulator of mTORC1, causes raptor localization in the structure of SGs. This localization inhibits mTORC1 over-activation and inhibits apoptosis (Thedieck et al., 2013). mTORC1 activation mediated by PI3K and P38 hierarchically leads to an increase in the SGs assembling, affecting the raptor (Heberle et al., 2019).

Impressively, it should be noted that SGs and mTORC1 play a role in bilateral regulation. SGs participate in this regulation by incorporating mTORC1 components, including raptor and α, β, and γ subunits (Hofmann et al., 2012; Wippich et al., 2013; Heberle et al., 2019). Conversely, inhibition of mTORC1 is also associated with increased SGs production. mTORC1 inhibits the effect of 4E-BP on eIF4E by phosphorylation and inactivation of eIF4E-BP during the PI3K-mTOR kinase cascade, forming the eIF4F complex, which is responsible for identifying the cap structure at the 5′ mRNA end, thus initiating the translation phase. By inhibiting mTORC1 under stress, eIF4E-BP remains active and inhibits the formation of the eIF4F complex, halting the translation process in the initial stage. This process predisposes the SGs to form by leaving the PIC (pre-initiation complex) on the mRNA and acting as a nest (Frydryskova et al., 2016; Wolozin and Ivanov, 2019). The point to consider is the SGs-mTORC1 interactions, whether the rise or reduction in SG assembly overlaps with the inhibition or activity of mTORC1. Eventually, cancer cells inhibit the conduction of cancer cells to apoptosis by inhibiting hyper-activation of mTORC1 by SGs (Wippich et al., 2013).

RTK-RAS is one of the other essential pathways involved in cancer and is recognized by the cancer genome atlas (TCGA) as the most highly modified oncogenic network in cancer (Sanchez-Vega et al., 2018). twenty to thirty percent of all human cancers have RAS (KRAS-HRAS-NRAS) alteration (Cerami et al., 2012). KRAS is common in pancreatic adenocarcinomas and colorectal cancer, NRAS in melanoma, thyroid cancer, and leukemia (Gao et al., 2013). Cancer cells are under different stresses and must be adapted. However, the mutant RAS protein is the equipment of these cells and equips the cell against tumor-associated stresses to satisfy stress adaptation (Tao et al., 2014; Yang et al., 2018). Remarkably, the presence of SGs was observed in mutant KRAS pancreatic cancer cells as opposed to normal cells. SGs are among the primary responses to stimulation in the survival of mutant KRAS pancreatic cancer cells compared to KRAS-WT cancer cells. KRAS mutants induce the formation of SGs by up-regulating 15-Deoxy-delta (12,14)-prostaglandin J (2) (15d-PGJ2) through downstream effector molecules, RALGDS, and RAF (Grabocka and Bar-Sagi, 2016). 15d-PGJ2 targets cystine 264 in eIF4A, destroying its interaction with eIF4G, the interaction required for the translation process. The effect on this interaction inhibits translation and leads to the formation of SGs (Kim et al., 2007). Instead, mutant KRAS with up-regulation of the nuclear factor erythroid 2-related factor 2 (NRF2) causes rearrangement of glutamine metabolic pathways in tumor cells (Hamada et al., 2021). In addition to its effect on glutamine metabolic pathways, NRF2 is involved in the 15d-PGJ2 effect on the SGs formation (Mukhopadhyay et al., 2020). In the absence of glutamine, an increase in GIRGL LncRNA levels in the cell forms a complex between GLS1 mRNA and CAPRIN1, which induces SGs and inhibits GLS1 mRNA translation by increasing the LLPS process in CAPRIN1, allowing the cancer cell to survive (Wang et al., 2021). Meanwhile, KRAS causes up-regulation of 15d-PGJ2 by increasing the expression of Cyclooxygenase-2 (COX-2). Increasing the levels of 15d-PGJ2 leads to an increase in the assembly of SGs by affecting eIF4A (Qiang et al., 2019). On the other hand, sorafenib, an anticancer medication that increases the production of SGs along the GCN2 / eIF2a pathway, is highly dependent on COX-2 expression. COX-2 is colocalized in the structure of SGs, and inhibition of COX-2 by its inhibitor, celecoxib, results in increased response to sorafenib treatment (Chen W. et al., 2018).

When the cell experiences different types and many stresses, the involvement of autophagy in stress-responsive mechanisms is inevitable. Autophagy is a metabolic and homeostasis-maintaining intracellular recycling system and cellular self-degradation process that has evolved over time. Autophagy is activated in response to various cellular stresses, such as nutrient deficiency, organelle damage, and abnormal protein accumulation (Mizushima and Levine, 2010). Autophagy inhibits cancer cell survival and induces cell death, suppressing tumorigenesis in cancer cells. Conversely, autophagy can aid tumorigenesis by encouraging cancer cell proliferation and tumor growth (Salminen et al., 2013). survivin is an antiapoptotic protein that inhibits caspase activity (Altieri, 1994). Silencing survivin increases the production of SGs and has the ability to activate the Autophagy signaling pathway as an alternative to survival in hepatocellular carcinoma cells. After the cell is released from stress, autophagy can accompany the cell’s survival (Chang et al., 2014). Syk a cytoplasmic kinase, which depending on the type of cancer cells, can appear on both the anticancer and cancer promoter fronts (Krisenko and Geahlen, 2015). Grb7 phosphorylates syk in the tyrosine residue under stress that induced SGs formation and recruited in the structure of SGs. When the stress is relieved, this recruitment promotes the formation of autophagosomes and the clearance of SGs from the cell, enhancing the cells’ ability to withstand the stress stimulus (Figure 6; Krisenko and Geahlen, 2015).


[image: image]

FIGURE 6. Traces of stress granules in signaling pathways. Under natural conditions, stress granules are assembled and disassembled under an equilibrium. KRAS causes up-regulation of 15d-PGJ2 directly or through COX-2. On one side of the pathway, 15d-PGJ2 interacts with RALGDS and RAF to form SGs. 15d-PGJ2, on the other hand, targets eIF4A, destroys its connection to eIF4G, stops the translation process, and leads to the formation of SGs. Knocking down survivin is associated with an increase in the number of SGs and activation of autophagy. SyK phosphorylation by Grb7 localizes SyK in the structure of SGs and activates autophagy. Localization of RAPTOR in the SGs structure by up-regulation of astrin leads to an increase in the production of SGs. On the other hand, inhibition of mTORC1 inhibits phosphorylation of 4E-BP and the formation of eIF4F complex and causes the formation of SGs. 15d-PGJ2: 15-Deoxy-delta (12,14)-prostaglandin J (2), KD-survivin: knocking Down-Survivin. This graphical figure was created using the vector image bank of Servier Medical Art (http://smart.servier.com).




Stress Granules Involved in Cancer Characteristics


Proliferation

In general, the effect of SGs on proliferation goes through two paths—effect on cell cycle and proliferation regulating factors and effect on transcripts of these factors. SGs play an essential role in keeping cells in the cell cycle progression and preventing cells from entering cell death phases. Specific protein 1 (SP1) is a transcription factor with a significant role in regulating SG-nucleating proteins such as HuR, TIA1 / TIAR, and G3BP1. Interestingly, depleting of the cell of SP1 leads to cell death (Mahboubi and Stochaj, 2017). HuR and CIRP are colocalized in the SGs, and CIRP plays a pivotal role in HUR’s positive regulation. On the other hand, HuR increases the level of cyclin-E1 in breast cancer cells (Guo et al., 2010). When constitutively overexpressed in the mouse mammary gland, Cyclin E1 can act as a true oncogene, driving the formation of tumors, though with low penetrance (10%) and long-latency (Bortner and Rosenberg, 1997). Overexpression of cyclin E1 increases the proportion of cells in the S phase, which leads to increased Rb phosphorylation and cell proliferation in many cancer cell line models (Hwang and Clurman, 2005). Cancer stem cells (CSCs) are a small subset of tumor cells that play a vital role in the proliferation phase due to their reproducibility, differentiation, and tumorigenesis (Samanta and Kar, 2021). Musashi1 (MSI1) is closely related to CSCs with many regulatory interactions as part of the structure of SGs. In colorectal cancer, MSI1 promotes the development of CD44 cancer stem cells (Chiou et al., 2017). MSI1 participates in the PKR/eIF2 cancer stem cell-enhancing machinery and promotes proliferation (Chen H.-Y. et al., 2018). RSK2, one of the protein components of SGs, is released from the structure of SGs under the influence of mitogen and has a direct effect on cyclin D1 and follows by proliferation (Eisinger-Mathason et al., 2008). CRNDEP, a polypeptide produced by the CRNDP gene, is also part of the structure of SGs and is present in highly proliferative tissues with increased expression compared to other tissues (Szafron et al., 2015).

The effect on the transcript of factors and effectors in the proliferation process can be pursued in two ways:


I. The effect of SG components on the transcripts of factors involved in proliferation.

II. Localization of transcripts of factors involved in proliferation as an RNA component in the structure of SGs.



Rbfox2 is a protein responsible for regulating the mRNA stability of many genes and acts as an important member in alternative splicing (Lovci et al., 2013). Rbfox2 in the structure of SGs affecting the mRNA of Rb1, a tumor suppressor, and reducing its stability and expression, increases the proliferation process in cancer cells. Remarkably, by isolating Rbfox2 from the structure of SGs, resveratrol inhibited its effect on Rb1 and effectively reduced the proliferation of cancer cells (Choi et al., 2019). Y-box binding protein-1 (YB-1) is one of the multifunctional proteins that have a role as a regulator in translation and transcription, and by regulating cell cycle progression at G1 / S plays an essential role in the growth and proliferation of tumor cells (Fujiwara-Okada et al., 2013). short RNA antisense to dicer1 (shad1) can be colocalized with YB-1 in the structure of SGs and plays a vital role in regulating the proliferation of cancer cells, including prostate cancer cells, by affecting the expression of YB-1, DLX2, and IGFBP2 (Liu et al., 2015). Impressively, only 15% of all cell mRNAs are colocalized in the SG structure (Khong et al., 2017), which, this mRNA component of SGs through gene enrichment analysis, primarily identified as proto-oncogene transcripts with high enrichment (Namkoong et al., 2018).

MUC4 is an explicit marker of epithelial tumors, and its expression is linked to the degree of differentiation in various cancers. MUC4 has emerged as a specific dysplasia marker expressed in the early dysplastic lesions prior to several malignancies, including incurable pancreatic cancer (Chakraborty et al., 2008). MUC4 mRNA in cancer cells is stabilized by Gal-3, which is found in the structure of hnRNP-L-containing RNA granules. Gal-3 acts as a non-classic RBP in the structure of SGs by interacting with hnRNP-L (Coppin et al., 2017). Under ER stress, BCR-ABL1 mediated TIAR activation. TIAR is a component of cytoplasmic SGs that affects the ARE site in BRCA1 mRNA and can result in its down-regulation in BCR-ABL1 leukemia, which leads to genomic instability. HuR influenced BRCA1 translation and mRNA stability positively (Podszywalow-Bartnicka et al., 2014). It should be noted that the oncogenic tyrosine kinase BCR-ABL is also localized in the structure of SGs, and the formation of granular structure is necessary for the activity of ABL kinase and N-terminal region of BCR (Kashiwagi et al., 2019).



Cell Death Repression

Many studies have examined the role of SGs in Cell death repression and inhibition of apoptosis, and the vital role of SGs in these processes has been well established. According to studies in Cell death repression, SGs also use their structural capacity and change the cell’s fate by including essential components in this pathway. Among these, SGs are involved in the sequestration of pro-apoptotic proteins and the inclusion of mRNAs of important apoptotic mediators and their protection and involvement in the regulatory mechanisms of reactive oxygen species (ROS), which are further reviewed in this study. Raptor sequestration, part of the mTORC1 structure in the structure of SGs due to astrin and its role in inhibiting apoptosis, was mentioned (Thedieck et al., 2013). S6K1 and S6K2 are among the influential factors on mTORC1. S6K1 under mild arsenite stress and S6K2 under mild and acute arsenite stress are localized in the structure of SGs. RSKS1, the ortholog of S6K1 and S6K2 in C.eleganse, localized under stress in the structure of SGs and hindered apoptosis through inhibiting mTORC1 hyper-activation (Sfakianos et al., 2018).

Under oxidative stress conditions, RACK1 interaction is inhibited by localization in the structure of SGs with MTK, a MAPK kinase required for apoptosis due to P38 / JNK activation (Arimoto et al., 2008). MSI1 is up-regulated as SGs component in bladder carcinoma cell lines relative to normal uroepithelial cells and inhibits apoptosis by targeting mRNA of essential genes, including P21 CIP1(Nikpour et al., 2011). On the other hand, Macrophage-inhibitory cytokine-1 (MIC1), one of the pro-apoptotic proteins associated with the pathogenesis of many cancers under ER stress, activates the ERK1 / 2 signaling pathway, which stabilizes MIC1 mRNA in the structure of SGs (Park et al., 2012). USP9X acts as one of the most critical proteins in inhibiting apoptosis (Kushwaha et al., 2015). Ubiquitin Specific Peptidase 9 X-Linked (USP9X) and Tudor Domain Containing 3 (TDRD3) are colocalized in the structure of SGs. The presence of TDRD3 is essential to protect USP9X against de-ubiquitination. Knockdown TDRD3 inhibits the presence of USP9X in the structure of SGs and increases cellular apoptosis (Narayanan et al., 2017). Meanwhile, Increased expression of USP10 in prostate cancer cells in interaction with G3BP2 inhibits the P53 signaling pathway and causes a specific carcinogenic effect along the USP10 / G3BP2 / P53 pathway (Takayama et al., 2018).



Metastasis and Invasion

The distinguishing feature between invasion and metastasis is the ability of the metastasis to use the circulatory system or lymphatic system, which spreads cancer cells to tissues farther from the source. In contrast, invasion is defined as the penetration of cancer cells into neighboring tissues (Krakhmal et al., 2015). Metastasis is also a response to the stress that cancer cells undergo, and SGs are used as cellular equipment in this response. SGs allow healthy cells to stop their translation process under stress and keep important mRNAs in the SG structure intact. The exact process in cancer cells gives survival under challenging conditions and paves the way for the later stages of cancer. Remarkably, cells with a higher potential for metastasis also carry more SGs (Somasekharan et al., 2015).

Targeting the formation of SGs by drug inhibition through the NRF2 transcription factor destroys the invasive and metastatic capacity of pediatric sarcoma to the extent that targeting SGs is suggested as a treatment for pediatric brain tumors (Delaidelli et al., 2018). TDRED3, in addition to its role in inhibiting apoptosis by interacting with USP9X (Narayanan et al., 2017), also plays a vital role in determining the invasive capacity of breast cancer cells. Undergoing chemotherapy, TDRD3 is targeted at the structure of SGs. CELL DEPLETION TDRD3 inhibits the progression and invasion of cancer cells (Morettin et al., 2017). On the other hand, increased invasion of gastric cancer cells can occur in response to oxaliplatin through ATXN2L up-regulation, known as the regulator of SGs, with the effect of EGF along with the PI3 / AKT signaling pathway (Lin et al., 2019). G3BP1, as a nucleator member in the structure of SGs, is responsible for a significant part of the SG-dependent metastasis and invasion process (Taniuchi et al., 2011a, b, 2014; Somasekharan et al., 2015; Wang et al., 2018). RAS-GTPase-activating protein SH3 domain-binding protein 1 is overexpressed in many head, neck, prostate, breast, and colon tumors (Xiong et al., 2019). G3BP1 also causes tumor progression and metastasis in renal cell carcinoma cells by over-expression along the IL6 / G3BP1 / STAT3 pathway (Wang et al., 2018). Remarkably, the reduction of G3BP1 levels through YB-1 globally acetylation by MS-275 treatment reduces the sarcoma metastasis and reduces the premetastatic activity of the G3BP1 factor (El-Naggar and Sorensen, 2018). In addition, non-small cell lung cancer patients with clinical stages II and III had higher G3BP1 and YB1 protein expression than those with stage I. Furthermore, G3BP1 protein expression was positively correlated with YB1 and pAKT (Zheng et al., 2019).

Binder of Arl Two (BART) is also one of the main factors regulating and reducing metastasis and invasion of pancreatic cancer cells. The N-terminal part of G3BP can down-regulate BART post-transcriptionally and increases metastatic activity (Taniuchi et al., 2011b). CD24 regulates G3BP endoribonuclease activity and its effect on BART, so the CD24 / G3BP / BART pathway is essential in metastasis (Taniuchi et al., 2011a).



Chemotherapy Resistance

Another aspect that cancer cells use to benefit from SGs is the response to treatment and chemotherapy. The equilibrium between SGs assembling and disassembling versus chemotherapy in cancer cells is entangled, and this disequilibrium tends to increase the number of SGs. The common denominator of most chemotherapeutic agents is summarized in eIF2α phosphorylation (Gao et al., 2019). Four stress-associated kinases are considered to phosphorylate eIF2α (Aulas et al., 2017; Wolozin and Ivanov, 2019). Sorafenib and bortezomib are two FDA-approved drugs that are each used to treat specific cancers. Sorafenib is a Raf1 / Mek / Erk kinase inhibitor used to treat hepatocellular carcinoma (Adjibade et al., 2015), thyroid carcinoma (Lin et al., 2021), and renal carcinoma (Chen W. et al., 2018). Remarkably, treatment with sorafenib induces phosphorylation of the eIF2 alpha subunit by PERK and increases the formation of SGs (Adjibade et al., 2015). On the other hand, bortezomib, which is used for the chemotherapy of multiple myeloma, also induces eIF2α phosphorylation by HRI and follows an increase in the number of SGs (Fournier et al., 2010). Bortezomib-induced SGs move in the opposite direction of the effect of bortezomib as an anticancer drug by increasing the degradation of p21 transcripts that play a role in increasing apoptosis (Gareau et al., 2011).

Among the chemotherapeutic agents, there are many cases in which phosphorylates eIF2α through a specific kinase, including sorafenib (Adjibade et al., 2015), lapatinib (Adjibade et al., 2020), arsenite (Zou et al., 2012), thapsigargin (Doan et al., 2015) via PERK, 5-Fu via PKR (Longley et al., 2003), MG132 via GCN2 (Mazroui et al., 2007), and bortezomib via HRI (Schewe and Aguirre-Ghiso, 2009). Increased production of SGs is accompanied by an increase in mechanisms that can resist chemotherapy, including the regulation of apoptosis and autophagy (Chang et al., 2014), the facilitation of ABC family expression (Unworth et al., 2010), and the regulation of malignant cell stemness (Chiou et al., 2017). Meanwhile, according to studies, targeting SGs as anti-stress granule therapy along with conventional chemotherapy can create a new perspective for cancer treatment and has the potential to be recognized through further studies as a new treatment.



Gene-Ontology Analysis of Stress Granules Protein Components

A noteworthy point at the end is that gene-ontology analysis of the proteins of SGs that have been extracted based on the studies in Table 1. Regulation of translation has the maximum rate of the physiological function of these proteins concerning other proteins in a biological network. Bring to an end in the translation initiation stage is the central mechanism that underlies the formation of SGs. Likewise, one of the capabilities that SGs provide to cancer cells is the protection or inclusion of transcription factors involved in proliferation as part of their constituent structure, which is confirmed by the GO-biological process. Interestingly, these proteins also play a crucial role in the regulation of mRNA stability by these factors. On the other hand, the function of these proteins must be in the direction of the duty they perform, which has so far been closely related to the RNA molecule. The GO-Molecular function confirmed RNA binding in various forms, including RNA binding, mRNA binding, and mRNA 3′ and 5′-UTR binding. According to the GO cellular component, most of the proteins embedded in the SGs structure have functions in both the cytoplasm and the nucleus (Figure 7).


TABLE 1. Stress classifications inducing canonical SGs assembly.
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FIGURE 7. Gene Ontology analysis of Stress Granules protein components in cancer. Gene Ontology analysis was performed on SGs protein components in cancer based on the Table 1. The GO cellular component found that most of the proteins embedded in the structure of SGs exhibit their function in both the cytoplasm and the nucleus. According to GO biological process, the impact on the stability of transcript of factors involved in cancer cell proliferation is one of the networks in which SGs can intervene. GO molecular function analysis further considers a feature such as RNA binding to the protein component of SGs.




CONCLUSION

Stress granules have become one of the main instruments of cancer cells to deal with stress. Due to their structural capacities, SGs provide cancer cells with the ability to go through the most critical stages in their process. The role of mTOR and RAS pathways in cancer has been proven in many studies. The involvement of SGs and playing a pivotal role in these pathways in different cancers are identified as a common point. On the other hand, the effect of SGs on cell cycle regulating factors and essential factors involved in proliferation in cancer cells is used as a biased mechanism. Utilizing the capacities of SGs in the process of cell death repression and the presence of more SGs in cells prone to metastasis accompanies cancer in the following essential phases. There have been many studies on SGs in cancer formation, progression, and metastasis. In this study, the aim was to provide a comprehensive review to conclude this matter. Overall, this study could pave the way for further studies on SGs in cancers and provide a roadmap to guide these studies.
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The prognosis of pancreatic cancer remains very poor worldwide, partly due to the lack of specificity of early symptoms and innate resistance to chemo-/radiotherapy. Disulfiram (DSF), an anti-alcoholism drug widely used in the clinic, has been known for decades for its antitumor effects when simultaneously applied with copper ions, including pancreatic cancer. However, controversy still exists in the context of the antitumor effects of DSF alone in pancreatic cancer and related mechanisms, especially in its potential roles as a sensitizer for cancer radiotherapy. In the present study, we focused on whether and how DSF could facilitate ionizing radiation (IR) to eliminate pancreatic cancer. DSF alone significantly suppressed the survival of pancreatic cancer cells after exposure to IR, both in vitro and in vivo. Additionally, DSF treatment alone caused DNA double-strand breaks (DSBs) and further enhanced IR-induced DSBs in pancreatic cancer cells. In addition, DSF alone boosted IR-induced cell cycle G2/M phase arrest and apoptosis in pancreatic cancer exposed to IR. RNA sequencing and bioinformatics analysis results suggested that DSF could trigger cell adhesion molecule (CAM) signaling, which might be involved in its function in regulating the radiosensitivity of pancreatic cancer cells. In conclusion, we suggest that DSF alone may function as a radiosensitizer for pancreatic cancer, probably by regulating IR-induced DNA damage, cell cycle arrest and apoptosis, at least partially through the CAM signaling pathway.
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Introduction

Pancreatic cancer is a lethal malignancy with a high rate of incidence and mortality worldwide, especially in developed countries (1). Pancreatic cancer is commonly diagnosed at an advanced stage (2). Radiotherapy (RT) technology has become an important treatment for advanced pancreatic cancer, which can effectively improve the high local control of pancreatic cancer (3–5). For example, several studies have demonstrated local control with SBRT (stereotactic body radiation therapy) of advanced pancreatic cancer at approximately 80% at 1 year after treatment (6–8). However, it is imperative to enhance the efficacy of radiotherapy due to the innate radiotherapy resistance of pancreatic cancer. Currently, some studies have reported the adoption of gemcitabine and capecitabine as radiosensitizers for pancreatic cancer, but the overt toxicity and side effects clearly impair their therapeutic benefits (9). Therefore, novel strategies and therapies are necessary and highly desired to enhance the radiosensitivity of pancreatic cancer.

Disulfiram (DSF) has been well known for its effective applications among patients with alcohol addiction since the 1930s (10). DSF, as an effective and inexpensive drug approved by the US Food and Drug Administration (FDA) (11) for the treatment of alcohol dependence, has been used extensively in the clinic with well-understood dosing and safety information. Recently, DSF has been frequently reported for its conspicuous antitumor activity in several human malignancies, such as head and neck squamous cell carcinoma (HNSCC) (12), hepatocellular carcinoma (HCC) (13), oesophageal squamous cell carcinoma (OSCC) (14), poorly differentiated nasopharyngeal carcinoma cells (15), nonsmall cell lung cancer (16), breast cancer (17) and pancreatic cancer (18). Some studies have also suggested the synergistic enhancement of DSF/copper complexes on the antitumor effects of chemotherapy and radiotherapy. For example, Lun, X., et al. showed that DSF/Cu2+ could reduce DNA repair capabilities and improve cell apoptosis to enhance the sensitivity of glioblastoma (GBM) to temozolomide (19). Rezaei, N., et al. found that DSF/Cu2+ combined with metformin (Met) could increase the sensitivity of GBM cells to IR by increasing cell apoptosis (20). Additionally, our previous studies have shown that DSF and docosahexaenoic acid act in concert to kill triple-negative breast cancer cells (21).

Regarding pancreatic cancer, the antiproliferative effects of DSF (18), as well as its potential as a radiotherapy sensitizer at the cellular level when simultaneously combined with copper ions (22), have been described. However, these studies have only provided in vitro evidence concerning the effects of the DSF/Cu2+ complex on chemoradiotherapy and have not mentioned the effects and mechanisms of DSF alone on radiosensitivity in pancreatic cancer cells. Considering that Cu2+ at low concentrations can significantly enhance the cytotoxicity of DSF, as reported in our previous study (21), herein we aimed to explore whether and how DSF radiosensitizes pancreatic cancer. In the present analysis, pancreatic cancer cells and xenograft nude mice were used, and DSF was observed to radiosensitize pancreatic cancer both in vitro and in vivo. DSF alone aggravated IR-induced DNA damage, G2/M phase arrest and apoptosis of pancreatic cancer cells. Moreover, the possible mechanisms underlying the radiosensitization effect of DSF were examined by high-throughput RNA sequencing and bioinformatics analysis. Our findings provide novel insight and a preclinical basis for the application of DSF in comprehensive therapeutics of pancreatic cancer.



Material and Methods


Cell Culture

The human pancreatic cancer cell lines PANC-1 and SW1990 were purchased from Procell Life Science & Technology Co., Ltd. (Wuhan, China). Cells were cultured in DMEM with 10% FBS (Biological Industries) and 1% penicillin–streptomycin (Beyotime Biotechnology, Shanghai, China) at 37°C in a humid atmosphere containing 5% CO2.



Cell Survival Assay

Cells were seeded on 96-well plates at a density of 5×103/ml, incubated for 24 h, and then treated with DSF (0–30 μM) (97%, Aladdin, Shanghai, China), Cu2+ (0–30 μM) (99%, Sigma, St. Louis, Missouri, USA), DSF (15 μM)/Cu2+ (5 μM, 10 μM) and DSF (15 μM)/Cu2+ (0–3 μM) for 24 h, 48 h and 72 h. The Cell Counting Kit-8 (CCK-8) (Beyotime Biotechnology, Shanghai, China) was used to detect cell viability. The half maximal inhibitory concentration (IC50) was calculated using SPSS 16 (IBM, New York, USA), as described previously (23).



Clonogenic Assays

Cells were pretreated with 15 μM DSF and DSF (15 μM)/Cu2+ (1 μM) for 24 h and then seeded in 6-well plates at different densities according to different irradiation doses (200, 200, 400, 800, and 1600 cells for the 0, 2, 4, 6, and 8 Gy groups, respectively). After incubation overnight, the cells were exposed to 0, 2, 4, 6, and 8 Gy X-rays (at a dose rate of 1 Gy/min, RadSource, Suwanee, GA, USA). After an additional 14 days of incubation, the cells were rinsed with phosphate-buffered saline (PBS) (Solarbio, Beijing, China) and stained with crystal violet (Beyotime Biotechnology, Shanghai, China) after fixation with 4% paraformaldehyde (Sangon Biotech, Shanghai, China). Colonies containing more than 50 cells were counted. The survival curves were fitted by a “single-hit multitarget” model. Related parameters, such as the mean lethal dose (D0), quasi-threshold dose (Dq), and sensitization enhancement ratio (SER), were generated using GraphPad Prism 6.0 software (GraphPad Software) as described previously (23).



Flow Cytometry Assay

The cell cycle distribution and apoptotic cell population were scrutinized as described previously (23). In brief, for the cell cycle, collected cells were fixed with 70% ethanol (Sangon Biotech, Shanghai, China) and stained with 0.5 ml propidium iodide (PI) (Beyotime Biotechnology, Shanghai, China) for 30 min. For cell apoptosis analysis, collected cells were stained with 5 μL Annexin V-PE and 5 μL 7-AAD for 10 min (Vazyme, Nanjing, China). The cells were examined using flow cytometry (BD, New Jersey, USA). The cell cycle data were analyzed with FCS Express Launcher software (De Novo Software), and the cell apoptosis results were analyzed with FlowJo software.



Neutral Single Cell Gel Electrophoresis (Comet Assay)

The assay was performed according to the specifications of the Trevigen Comet Assay® Kit (Gaithersburg, MD, USA) and as described previously (23). Briefly, cells (5×103/ml) were mixed with agarose and placed on slides. The slides were immersed in lysis buffer and 1× neutral electrophoretic buffer and stained with SYBR® Green after conducting electrophoresis. The images were captured by an Olympus confocal microscope (Tokyo, Japan) and inspected with the free Comet Assay Software Project.



Immunofluorescence Assay

Cells were seeded on glass bottom plates (Corning, NY, USA) at a density of 5×104/ml, fixed with 4% paraformaldehyde after the corresponding treatments, permeabilized with 0.2% Triton X-100 (Beyotime Biotechnology, Shanghai, China) for 15 min and blocked with 1% bovine serum albumin (BSA) (Sangon Biotech, Shanghai, China) for 1 h at room temperature. The cells were incubated with the antibody against γ-H2AX (1:1000, Abcam, Cambridge, UK) overnight at 4°C and with Cy3-labeled goat anti-mouse IgG (1:1000, Beyotime Biotechnology, Shanghai, China) for 1 h at room temperature in the dark. Nuclei were stained with DAPI (Beyotime Biotechnology, Shanghai, China) for 5 min. Finally, images were acquired using an Olympus confocal microscope, and ImageJ software (National Institutes of Health) was employed to analyze the number of foci.



Human Pancreatic Cancer Xenograft Mouse Experiment

Male BALB/C nude mice at 6–8 weeks were obtained from SLAC Laboratory Animal Co., Ltd. (Shanghai, China) and housed under specific pathogen-free conditions, according to Soochow University’s animal care guidelines. The entire procedure for this animal experiment was performed in accordance with the regulations of the Research Ethics Committee of Soochow University and the Care and Use of Laboratory Animals. PANC-1 cells (5×107/ml) were subcutaneously injected into the right hind flank of nude mice. When the volume of the tumors reached 100 mm3, the mice were randomly separated into four groups with five mice in each group: (1) intraperitoneal injection of vehicle (PBS/Cremophor/DMSO=7.5:2:0.5, negative control, once a day for 5 days); (2) intraperitoneal injection of DSF (75 mg/kg, once a day for 5 days); (3) combination of vehicle and irradiation (5 Gy); (4) combination of DSF and irradiation (5 Gy). Tumor volume was measured every other day and calculated using the following formula: V (mm3) = (ab2)/2 (a=length, b=width). The mice were euthanized after 1 month with a tumor volume not exceeding 800 mm3, and the tumors were excised for histopathology staining analysis as described previously (24). In brief, tumor tissues were fixed with 4% paraformaldehyde solution and embedded in paraffin. The sections were dewaxed with xylene and gradient ethanol, and the nuclides and cytoplasm were stained with eosin and hematoxylin, respectively. Immunohistochemistry (IHC) staining was performed as previously described (25). Briefly, the sections were blocked with 5% BSA (Beyotime Biotechnology, Shanghai, China) and incubated with PECAM1 antibody (Abcam, United Kingdom) overnight at 4°C, followed by secondary antibody incubation, using haematoxylin for nuclear counterstaining.



Next-Generation RNA Sequencing and Bioinformatics Analysis

Total RNA was extracted from the cell samples, and DNA was digested using DNase. The mRNAs were enriched with oligo(dT) magnetic beads, broken into short fragments, and used as templates to synthesize one-strand cDNA with random primers. Then, double-stranded cDNA was synthesized, purified, and repaired with an A tail for fragment size selection and subsequent PCR amplification (TruSeq Stranded mRNA LTSample Prep Kit, Illumina, USA). After the library was qualified with an Agilent 2100 Bioanalyzer, an Illumina HiSeq X Ten sequencer was employed for sequencing. Finally, 150 bp of double-ended data were generated, and Hisat2 was used for sequence alignment. The number of reads is shown in Table 1.


Table 1 | The number of reads.



For bioinformatics predictions, differentially expressed mRNAs were first screened using DESeq software according to the difference multiple and the negative binomial (NB) distribution test (26–28). Furthermore, differentially expressed genes were subjected to GO (gene ontology) enrichment (29) and KEGG (Kyoto Encyclopedia of Genes and Genomes) analysis (30). In addition, gene set enrichment analysis (GSEA) software was used to input the gene expression matrix of DSF-treated PANC-1 cells and normal control samples to analyze the signaling pathways of DEG enrichment. All the abovementioned analyses were conducted by OE Biotech (Shanghai, China). The RNA-seq data were submitted to the SRA database (https://www.ncbi.nlm.nih.gov/sra/?term=) under accession numbers SRR14090487 and SRR14090486.



Quantitative Real-Time PCR

Total RNA was isolated from cells using TRIzol reagent (Invitrogen). cDNA was obtained using 5× All-In-One RT MasterMix (ABM, Vancouver, Canada) with 1 μg of total RNA in a 20 μL system, and the reaction was conducted under the following conditions: 25°C for 10 min, 42°C for 15 min and 85°C for 5 min. Quantitative real-time PCR (qRT–PCR) was performed with NovoStart® SYBR qPCR superMix Plus (Novoprotein, Shanghai, China) on a VII 7 instrument (Life Technologies, MA, USA) according to the manufacturer’s instructions. The reaction was performed as follows: predenaturation at 95°C for 60 s, as well as PCR for 40 cycles at 95°C for 20 s and at 60°C for 60 s. The mRNA expression levels were analyzed by the 2‐△△Ct method. The primers used for RT–PCR detection are listed in Table 2.


Table 2 | List of primer sequences of related genes.





Statistical Significance

Data are presented as the means ± standard error. Statistical significance was determined via one-way analysis of variance (ANOVA) or two-way ANOVA for multiple comparisons using GraphPad Prism V.8.0. P–values < 0.05 were considered statistically significant.




Results


DSF Alone Increases the Radiosensitivity of Pancreatic Cancer In Vitro

First, the toxicities of DSF, Cu2+ and DSF/Cu2+ were determined in PANC-1 and SW1990 cells. Cells were treated with different doses of DSF for different time intervals, and the CCK-8 cell viability assay was performed. As shown in Figure 1 and Table 3, the cell viability decreased gradually as the concentration of DSF increased from 5 μM to 30 μM, and these inhibitory effects were found to be time-dependent. Treatment with Cu2+ (5–30 μM) alone showed almost no cytotoxicity in either PANC-1 or SW1990 cells (Figures 1C, D). However, the toxicity of DSF was dramatically enhanced by the addition of copper ions at even very low concentrations (Figures 1E, F). To successfully conduct the following assays, 15 μM DSF and 1 μM Cu2+ were chosen according to the IC10 for subsequent analysis (Figures 1G, H).




Figure 1 | DSF inhibits cell proliferation in a dose- and time-dependent manner. A CCK-8 cell viability assay was conducted to determine the effects of DSF alone or the DSF/Cu2+ complex on proliferation of the pancreatic cancer cell lines PANC-1 and SW1990. First, cells were incubated with DSF at different concentrations (0–30 μM) (A, B), 0–30 μM Cu2+ for 24 h, 48 h and 72 h (C, D), *p < 0.05, ****p < 0.0001, compared with 24 h. Moreover, cells were cultured with 0–30 μM DSF combined with 5 μM or 10 μM Cu2+ for 24 h (E, F), ****p < 0.0001, compared with control, or incubated with 15 μM DSF combined with various concentrations of Cu2+ for 24 h, 48 h and 72 h (G, H), *p < 0.05, compared with 24 h. Then, the cells were incubated with CCK-8 solution for 1 h at 37°C, and the absorbance was detected at 450 nm using a microplate reader. The percentage of viability was computed by the following formula: viability=treated cell absorbance/untreated cell absorbance×100. Data were obtained from 3 independent experiments, and statistical analyses were performed using one-way ANOVA.




Table 3 | IC50 values of PANC-1, SW1990 cell lines treated with DSF in Figure 1.



Next, a clonogenic assay was performed, and the results demonstrated that DSF alone did increase the radiosensitivity of both PANC-1 and SW1990 cells, which presented as a significantly suppressed survival fraction (SF) compared with the control group (Figure 2). In contrast to DSF/Cu2+ treatment, the radiosensitization effects of DSF seemed to be moderate (Figures 2A, B). For example, at a dose of 4 Gy, the SFs were 0.28, 0.23 and 0.16 for control, DSF alone and DSF/Cu2+-treated PANC-1 cells, respectively, and the sensitizer enhancement ratio (SER) values were 1.14 and 1.21 for DSF alone and DSF/Cu2+-treated PANC-1 cells, respectively (Table 4). The radiosensitizer property of DSF was also confirmed in SW1990 cells. As shown in Figures 2C, D, the SF was 0.18 and 0.13 for the control group and the DSF-treated group at a dose of 4 Gy, respectively, with an SER value (Table 4) of 1.43. The above results indicated that DSF alone could act as a radiosensitizer for pancreatic cells in vitro.




Figure 2 | DSF increases the radiosensitivity of pancreatic cells. PANC-1 and SW1990 cells were pretreated with or without 15 μM DSF and DSF (15 μM)/Cu2+ (1 μM) for 24 h and then exposed to 2, 4, 6 or 8 Gy of X-ray radiation. After an additional incubation for 14 days, the clones were fixed with 4% paraformaldehyde, stained with crystal violet, and counted. The survival fraction was calculated, and the survival curve was then generated based on the “single-hit multitarget” formula (SF=1 - [1 - exp (-D/D0)] N, Dq=D0 lnN). (A, C) Survival curve of the colony formation assay of PANC-1 and SW1990 cells. (B, D) Representative images of colony formation. Data were obtained from 3 independent experiments, and statistical analyses were performed using one-way ANOVA. *p < 0.05, ***p < 0.001.




Table 4 | The D0, N, Dq and SER values of cells treated with DSF and DSF/Cu2+. The SER value was simulated using the multi-target single hit model.





DSF Boosts IR-Induced DNA Damage in Pancreatic Cancer Cells

DNA is regarded to be the most vulnerable cellular macromolecule in response to IR. To identify the manner in which DSF affects the radiosensitivity of pancreatic cancer cells, IR-induced DNA double strand breaks (DSBs) were first assessed by detecting the formation of the standard marker of phosphorylated γ-H2AX foci. It was demonstrated in both PANC-1 and SW1990 cells that DSF, DSF/Cu2+ and 4 Gy X-rays could separately induce obvious DSBs compared with the untreated control group (Figure 3). At each time point (0.5 h, 6 h and 24 h) after 4 Gy X-ray exposure, the average number of phosphorylated γ-H2AX foci per nucleus was significantly higher in DSF-pretreated PANC-1 cells than in IR-exposed control cells (Figures 3A, B). Notably, the most severe DNA damage was observed in DSF/Cu2+-treated cells. A similar tendency was also confirmed in SW1990 cells, in which DSF alone aggravated IR-induced DNA damage in vitro (Figures 3C, D).




Figure 3 | DSF exposure increases DNA double-strand breaks as measured by γ-H2AX immunofluorescence. PANC-1 and SW1990 cells were pretreated with or without 15 μM DSF, DSF (15 μM)/Cu2+ (1 μM) and 4 Gy X-ray. The cells were collected at different time points (0, 0.5, 6, 24 h) after 4 Gy X-ray exposure, and an immunofluorescence assay was used for DNA double-strand break (DSB) analysis. For each treatment, cells were randomly chosen and photographed under a confocal microscope. (A, C) Images of confocal immunofluorescence staining of PANC-1 and SW1990 cells. γ-H2AX is labeled in red, and cell nuclei are stained blue with DAPI. (B, D) Quantification of γ-H2AX foci number in PANC-1 and SW1990 cells. Data were obtained from 3 independent experiments, and statistical analyses were performed using one-way ANOVA. *p<0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the control.



In addition, a comet assay was performed to confirm the intensity of the DSBs. As shown in Figure 4, DSF alone induced DSBs in pancreatic cancer cells, with effects close to those of 4 Gy X-rays. More exacerbated DNA damage was detected in both the DSF plus IR group and the DSF/Cu2+ plus IR group than in the X-ray or DSF treatment alone group. For example, at 0.5 h after IR exposure in PANC-1 cells, the mean value of tail DNA% was 32.17, 39.94, and 42.07 for control cells, DSF-treated cells and DSF/Cu2+ cells, respectively (Figures 4A, B). For SW1990 cells, the tail DNA% values were 44.80 for the control cells and 49.13 for the DSF-treated cells (Figures 4C, D). Together, these results implied that DSF might radiosensitize pancreatic cancer cells by aggravating IR-induced DSBs in vitro.




Figure 4 | DSF boosts IR-induced DNA damage in PANC-1 and SW1990 cells. PANC-1 and SW1990 cells were pretreated with or without 15 μM DSF, DSF (15 μM)/Cu2+ (1 μM) and 4 Gy X-rays. The cells were collected at different time points (0, 0.5, 8, 24 h) after 4 Gy X-ray exposure, and a comet assay was used for the DNA double-strand break (DSB) analysis. For each treatment, cells were randomly chosen and photographed under a confocal microscope. (A, C) DNA fragments are shown as comet images. (B, D) The extent of DSBs in each treatment group was analyzed using the Comet Assay Software Project (CASP), which is presented as the tail DNA%. Data were obtained from 3 independent experiments, and statistical analyses were performed using one-way ANOVA. *p < 0.05, **p < 0.01, compared with the control group.





DSF by Itself Enhances IR-Induced Cell Cycle G2/M Phase Arrest and Cell Apoptosis

After exposure to a sublethal dose of IR, cancer cells will be sustained at the cell cycle checkpoint known as G2/M phase. Cells can survive only when IR-induced damage is completely repaired; otherwise, the cells will eventually enter certain processes of cell death. Therefore, flow cytometric analysis was performed to determine the effects of DSF on the cell cycle and cell apoptosis progression. As shown in Figures 5A, B, compared with the IR group, the percentage of cells in G2/M phase arrest was significantly increased in the DSF+IR and DSF/Cu2++IR groups. A similar tendency was observed in SW1990 cells. After exposure to 4 Gy X-rays for 24 h, DSF alone and DSF/Cu2+ both significantly increased G2/M phase arrest in SW1990 cells (Figures 5C, D).




Figure 5 | DSF promotes IR-induced G2/M arrest in pancreatic cancer cells. PANC-1 and SW1990 cells were cultured with DSF (15 μM) or DSF (15 μM)/Cu2+ (1 μM) for 24 h and then irradiated with 4 Gy X-rays. After 24 h, the cells were collected and stained with PI for cell cycle analysis using flow cytometry (A, C). (B, D) Quantitative results of the cell cycle of PANC-1 and SW1990 cells. Data are expressed as the means from 3 separate experiments, and statistical analyses were performed using one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



It was further determined that DSF, DSF/Cu2+ and IR could separately cause cell apoptosis. When simultaneously exposed to DSF+IR or DSF/Cu2++IR, a further enhanced apoptotic cell population was observed. For example, the apoptotic cell population was 4.86% and 6.55% in DSF+IR and DSF/Cu2++IR PANC-1 cells, respectively, both of which were significantly greater than that in the IR group (3.47%) (Figures 6A, B). The same tendency was detected in SW1990 cells. As shown in Figures 6C, D, the apoptotic rates were 8.87% and 9.49% in the DSF+IR and DSF/Cu2++IR groups, respectively, both of which were higher than that in the IR group (7.32%). These results indicated that DSF could increase the G2/M phase arrest and cell apoptosis induced by IR in pancreatic cancer cells.




Figure 6 | DSF increases pancreatic cancer cell apoptosis. Cells were treated with or without DSF (15 μM), DSF (15 μM)/Cu2+ (1 μM) and X-rays (4 Gy). After 24 h, the cells were stained with Annexin V-PE/7 AAD and measured by flow cytometry. (A, C) Flow cytometry was used to detect the apoptosis of PANC-1 and SW1990 cells. The lower left quadrant indicates living cells, the lower right quadrant indicates early apoptosis, and the upper right quadrant indicates late apoptosis. Total apoptosis includes both early and late apoptotic cells. (B, D) Statistical analysis of the apoptosis rate of PANC-1 and SW1990 cells. Data are expressed as the means from 3 separate experiments, and statistical analyses were performed using one-way ANOVA. *p < 0.05, **P < 0.01, ***p < 0.001.





DSF Alone Radiosensitizes Pancreatic Cancer In Vivo

The radiosensitization effects of DSF were further confirmed in vivo by using a human pancreatic cancer xenograft model. As shown in Figure 7A, according to the tumor growth curve measured for 4 continuous weeks, inhibitory effects on xenograft growth were observed as early as 5 days after treatment. Ten days after treatment, IR plus DSF manifested significantly suppressive effects on tumor growth, in contrast to IR or DSF treatment alone, which lasted until the endpoint of the experiment. Moreover, the subcutaneous tumors were removed at the endpoint, and the tumor volume was significantly smaller in the DSF plus IR treatment group than in the other treatment groups (Figure 7C). Moreover, we noticed a decrease to some extent in body weight in each treatment group; nonetheless, these variations showed no statistical significance compared with the control group (Figure 7B). Furthermore, by applying histopathological staining, rupture of the nuclear envelope was identified in the DSF or IR alone treatment group, whereas more severe cell necrosis was determined in the DSF plus IR treatment group (Figure 7D). These results confirmed the radiosensitizer property of DSF for pancreatic cancer in vivo, consistent with the abovementioned in vitro data.




Figure 7 | DSF enhances the radiosensitivity of pancreatic cells in vivo. PANC-1 xenograft mice were divided into 4 groups (n=5): (1) intraperitoneal injection of vehicle (negative control); (2) intraperitoneal injection of DSF (75 mg/kg); (3) combination of vehicle and irradiation (5 Gy X-rays); and (4) combination of DSF and irradiation. (A) The tumor value was measured each day and calculated with the formula V=1/2ab2 (a=length, b=width). *p < 0.05, ****p < 0.0001, using two-way ANOVA. (B) The weight of the mice was measured daily. (C) Visual observation of tumors in each group. (D) HE staining of tumor tissue.





The CAM Signaling Pathway May Be Involved in the Regulation of DSF Regarding the Radiosensitivity of Pancreatic Cancer

To explore the potential mechanisms related to the radiosensitizing character of DSF in pancreatic cancer, RNA sequencing (RNA-seq) technology was adopted to screen out the transcriptome variations of PANC-1 cells under different treatments: (1) the test group, which was pretreated with 15 μM DSF for 24 h and exposed to a single dose of 4 Gy X-rays, followed by an additional 24 h cell culture; (2) the control group, which consisted of parental cells cultured for 24 h, exposed to 4 Gy X-rays and cultured for an additional 24 h. As shown in Figure 8A and Table 5, a total of 42 differential genes were identified among PANC-1 cells treated with DSF+IR and IR alone, of which 33 genes were upregulated and 9 genes were downregulated.




Figure 8 | Biological function analysis of DEGs by RNA-seq technology. (A) Heat map illustrating the DEGs in control and DSF-treated PANC-1 cells after 4 Gy X-ray irradiation. Red represents upregulated genes, and blue represents downregulated genes. (B) KEGG analysis of total DEGs. (C) GO analysis of upregulated genes and downregulated genes. (D) GSEA revealed that the genes of PANC-1 cells treated with DSF were mainly enriched in the CAM signaling pathway. (E) Quantitative reverse transcription PCR (qRT–PCR) analysis of upregulated genes in DSF-treated cells. (n=3), **p < 0.01, ***p < 0.001, using one-way ANOVA. (F) Immunohistochemical staining of PACAM-1 in tumor tissues.




Table 5 | The list of differentially expressed genes.



Next, the biological characteristics of differential genes were elucidated using bioinformatics analysis. As shown in Figure 8B, the top 20 enriched signaling pathways were identified, including cell adhesion molecules (CAMs), hematopoietic cell lineage, type I diabetes mellitus, and systemic lupus erythematosus. Gene ontology analysis revealed the most enriched biological process (BP) (including positive regulation of synapse assembly, cytokine-mediated signaling pathway, cellular protein metabolic process, and apoptotic process), cell component (CC) (including transport vesicle membrane, integral component of plasma membrane, plasma membrane, and cell junction), and molecular function (MF) (such as RNA polymerase II transcription factor activity, sequence-specific, metal ion binding and protein binding) (Figure 8C).

In addition, the CAM pathway was further identified via GSEA (NES=1.32>1) (Figure 8D). CAMs generally refer to a class of membrane surface glycoproteins that regulate binding and adhesion between cells and the extracellular matrix and are regarded to play key roles in the process of tumor diffusion and metastasis. In the present study, the expression pattern of the differentially expressed genes, including HLA-DPA1, HLA-DRB5, NLGN1 and PECAM1, which were enriched in the CAM pathway, was verified by qRT–PCR (Figure 8E). Of all the verified genes, overexpressed PECAM1 was further detected in mouse xenografts by immunohistochemical staining. It is one of the cell adhesion molecules that plays key roles in regulating tumor growth and the extracellular matrix (Figure 8F). Taken together, the data indicated that the CAM signaling pathway might be a potential mechanism by which DSF could regulate the radiosensitivity of pancreatic cancer.




Discussion

The “new use of old drugs” strategy has emerged in the field of anticancer drugs. The reasons might be largely attributed to the high cost, high risk and long cycle for the development of novel anticancer drugs. Recently, several ongoing and completed clinical trials have indicated that DSF might be a promising candidate for clinical application as an antitumor agent. For example, in a phase II clinical trial, the effects of DSF combined with chemotherapy on metastatic nonsmall cell lung cancer (NSCLC) were assessed, and the results indicated the beneficial effects of DSF for newly diagnosed NSCLC patients (31). In another phase I clinical trial, DSF plus temozolomide was utilized to treat newly diagnosed glioblastoma (GBM) after chemoradiotherapy (32).

Some studies have also illustrated the potential of the DSF/Cu2+ complex to facilitate radiotherapy for certain solid tumors. For example, Juan Cong et al. reported that the DSF/Cu2+ complex could suppress cancer stem cells, thus increasing the radiosensitivity of pancreatic ductal adenocarcinoma in vitro (22). Rezaei, N. et al. suggested that the DSF/Cu2+ complex radiosensitized GBM cells by stimulating the intrinsic pathway to trigger apoptosis (20). However, it is worth noting that DSF/Cu2+ manifests more serious and uncontrollable cytotoxicity than DSF alone. A previous study (21) showed a slight toxicity of DSF and Cu2+ at low concentrations, but simultaneous application of the two reagents could significantly increase the toxicity in cancer cells, a phenomenon that was also confirmed in the present work. In contrast, a daily dose of DSF as high as 1000 mg has been reported in the clinic (33). Considering that the superior safety profile makes it more applicable in the clinic, we wondered whether DSF could be applied as a radiosensitizer in pancreatic cancer cells.

The study by Kun Wang (34) indicated that DSF complexed with Cu2+ inhibited clonogenic survival as a radiosensitizer for chondrosarcoma (CS) cells, and DSF or DSF/Cu2+ effectively inhibited the growth of orthotopic CS xenografts compared with IR alone. This result implied that DSF alone could radiosensitize epithelial CSCs, although the effect was relatively lower than that of DSF/Cu2+. The same trend was also observed in the present study. The clonogenic assay confirmed that DSF alone could also increase the radiosensitivity of pancreatic cancer cells, although to a lesser extent than the DSF/Cu2+ complex. This finding was further verified in human pancreatic cancer xenograft nude mice. The present results demonstrated, for the first time, that DSF alone could radiosensitize pancreatic cancer to X-ray irradiation, both in vivo and in vitro.

Generally considered one of an important targets of IR (35–37), DNA will be damaged instantly after IR exposure. Of all the forms of IR-induced DNA damage, DSBs lead to the most serious consequences. Most importantly, DSBs could be visualized and quantified using mature methodologies, such as comet assays and immunofluorescence staining of phosphorylated histone γ-H2AX, which is typically adopted as a marker to monitor IR-induced DNA damage. Our data revealed that DSF alone could boost IR-induced DSBs in pancreatic cancer cells, although at a relatively moderate level compared with the DSF/Cu2+ complex.

When DNA damage occurs, the cells become arrested in the G1 and/or G2/M phase, which enables the damaged cells to initiate DNA damage repair. However, cell death is initiated if DNA damage is too serious to be successfully repaired (38). It has been shown that the DSF/Cu2+ complex sensitizes the neuroblastoma cell line SK-N-BE (2c) and the glioma cell line UVW to IR, probably by regulating IR-induced cell cycle arrest (39). In accordance with this finding, our data also suggested that DSF alone could augment IR-induced G2/M phase arrest, as well as apoptosis, in PANC-1 and SW1990 cells. Our results demonstrated that DSF might inhibit pancreatic cell proliferation, at least by inducing G2/M phase arrest and apoptosis. Notwithstanding, it has also been reported that DSF or DSF/Cu2+ enhances cancer radiosensitivity by suppressing IR-induced G2/M phase arrest in HNSCC cell lines (40). Further comprehensive mechanistic studies are needed to solve this contradiction.

High-throughput RNA-seq technology (RNA-seq) has been widely used in cancer biology and can provide detailed transcriptome information on gene expression, copy number, alternative splicing, single nucleotide polymorphisms, and biological functions. In the present study, the possible molecular mechanisms related to the radiosensitizing character of DSF were determined by RNA-seq. Differential gene expression analysis revealed a total of 42 differentially expressed genes. By conducting GO, KEGG, and GSEA, the functions of these differential genes were preliminarily annotated. However, genes that played important biological functions and showed no significant difference in expression levels might be easily neglected using the regular analysis. Thus, GSEA was performed, which focuses on analyzing all differentially expressed genes to improve the reliability of the results. The GSEA results demonstrated that the CAM signaling pathway might be a potential mechanism by which DSF increased the radiosensitivity of pancreatic cancer cells. It was also observed that the differentially expressed genes HLA-DPA1, HLA-DRB5, NLGN1 and PECAM1 were enriched in the CAM pathway.

Human leukocyte antigen (HLA) is an important immune component; its deletion is considered to be a crucial factor in tumor growth and metastasis. HLA is mainly involved in the presentation of foreign antigens to immune cells, which affects antigen binding and presentation and impacts tumor growth (41). The NLGN1 gene encodes a neuroadhesion factor surface protein that is involved in the formation and remodeling of synapses (42). PECAM1 is an adhesion molecule on the surface of vascular endothelial cells, platelets and white blood cells that is involved in the adhesion and migration between monocytes and endothelial cells (43). In the present study, we found that these genes were overexpressed in PANC-1 cells after treatment with DSF+IR. It has recently been reported that cells with low adhesion are more likely to become cancerous (44). This finding informs us that DSF may reduce tumor malignancy and increase tumor cell radiosensitivity by increasing tumor cell adhesion.

In conclusion, the results of this study suggest that DSF by itself has potential as a radiosensitizer for human pancreatic cancer by enhancing IR-induced DNA damage, the cell cycle, and apoptosis, at least partly via the CAM signaling pathway. It must be noted that this study has limitations. Although the cytotoxicity of DSF alone was lower than that of DSF/Cu2+, DSF/Cu2+ had a more potent radiosensitization effect. It is worth fully examining whether a slight decrease in DSF efficacy alone could be offset by increased tolerability, and future studies will provide more mechanistic insight that allows the utilization of DSF for comprehensive cancer therapy. Nevertheless, our results may provide the necessary theoretical and experimental basis for adopting DSF as a radiosensitizer for pancreatic cancer research.
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Background: The emergence of immune checkpoint inhibitors (ICIs) has opened a new chapter for the treatment of non-small cell lung cancer (NSCLC), and the best beneficiaries of ICI treatment are still being explored. Smoking status has been repeatedly confirmed to affect the efficacy of ICIs in NSCLC patients, but the specific mechanism is still unclear.

Methods: We performed analysis on the Memorial Sloan Kettering Cancer Center (MSKCC) clinical NSCLC cohort receiving ICI treatment, The Cancer Genome Atlas (TCGA) Pan-Lung Cancer cohort, and Gene Expression Omnibus (GEO) database GSE41271 lung cancer cohort that did not receive ICI treatment, including survival prognosis, gene mutation, copy number variation, immunogenicity, and immune microenvironment, and explored the impact of smoking status on the prognosis of NSCLC patients treated with ICIs and possible mechanism. In addition, 8 fresh NSCLC surgical tissue samples were collected for mass cytometry (CyTOF) experiments to further characterize the immune characteristics and verify the mechanism.

Result: Through the analysis of the clinical data of the NSCLC cohort treated with ICIs in MSKCC, it was found that the smokers in NSCLC receiving ICI treatment had a longer progression-free survival (HR: 0.69, 95% CI: 0.49–0.97, p = 0.031) than those who never smoked. Further analysis of the TCGA and GEO validation cohorts found that the differences in prognosis between different groups may be related to the smoking group’s higher immunogenicity, higher gene mutations, and stronger immune microenvironment. The results of the CyTOF experiment further found that the immune microenvironment of smoking group was characterized by higher expression of immune positive regulatory chemokine, and higher abundance of immune activated cells, including follicular helper CD4+ T cells, gamma delta CD4+ T cells, activated DC, and activated CD8+ T cells. In contrast, the immune microenvironment of non-smoking group was significantly enriched for immunosuppressive related cells, including regulatory T cells and M2 macrophages. Finally, we also found highly enriched CD45RAhighCD4+ T cells and CD45RAhighCD8+ T cells in the non-smoking group.

Conclusion: Our research results suggest that among NSCLC patients receiving ICI treatment, the stronger immunogenicity and activated immune microenvironment of the smoking group make their prognosis better.

Keywords: non-small cell lung cancer, immune checkpoint inhibitors, prognosis, bioinformatics, mass cytometry


INTRODUCTION

Lung cancer is one of the most frequently occurring types of tumor malignancy with the highest incidence worldwide. However, the 60-month overall survival rate of patients remains extremely poor and is less than 10% of stage IV patients. Smoking is one of the leading known risk factors (Herbst et al., 2018; Duma et al., 2019). Immune checkpoint inhibitors (ICIs) are mainly used to treat programmed cell death 1 (PD-1), programmed cell death ligand 1 (PD-L1), and cytotoxic T lymphocyte antigen 4 (CTLA4) pathways. In recent years, ICIs have achieved significant therapeutic effects in the treatment of advanced NSCLC. Multiple monoclonal anti-PD-1/PD-L1 monoclonal antibodies (mAbs) (including nivolumab, pembrolizumab, and atezolizumab) have been approved by the U.S. Food and Drug Administration to treat advanced NSCLC, further confirming the importance of ICIs in the treatment of advanced NSCLC (Constantinidou et al., 2019; Lin et al., 2019).

However, the ICIs’ therapeutic effect in NSCLC is affected by many factors: a healthy intestinal microbial environment, antibiotic use, and smoking status all affect its efficacy (Yi et al., 2018; Pinato et al., 2019). At present, the PD-L1 expression level, tumor mutation burden (TMB), microsatellite instability (MSI), and DNA mismatch repair (dMMR) are also used as indicators to evaluate the efficacy of ICIs in treating NSCLC patients. However, due to individual differences and other factors, all these indicators have specific limitations. Therefore, determining the best beneficiaries is crucial for developing clinical NSCLC treatment strategies (Kim et al., 2019; Ruiz-Banobre and Goel, 2019; Chiu et al., 2020). Several study cohorts have shown the impact of different smoking statuses specific to the treatment of ICIs. Gainor et al.’s (2020) retrospective analysis showed that different smoking frequencies could lead to different immunobiological characteristics in patients, influencing the efficacy of treatment with ICIs. Patients who are heavy smokers have better PFS (progression-free survival) and DOR (duration of response) in the treatment of PD-1 (Gainor et al., 2020). Several meta-analyses also show that previous or current smokers are more likely to benefit from treatment with ICIs than non-smokers (El-Osta and Jafri, 2019; Raphael et al., 2020).

Although current studies are inclined toward the analysis of smoking status and the efficacy of treatment with ICIs and prognosis, there has been little exploration of its specific mechanisms. Nevertheless, most literature considers the differences in the immune microenvironment among different groups. Likewise, Li et al. (2018) and Sui et al. (2020) analyzed the microenvironmental differences between smokers and non-smokers with lung adenocarcinomas, and found relatively high proportions of CD8+ T cells, activated CD4+ T cells, and M1 macrophages in smokers with lung adenocarcinomas (Kinoshita et al., 2016). At the same time, Pan et al. (2017) also demonstrated higher PD-L1 expression in patients who are smokers, which is directly related to the efficacy of ICIs, so it has also been widely explored as a possible factor. However, the hypothesis regarding this mechanism is relatively one-sided and unsubstantiated. Both only analyze the slight differences between the immune infiltrating cells between a certain histological tumor type or the omics data of mRNA. There is currently no literature on the overall immune microenvironment and immunogenicity of smoking and non-smoking NSCLC patients at the multi-omics and single-cell levels.

In our study, we attempt to further understand the association between the treatment of NSCLC patients with ICIs and these patients’ history of smoking. Thus, we first analyzed the genomic differences between previous or current smokers and non-smokers from multiple databases such as TCGA, MSKCC, GEO (including TMB, mutation status, copy number variation (CNV), immunogenicity, immune-related gene expression profiles (GEPs), and signaling pathways). We then used samples from NSCLC patients to verify the results with CyTOF experiments. We aim to explore the overall differences in the multi-omics, immune microenvironment, and the mechanism of prognostic differences between the history of smoking of NSCLC patients treated with ICIs and provide clear guidance for the clinical selection of patients suited to treatment with ICIs.



MATERIALS AND METHODS


Data Source

To assess the effect of smoking history on the efficacy of treating NSCLC patients with ICIs, from cBioportal (Cerami et al., 2012; Gao et al., 2013) we downloaded the NSCLC cohort from MSKCC with a history of smoking and treatment with ICIs as the discovery cohort1 [reported by Rizvi et al. (2018)], along with the analysis of survival, immunogenicity, and gene mutation, for a total of 240 cases. At the same time, we used cohorts from TCGA Pan-Lung Cancer2 (Campbell et al., 2016) on cBioPortal and the NSCLC cohort, GEO:GSE41271, the largest number of cases in the history of smoking, from the GEO database as verification to evaluate and verify the differences in genomics between previous or current smokers, and non-smokers with NSCLC. After removing patients whose smoking history had not been recorded, there remained 1,087 cases in the TCGA Pan-Lung Cancer cohort and 271 cases in the GSE41271 cohort. According to smoking history, each cohort was divided into a previous or current smoking group, and a non-smoking group for the comparative analysis.



Survival Analysis

The R package “survival” and “survminer” were used to calculate the survival analysis outcome indicators: PFS (progression-free survival) and OS (overall survival). The same software and packages were used to perform the survival analysis and visualization of the survival curve of the MSKCC cohort and the TCGA Pan-Lung Cancer cohort.



Immunogenicity Analysis

Consistent with other literature, the somatic mutation data in 240 NSCLC samples reported by Rizvi et al. were obtained from targeted next-generation sequencing (NGS; MSK-IMPACT) (Chalmers et al., 2017). The non-synonymous mutations in the immunotherapy cohort (Rizvi et al.) were used as the raw mutation count and divided by 38 Mb to quantify the tumor mutation burden (TMB). In 87% of TCGA Pan-Lung Cancer cases (942 cases), TMB, indel, and SNV neoantigen load data have been reported in the relevant literature (Thorsson et al., 2018). The formula log(1 + TMB) was used to normalize the TMB results. The R package “ggplot2” (Wilkinson, 2011) was used to visualize the results of the TMB and neoantigen load difference analysis. Unless otherwise specified, ggplot2 was used throughout this article to visualize the results of analyses.



Gene Mutation and Copy Number Variation Analysis

The gene mutation data of the Rizvi et al. cohort was downloaded directly from cBioportal. Due to the lack of cBioportal mutation data in the TCGA Pan-Lung Cancer cohort, we used the TCGA Barcode as our target and used the R package “TCGAbiolinks” (Colaprico et al., 2016) to download the corresponding mutation maf file from the official TCGA website3, and included 952 cases with mutation data and smoking history records. The R package “complexHeatmap” (Gu et al., 2016) was used to visualize the top 20 gene mutations and corresponding clinical features in the immunotherapy cohort in the MSKCC and the TCGA Pan-Lung Cancer cohort. For MSKCC queue and TCGA Pan-Lung Cancer queue, CNV segments (hg19) were downloaded from cBioportal and analyzed using GenePattern (Hubble et al., 2009)4 GISTIC 2.0. We used the R package “Maftools” (Mayakonda et al., 2018) to visualize the CNV of the results of the GISTIC2.0 analysis.



Immune Characteristic Analysis

CIBERSORT (Newman et al., 2015)5 was used to analyze the gene expression data (Illumina HiSeq, RNA-Seq) of the TCGA Pan-Lung Cancer cohort downloaded from TCGAbiolinks. The gene expression data of the GSE41271 cohort (Illumina HumanWG-6 v3.0 expression beadchip) was downloaded from GEO to compare the infiltration state of 22 immune cells in the smoking group and the non-smoking group. In addition, we used the R package “edgeR” (Robinson et al., 2010) to compare the mRNA expression of immune-related genes in the smoking group and non-smoking group in the TCGA Pan-Lung Cancer cohort, and use the package “limma” (Law et al., 2016) to compare the same groups and variables in the GSE41271 cohort.



Gene Difference Analysis and Enrichment Pathway Analysis

The R package “edgeR” was used to analyze the difference in gene expression data (raw count) in the TCGA Pan-Lung Cancer cohort, and we used the “limma” package to perform the genetic difference analysis of the GSE41271 cohort. The R package “clusterProfiler” (Yu et al., 2012) was used to reform a Gene Set Enrichment Analysis (GSEA) on the genes that were significantly different between the two cohorts. Among them, p < 0.05 in Gene Ontology (GO) terms, Kyoto Encyclopedia of Genes and Genomes (KEGG), and Reactome were considered to have significant differences.



Mass Cytometry (CyTOF)


Specimen Source

Eight cases of tumor tissues of NSCLC patients undergoing surgical treatment were collected from the Department of Thoracic Surgery at the Zhujiang Hospital of the Southern Medical University. Each sample was about 1 cm3 in size. All specimens were approved and signed authorization for their use was obtained from the patients. The ethics committee of Zhujiang Hospital of Southern Medical University (Guangzhou, China) approved the specimen collection process.



Mass Cell Data Collection

After washing with RPMI 1640 medium, the fresh lung tumor samples were dissociated into single cells under the irradiation of deoxyribonuclease and type IV collagenase. ACK lysis buffer (PLT) was used to remove the red blood cells, and the number of live and dead cells was then counted to estimate the sampling efficiency. Cell-ID cisplatin 194Pt (Fluidigm) was used to identify the dead cells, after which block qualified samples were placed on ice for 20 min. Each sample was then incubated on ice for 30 min, with the surface antibody mixture (Maxpar Antibody Labeling Kit; Fluidigm) and without removing the blocking solution, using Maxpar Fix and Perm Buffer. The final 500 μMNA intercalator (Cell-ID Intercalator-Ir; Fluidigm) was incubated with 200 μl after the resuspended cells were washed in each sample and finally stored overnight at 4°C. Subsequently, intracellular staining was performed, the cells were washed with the intracellular antibody mixture on ice, pre-fixed, and co-incubated for 30 min. Then the cells were rinsed and then collected on the CyTOF system (Helios; Fluidigm) to detect the signal (Han et al., 2018). Antibody selection is shown in Supplementary Table 1.



Mass Cytometry Data Analysis

We sorted CD45+ cells, and used the FlowJo software and R package “cytofworkflow” (Nowicka et al., 2017) to complete quality control, clustering, cell annotation, and visualization. Then arcsinh with a cofactor of 5 was used when generating the SingleCellExperiment object. In addition, the cells were overclustered first (SOM = 100, maxK = 30), based on the expression of cell-specific markers, and then the same type of cells was re-clustered. If a cluster of cells highly expressed two different cell-specific markers (such as CD19 and CD3), they were defined as “Mixed_cell” and discarded before proceeding with the following analysis. The difference analysis of the subpopulation abundance between different cell types is done by the “diffcyt()” function of the diffcyt package in the cytofworkflow package, where gender and age are random variables, and the selected method is a generalized linear mixed model (GLMM). Benjamini–Hochberg was also used to correct the p value. When the p value is less than 0.05 and the false discovery rate is less than 0.05, the corresponding cell type is considered to be significantly different between smokers and non-smokers.




Statistical Analysis

The Wilcoxon rank-sum test was used to compare the differences in TMB, indel/SNV neoantigen load, immune cell abundance, and immune-related gene expression between previous or current smokers, and the non-smokers. In addition, Fisher’s exact test was used to compare the difference between the smoking and non-smoking groups of the top 20 gene mutations in the immunotherapy cohort in MSKCC and the TCGA Pan-Lung Cancer cohort. The Kaplan–Meier method and log-rank two-sided tests were used for survival analysis, with p < 0.05 accepted as statistically significant. All statistical tests and visualization were done using the software R (version 4.0.3).




RESULTS


Data Collection and Clinical Features

To study the difference between previous or current smokers, and non-smokers with NSCLC, we selected four cohorts for analysis. Three of the cohorts were from public databases, including Rizvi et al.’s discovery cohort after ICI treatment from the MSKCC database, the Pan-Lung Cancer cohort from the TCGA database, and NSCLCs in the GSE41271 dataset for non-ICI treated patient data from the GEO database; these data were also based on Wistuba II’s sequencing and analysis of 275 lung cancer specimens collected from MD Anderson Cancer Center between 1997 and 2005, which mainly includes adenocarcinomas (n = 183) and squamous carcinomas (n = 80).

In the last cohort, we collected eight surgical samples of clinical NSCLC patients from Zhujiang Hospital of Southern Medical University for CyTOF analysis. These patients also had not received treatment with ICIs. Ultimately, a total of 1,667 patients were involved in all cohorts. After further excluding samples for which the patients’ history of smoking had not been recorded and non-NSCLC cases, a total of 1,606 patients were finally included for analysis. The flowchart is shown in Figure 1. The clinical characteristics of MSKCC data discovery cohort and the TCGA and GEO cohorts are summarized in Supplementary Tables 2–4, while those of the CyTOF cohort are summarized in Supplementary Table 5.
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FIGURE 1. Study design. The discovery cohort from the MSKCC database included 240 NSCLC patients treated with ICIs. The validated cohorts from the TCGA database and GEO database (GSE41271) that were not treated with ICIs contained 1,144 patients and 275 patients. Also, a cohort of 8 cases of NSCLC who did not receive ICI treatment collected from Zhujiang Hospital of Southern Medical University underwent CyTOF experimental verification. Figure created with BioRender.com.




Association of Smoking Status, Treatment With Immune Checkpoint Inhibitors, Prognosis, and Immunogenicity

To discover a suitable NSCLC population for treatment with ICIs, we performed a univariate Cox regression on the survival prognosis of the MSKCC data for the cohort treated with ICIs (Figure 2A). We found that smoking status, tumor mutation burden, and treatment options are significantly related to the prognosis of patients treated with ICIs. Furthermore, being a previous or current smoker, high TMB, and two-drug combination therapy with ICIs were associated with longer PFS (p < 0.05). The relationship between the TMB level, ICI combination, and the efficacy of ICIs has been confirmed in the relevant literature (Kim et al., 2019; Xu et al., 2020; Carretero-Gonzalez et al., 2021). However, there are few articles on smoking status and the prognosis of patients treated with ICIs. Therefore, our study further examines the relationship between this factor and the prognosis of NSCLC patients treated with ICIs; the survival curve shows longer PFS in past and current smokers than in non-smokers (Figure 2B). We also conducted a survival analysis of previous or current smokers compared with non-smokers in the TCGA cohort who were not treated with ICIs, and we found no significant difference in either PFI or OS (Figures 2C,D), which further shows that smoking status is only related to the prognosis of patients treated with ICIs.
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FIGURE 2. Association between the smoking status and clinical outcomes and immunogenicity in NSCLC. (A) Forest plots for the results of the univariate Cox regression analyses. The p-value of smoking status is less than 0.05, the main portion of the forest plot presents the hazard ratio (HR) and 95% CI, and the HR indicates the predictors of favorable (HR < 1) or poor (HR > 1) PFS. (B) Kaplan–Meier analysis was used to compare progression-free survival (PFS) of previous or current smokers with that of non-smokers in the ICI treatment in NSCLC cohort from MSKCC. (C,D) Kaplan–Meier analysis was used to compare progression-free interval (PFI) (C) and overall survival (OS) (D) of previous or current smokers with that of non-smokers in the TCGA Pan-Lung Cancer cohort (without ICI treatment). (E) Comparison of tumor mutational burden (TMB) between the previous or current smokers and non-smokers in the ICI treatment cohort from MSKCC. (F) Comparison of tumor mutational burden (TMB) between the previous or current smokers and non-smokers in the TCGA Pan-Lung Cancer. (G) Comparison of neoantigen load between the previous or current smokers and non-smokers in the TCGA Pan-Lung Cancer. (E–G) All expression values are logarithmized by log(1 + x) using Wilcoxon test for variance analysis. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.


Subsequently, we further analyzed the difference in TMB between the smoking and non-smoking groups in the ICI cohort and found that the TMB of the smoking group was significantly higher than that of the non-smoking group (Figure 2E, p < 0.001). We obtained the same result for the patients in the TCGA database; the TMB and neoantigen scores in the smoking group were significantly higher than those in the non-smoking group (Figures 2F,G). These results indicate that among the NSCLC patients treated with ICIs, the smoking group has a higher likelihood of receiving a preferable prognosis. Smoking status may affect the treatment of patients with ICIs via the difference in TMB and immunogenicity.



Mutation Landscape and Copy Number Variation in Different Smoking Status

To further analyze the reasons leading to aforementioned results, we separately included the discovery cohort and the verification discovery cohort to analyze the difference in the mutation and CNV among the different groups. The MSKCC and the TCGA data mutation landscapes showed that the smoking group had a higher frequency of gene mutations than the non-smoking group (Figures 3A,B). The MSKCC data were based on the top 20 mutations in the total data; 90% of the gene mutation frequencies are higher in the smoking group than in the non-smoking group (Figure 3A). Fisher’s exact test indicated that TP53, KRAS, KEAP1, and other genes were significantly mutated in the smoking group (p < 0.05), and that EGFR is the only gene that is mutated significantly in the non-smoking group. Among them, TP53 is a gene that is mutated considerably in the smoking group in both the discovery and validation sets. Our previous research also repeatedly confirmed that TP53 mutations are associated with the better efficacy and prognosis of treating various tumors with ICIs (Lyu et al., 2020; Zhang Y. et al., 2020).
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FIGURE 3. Mutation landscape and copy number variation in different smoking status. (A) Top 20 significantly mutated genes in the immunotherapy cohort of MSKCC database. The mutation landscape was divided into two groups according to smoking status, and genes were ranked by mutation frequencies. The sample type, sex, and TMB score are annotated in order in the top panel. The genes marked in red indicate that their mutation frequency is significantly different between the two groups in Fisher’s exact test (p < 0.05). (B) Top 20 significantly mutated genes in TCGA Pan-Lung Cancer. The mutation panorama was divided into two groups according to smoking status, and genes were ranked by mutation frequencies. The sample type, vital status, and TMB score are annotated in order in the top panel. The genes marked in red indicate that their mutation frequency is significantly different between the two groups in Fisher’s exact test (p < 0.05). (C,D) Maftools was used to visualize the copy number alteration (CNV) analysis based on GISTIC2.0 of the MSKCC cohort (C) and TCGA Pan-Lung Cancer cohort (D) under different smoking status. (E,F) The lollipop graph shows the significantly amplified (E) or deleted (F) sites in the smoking group in the MSKCC discovery cohort and the TCGA verification cohort and the main genes encoded by the chromosomal sites. The marked site in the middle is the intersection of the two databases. (A,B) *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.


Based on a report on the close relationship between CNV and the occurrence and development of lung cancer (Qiu et al., 2017), we analyzed the difference in CNVs and found that the number of chromosome copy numbers changes (amplification or deletion) in the MSKCC data (Figure 3C) and TCGA data (Figure 3D), and was significantly higher in the smoking group. The significant detailed amplification or deletion sites among different groups are shown in Supplementary Figures 1A–D. This feature of more unstable chromosomes in the smoking group may be an essential factor in that smoking is more likely to cause tumors. Next, we conducted a separate analysis of the chromosome fragments that only changed in the smoking group (Figures 3E,F) and found that 19q13.2 (ACTN4), 19q12 (CCNE1), 8q24.3 (BAI1), 2q31.2 (ATP5G3), 17q12 (ACACA), and 14q32.33 (AKT1) chromosomal fragments had been significantly amplified in the smoking group in both data sets, where the 19q chromosome shows expansion of two arms. Together, 4q35.2 (SLC25A4), 2q37.3 (AGXT), 1p12 (ADORA3), 1q36.11 (RUNX3), 6q26 (ACAT2), 4p16.3 (ADD1), and 12q24.33 (ACAD5) chromosome fragments are significantly deleted in the smoking groups in both datasets, while chromosome 4 also showed changes in multiple arms.

These results indicate that the smoking group is more likely to comprise driver gene mutations and changes in chromosome copy number, which facilitates tumor formation in patients. Moreover, these changes are the likely reasons for the improved entry points and clinical prognosis of our immunotherapy.



Comparison of Immune Characteristics Between Smoking and Non-smoking Groups

To further analyze the reasons for the difference in the efficacy of ICIs between the smoking group and the non-smoking group, we further analyzed the immune cell infiltration pattern between the two groups. Since the MSKCC immunotherapy cohort lacks RNA-seq data, we introduce the GEO’s GSE41271 data as the second validation set. Then, CIBERSORT software was used to analyze the infiltration abundance of 22 immune cells. The results of the TCGA data set showed that immune cells related to immune activation, such as activated CD4+ T cells, gamma delta T cells, and monocytes, were elevated significantly in the smoking group. In contrast, immune cells are related to immune suppression, such as M2 macrophages and regulatory T cells in the non-smoking group that appeared to aggregate (Figure 4A), and this result has also been verified using the GEO database (Supplementary Figure 2A). In addition, some stimulating immune modulators such as chemokines (CXCL5, CXCL10), cytolytic activity-related genes (PRF1, GZMA), and immune checkpoint biomarkers (CD274, IDOI) were significantly upregulated in the smoking group according to the analysis of related immune factors (Figure 4B). This result can also be seen in the same trend in GEO data (Supplementary Figure 2B).
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FIGURE 4. Comparison of immune characteristics between different smoking status in NSCLC. (A) CIBERSORT analyses quantifying the proportion of 22 immune cells in the different smoking status of the NSCLC cohort from TCGA. (B) Frequencies of stimulatory immunomodulators in the different smoking status of the NSCLC cohort from TCGA. (C) Heatmap showing average changes in the expression levels of immune-related gene between the previous or current smokers and non-smokers in the TCGA cohort. The genes corresponding to the same lymphocyte or function are identified by the same color on the left side of the squares, and each square with an exact number represents the logFC of a gene, filled with different back colors, i.e., from red to gray. The logFC values marked in black font indicate that the absolute value of logFC is ≥ 1 with statistical significance (p < 0.05). (D) The bubble chart shows that immune-related pathways are significantly different under different smoking states of TCGA and GEO dataset, the color of the circles indicates counts, as shown in the legend, and the size is proportional to the statistical significance. (E) GSEA of the hallmark gene sets downloaded from MSigDB. All transcripts were ranked by the log2 (fold change) between previous or current smokers and non-smokers in the TCGA cohort. Each run was performed with 1,000 permutations; immune-related pathways are highly enriched in the smoking group of TCGA cohort. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.


Subsequently, we provided the immune cell–related marker gene table based on the study by Thorsson et al. (2018). We further analyzed the difference in immune infiltration patterns between smoking and non-smoking groups in the validation set. Through the differential analysis of immune-related genes in the TCGA database and GEO database, in the TCGA database 113 immune cell–related genes with significant differential expression were found, while in the GEO database 28 significant differences were found in genes. The TCGA heatmap showed that most of the 113 genes with significant differences were T cell–related markers, which were significantly higher in the smoking group (Figure 4C). The heatmap of the 28 substantially different genes from the GEO database also shows that most of the immune-related genes with significant differences are activated CD4+ T cells and activated CD8+ T cell markers, which are highly expressed in the smoking group (Supplementary Figure 2C). We also found that seven genes were simultaneously verified in both databases, and six of them were highly expressed in the smoking group. Among them, HMMR, GAL, and SPC25 are signs of activated T cells (Supplementary Figures 2D,E).

At the same time, we used the “clusterProfiler” package to perform a GSEA on the TCGA and the GEO datasets. The results found that pathways related to the positive regulation of immune response such as immune response to tumor cells, T cell activation–related pathways, inflammatory reactions, natural killer cell–mediated cytotoxicity, MHC class Ib for antigen processing and presentation, and positive regulation of MHC class II biosynthesis processes were significantly enriched in the smoking group (Figures 4D,E). In short, our analysis of the immune infiltration patterns between different NSCLC groups revealed that the smoking group has a higher abundance of immune cells and immune factor infiltration than the non-smoking group. These data further explain why patients in our smoking group experienced improved efficacy when treated with ICIs than in the non-smokers with NSCLC.



The Mass Cytometry Analysis Indicated That the Smoking Group Had an Activated Immune Microenvironment

The immune microenvironment in NSCLC has been widely studied (Conforti et al., 2021); however, the immune microenvironment of different smoking status in NSCLC has not been systematically analyzed before. We collected fresh tumor tissues from eight NSCLC patients from Zhujiang Hospital of Southern Medical University for CyTOF analysis. After quality control, we obtained 1,277,343 cells (an average of ≈250,000 cells per sample). Based on the expression of CD3, CD19, CD68, CD14, and other markers, they were annotated as T cells, B cells, and myeloid cells, respectively. After preliminary annotations, each type of immune cell was re-clustered, grouped, and combined with the expression of 42 surface markers. The cells were divided into different subtypes. The flow chart of this process is shown in Figure 1, and the sample quality control chart, the number of cells in each sample, and the basic expression heat map of the 42 markers in each sample are shown in Supplementary Figure 3.


All Immune Cell Groups

According to the immune cell markers, CD45+ cells were divided using the manual gated circle function of the Flowjo (Figure 5A), and multi-dimensional data are converted into single-cell two-dimensional visualization data by R package cytofworkflow.
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FIGURE 5. The immune landscape of NSCLC patients sequenced by CyTOF. (A) Schematic diagram of flow gating. CD45+ cells were manually selected and subjected to sequential gating to identify the Immune cell subsets with CyTOF. (B) t-SNE plot showing the overall distribution difference of immune clusters between previous or current smokers and non-smokers. (C) Box plot comparing the relative abundance of each immune cluster between different smoking status groups. Box plot center and box correspond to median and IQR, respectively. Different shapes were used to represent each patient. (D) Bar plot showing the relative abundance of 4 immune cell types in each sample, faceted by smoking status. (E) The expression of surface molecules showed in different immune lineages.


The overall immune lineage is divided into T cells (CD3+), B cells (CD19+), and myeloid cells (CD3–CD19–CD56–CD11b+), visualized in the tSNE diagram (Figure 5B). In the tumor immune microenvironment of all NSCLC samples, the proportion of T cells is the highest, followed by myeloid cells and B cells (Supplementary Figure 4A). Notably, T cells related to immune regulation and tumor killing in the smoking group were higher than that in the non-smoking group, and the proportion of myeloid cells was larger in the non-smoking group; there was no significant difference in B cells between the two groups (Figures 5C,D). Diversified expression patterns of surface markers were observed in different immune cell lineages from different smoking status (Figure 5E). These results preliminarily indicate the difference in immune lineage distribution between smoking and non-smoking groups.



CD4+ T Cell Clustering

To explore the heterogeneity of the composition of CD4+ T cell subgroups between different groups, we carried out re-clustering and downstream analysis of the CD4+ T cell subgroups (Figure 6A). CD4+ T cells are further divided into eight immune cell subgroups, including follicular helper CD4+ T cells, gamma delta CD4+ T cells, CD4+ Tregs, NKT cells, Th0 CD4+ T cells, Th1 CD4+ T cells, memory CD4+ T cells, and other CD4+ T cells, visualized in the tSNE diagram (Figure 6B). We also visualized the expression of markers used to annotate CD4+ T cell subsets in different groups (Supplementary Figures 5A,B).
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FIGURE 6. Features of CD4+ T cells in NSCLC with different smoking status. (A) Heatmap of the median marker intensities of the multiple lineage markers in the 8 CD4+ T cell populations obtained by manual merging of the 30 metaclusters generated by FlowSOM. The heat represents the median of arcsinh and 0–1 transformed marker expression calculated over cells from all the samples. (B) t-SNE plot showing the overall distribution of different CD4+ T cell clusters between previous/current smokers and non-smokers. (C) Bar plot showing the relative abundance of different CD4+ T cell types in each sample, faceted by smoking status. (D) Box plot comparing the relative abundance of each CD4+ T cell cluster between different smoking status groups. Box plot center and box correspond to median and IQR, respectively. Different shapes were used to represent each patient. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant. (E) The expression level of several functional markers in different groups.


Among them, the proportion of memory CD4+ T cells was the highest, and the proportion of NKT cells in all CD4+ T cells was relatively small (Supplementary Figure 4B). Then, we compared the proportions of different types of CD4+ T cells between the smoking and non-smoking groups (Figures 6C,D), and found that T cell infiltration that promotes the positive immune response is mainly used in the smoking group. This phenomenon included follicular helper T cells (Tfh), NKT, Th0, Th1, and gamma delta T cells (gdT). The proportions of these cells are significantly higher in the smoking group (p < 0.05, Figure 6D), while the proportion of Treg (regulatory T cells) with immunosuppressive effects and memory CD4+ T cells was significantly higher in the non-smoker group (p < 0.05, Figure 6D).

Then, we compared the expression levels of immune exhaustion and activation markers between different groups (Figure 6E). The expression of CD45RA can be seen slightly higher in the non-smoking group than the smoking group, which indicates that the proportion of CD45RAhigh CD4+ T cells in the non-smoking group may be greater. However, the expression patterns of exhaustion markers including TIM-3, PD-1, CTLA-4, and LAG-3, and activation markers including ICOS, CD69, and HLA-DR in different groups of CD4+ T cells had no difference. This result was a bit different from the conclusion that activated CD4+ T cells are more abundant in the smoking group in the analysis of the transcriptome in TCGA and GEO sets. We consider that it is due to the small sample size of CyTOF data and individual differences.



CD8+ T Cell Clustering

To illustrate the differences in CD8+ T cells in different smoking states, we further re-clustered CD8+ T cells. According to existing markers, CD8+ T cells are further divided into four immune cell subgroups (Figure 7A). The tSNE chart shows that the exhausted CD8+ T cells make up the largest proportion of NSCLC tissue, and the proportion of effector CD8+ T cells was relatively small (Supplementary Figure 4C). Then, we compared the proportions of different types of CD8+ T cells between the smoking and non-smoking groups and found that, compared with those in the non-smoking group, the level of effector CD8+ T cells was significantly upregulated (p < 0.001; Figures 7B,C) in the smoking group. Although exhausted CD8+ T cells accounted for the largest proportion, there was no significant difference between different groups (Figure 7C). In addition, Figure 7D was used to show the proportion of each cell type in each sample in detail. We also discovered that expression of surface markers, including CD8a, CTLA-4, CCR7, CD69, CD45RA, IL-7Ra, PD-1, and CD103, were different in smokers and non-smokers (Figure 7E). The representative expression patterns of function surface markers found that CD8+ T cells in the non-smoking group exhibited a rest state with increased CD45RA expression and low expression of HLA-DR and CD8+ T cells in the smoking group showed an activation state with an increased expression of activation markers (HLA-DR, ICOS, IL-2R) (Figure 7F).
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FIGURE 7. Features of CD8+ T cells in NSCLC with different smoking status. (A) Heatmap of the median marker intensities of the multiple lineage markers in the 4 CD8+ T cell populations obtained by manual merging of the 30 metaclusters generated by FlowSOM. The heat represents the median of arcsinh and 0–1 transformed marker expression calculated over cells from all the samples. (B) t-SNE plot showing the overall distribution of different CD8+ T cell clusters between previous/current smokers and non-smokers. (C) Box plot comparing the relative abundance of each CD8+ T cell cluster between different smoking status groups. Box plot center and box correspond to median and IQR, respectively. Different shapes were used to represent each patient. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant. (D) Bar plot showing the relative abundance of different CD8+ T cell types in each sample, faceted by smoking status. (E) t-SNE plots of markers used to annotate CD8+ T subgroups in different groups. (F) The expression level of several functional markers in different groups.




Clustering of Myeloid Cells

In addition to T cells, myeloid cells are also important immune cells that exert anti-tumor effects and participate in many aspects of anti-tumor immunity (Cheng et al., 2021). Therefore, to explore the differences between myeloid cell populations in the NSCLC of previous or current smokers, and non-smokers, we re-clustered and re-analyzed the myeloid cells (Figure 8A). Macrophages accounted for the largest proportion of myeloid cells in the tumor microenvironment, and immunosuppressive M2 macrophages accounted for the largest proportion in macrophages (Supplementary Figure 4D). Furthermore, a comparative analysis of the proportions of different types of myeloid cells between the smoking and non-smoking groups (Figures 8B,C) found that the proportion of activated DC that exerts a positive immunomodulatory effect in the former was significantly higher in the group of smokers than in non-smokers (p < 0.01, Figure 8D), and M2 type macrophages in the non-smoking group were significantly higher (p < 0.05, Figure 8D). This result is consistent with the previous results of the TCGA and GEO’s CIBERSORT.
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FIGURE 8. Features of myeloid cells in NSCLC with different smoking status. (A) Heatmap of the median marker intensities of the multiple lineage markers in the 7 myeloid cell populations obtained by manual merging of the 30 metaclusters generated by FlowSOM. The heat represents the median of arcsinh and 0–1 transformed marker expression calculated over cells from all the samples. (B) t-SNE plot showing the overall distribution of different myeloid cell clusters between previous/current smokers and non-smokers. (C) Bar plot showing the relative abundance of different myeloid cell types in each sample, faceted by smoking status. (D) Box plot comparing the relative abundance of each myeloid cell cluster between different smoking status groups. Box plot center and box correspond to median and IQR, respectively. Different shapes were used to represent each patient. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant. (E) Possible mechanism for the improved prognosis after immunotherapy of smoking patients in NSCLC. Overview of the key immune cell population changes in previous or current smokers compared with non-smokers. Different immune cell types and their potential connections through cytokines, chemokines, or receptor–ligand interactions are shown in this picture. In addition, the genomic changes were also plotted inside the tumor cell. TMB, tumor mutational burden; CNV, copy number variant; MT, mutation type. Figure created with BioRender.com.


In summary, the CyTOF results further verify that the smoking group has an activated immune microenvironment from the proportion of immune cell infiltration. In comparison, the immune microenvironment of the non-smoking group is in a suppressed or rest state. These results can also be verified from the TCGA and GEO transcriptome data.





DISCUSSION

The efficacy ICIs of NSCLC in different populations is variable, and smoking status has also become one indicator for judging the efficacy of ICIs (Gainor et al., 2020). However, the underlying mechanism of the difference in the efficacy of treatment with ICIs between smokers and non-smokers remains unclear. Our research further elaborated on the relationship between smoking and treatment with ICIs from multiple MSKCC, TCGA, GEO, and CyTOF data levels. It explained the underlying reasons for its differences from various aspects such as mutations, CNVs, the transcriptome, and the immune microenvironment.

We performed a Cox regression and survival analysis from the clinical data, and found that the smoking group was associated with longer PFS in patients treated with ICIs. Next, we analyzed the possible mechanism leading to differences in the efficacy of ICIs between smoking and non-smoking patients. We found high TMB levels and neoantigen loads in the smoking group. Subsequently, from MSKCC and TCGA, we found a higher frequency of gene mutations (TP5, KRAS, MUC16) in the smoking group compared with the non-smoking group and a higher level of CNVs. Driver gene mutations, especially TP53 mutations and higher CNVs, are related to the better efficacy of ICIs. These high-frequency mutations and increased CNVs can activate pathways like cell metabolism, and regulate angiogenesis, T cells, and antigen expression. In turn, these may activate the immune microenvironment through direct or indirect relationships, thereby affecting the efficacy of ICIs (Yi et al., 2020; Zhang J. et al., 2020; Si et al., 2021).

Subsequently, we introduced a second validation set from the GEO database GSE41271 as an auxiliary verification of the TCGA validation set to compare the immune microenvironment between the different groups. We learned from the immune infiltrating cells and immune-related genes (antigen presentation/stimulation/inhibition), immune cell–related genes, and immune-related pathways in our comprehensive analysis. This study is also the first to evaluate the immune microenvironment of smoking and non-smoking from NSCLC as a whole, and found that smoking group’s immune microenvironment was activated in both validation sets, including high expression of immune infiltrating M1 macrophages, monocytes, and activated CD4+ T cells; high immune positive regulatory chemokine expression, cytolytic activity–related genes, and immune checkpoint biomarkers; high expression of activated CD4+/CD8+ T cell–related genes HMMR and GAL; and the activation of immune-related pathways (T cell activation–related pathways, inflammatory response, natural killer cell–mediated cytotoxicity). A few studies have shown that the stimulating effect of tobacco smoke on the respiratory tract can lead to the release of pro-inflammatory cytokines, such as TNF-α, IL-1, IL-6, IL-8, and granulocyte-macrophage colony-stimulating factors. In turn, the number of leukocytes can be increased (such as T cells, natural killer cells, and monocytes), and the unstable T cells in constant circulation cause continuous and permanent inflammatory damage to normal lung tissue because of long-term exposure to smoke from cigarettes (Chen et al., 2016; Piaggeschi et al., 2021). In our NSCLC patients who were also smokers, the increased immune cells and activated immune microenvironment may instead become the target of ICI therapy.

Next, we collected eight fresh NSCLC cancer tissues for CyTOF to further analyze the difference in the immune infiltration pattern between the smoking and non-smoking groups. Since T cells play one of the most critical roles in the tumor microenvironment through their anti-tumor effect, they are also important target cells for tumor therapy based on the immune microenvironment (Binnewies et al., 2018). Our analysis focused on comparing different types of CD4+ T cells and CD8+ T cell infiltration, and found that 80% of T cells related to positive immunomodulation (such as Tfh, gdT, NKT, Th1, and activated CD8+ T cells) are highly expressed in previous or current smokers, while Treg cells related to immunosuppression were highly enriched in the non-smoking group.

At the same time, we found that CD45RA was highly expressed in CD4+ T and CD8+ T cells in the non-smoker group. As we all know, naïve T cells express CD45RA and are usually functionally quiescent (Sallusto et al., 2004). Huang et al. (2015) also found a similar result in APC that lower levels of CD4+ naïve/memory ratio were positively correlated with better OS (p = 0.036 and 0.021, respectively), and CD8+ naïve/memory ratio can be a candidate marker for predicting PFS and its change may reflect the progression. Therefore, the CD45RAhighCD4+ T cells and CD45RAhighCD8+ T cells enriched in the non-smoking group may also be one of the reasons for the poor prognosis of ICIs in the non-smoking group.

For the analysis of myeloid cells, we found that M2 macrophages were highly enriched in the non-smoker group. M2 macrophages in myeloid cells have always been the cell type that researchers have focused on. They secrete various immunosuppressive chemokines, cytokines, and extracellular matrix components; they also negatively regulate immune response while reshaping immune microenvironment and promoting tumor progression and metastasis (Han et al., 2021). In our study, the high infiltration of M2-type macrophages in non-smokers may also be a fundamental reason for their poor prognosis. Also, studies have shown M1 macrophages’ high degree of infiltration is associated with better immune efficacy metastatic urothelial carcinoma (Zeng et al., 2020). This outcome also suggests that the high M1 macrophage infiltration in smoking patients in NSCLC may be transformed into the benefit of immunotherapy.

We summarized the mechanism by which smoking NSCLC may affect the efficacy of ICIs (Figure 8E). In short, these results partly explain NSCLC in the smoking group’s better prognosis in the treatment of ICIs. It is likely the result of multiple factors working together and complement each other.

This study has some limitations. First, on the multivariate Cox regression analysis of clinical data from the MSKCC receiving ICIs cohort, we found that smoking was associated with the prognosis of ICI treatment, but it was not significant (HR = 0.67, 95% CI: 0.44–1.0, p = 0.059). Due to the lack of NSCLC cohorts receiving ICI treatment, we are unable to conduct further verification. Second, there is a lack of mRNA data for the patients in the NSCLC cohort treated with ICIs. In this set of findings, we could not directly assess whether the prognosis of ICIs is different due to differences in their immune characteristics and immune microenvironment. Third, due to the small number of collected samples, possible individual differences may make the results slightly different from the transcriptome results. Finally, due to the limitations of the selected markers, we had not been able to make more detailed annotations and studies on B cells. We still need to expand the sample size for deeper and more representative research.



CONCLUSION

Our study confirmed that in NSCLC patients treated with ICIs, previous or current smokers have a better prognosis after treatment with ICIs than non-smokers. This outcome is the same as the smoking group, which had higher gene mutations, more copy number variations, and a stronger immune microenvironment. While smoking is one of the main risk factors for NSCLC, it is also an important indicator for predicting the efficacy of treatment with ICIs. NSCLC patients who are treated with ICIs in clinical practice may also consider smoking status as a key indicator for maximizing the benefits of treating patients with ICIs.
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Titin Mutation Is Associated With Tumor Mutation Burden and Promotes Antitumor Immunity in Lung Squamous Cell Carcinoma
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Lung squamous cell carcinoma (LUSC) is a leading cause of mobidity and mortality worldwide. Recently, there was a shift in the treatment pattern of immune therapy in LUSC patients; merely a small number of patients with non-small cell lung cancer (NSCLC) at advanced stages respond well to immune checkpoint blockade (ICB) therapy, and tumor mutation burden (TMB) is a valuable independent indicator of response to immune therapy. However, specific gene mutations and their relationship with TMB and tumor-infiltrating immunocytes in LUSC are still unclear. In the present paper, our team analyzed the somatically mutated genes from the ICGC (International Cancer Genome Consortium) and TCGA (The Cancer Genome Atlas) datasets and discovered that 15 frequent gene mutations occurred in both cohorts, including ZFHX4, MUC16, FLG, TP53, LRP1B, TTN, SYNE1, RYR2, CSMD3, USH2A, MUC17, DNAH5, FAM135B, COL11A1, and RYR3. Interestingly, only mutated TTN was related to higher TMB and prognostic outcomes among the 15 mutated genes. Moreover, according to the CIBERSORT algorithm, we revealed that TTN mutation enhanced the antitumor immune response. In conclusion, TTN may have important clinical implications for relevant immune therapy of lung squamous carcinoma.

Keywords: lung squamous cell carcinoma, tumor mutation burden, immunotherapy, TCGA, ICGC


INTRODUCTION

Lung squamous cell carcinoma (LUSC) is one of the most commonly seen histological subtypes of non-small-cell lung cancer (NSCLC), the remaining and a global leading cause of mortality (Perez-Moreno et al., 2012; Chen et al., 2014; Gandara et al., 2015). Over the past few decades, there have been limited advances in lung squamous cell carcinoma therapy due to deficient mutation targets, and the chemical therapy based on platinum is still a normative therapy for advanced lung squamous cell carcinoma (Langer et al., 2016), due to a lack of therapeutic. Recently, immune checkpoint inhibitors (ICIs), targeting the programmed cell death-1 (PD-1) and programmed cell death ligand-1 (PD-L1) axis, have revolutionized cancer therapy. The majority of explorations discovered that the therapy exhibited more effectiveness in cases with positive PD-L1 compared with PD-L1-negative patients. Nevertheless, the PD-L1-negative group still demonstrated response rates of around 10%, implying that PD-L1 did not serve as a suitable biomarker for response (Herbst et al., 2014; Gettinger et al., 2015). Hence, exploring the determining factors on the molecular level of immunotherapy response is challenging in lung squamous cell carcinoma, and numerous researches are currently addressing this problem. Tumor mutation burden (TMB), an indicator of the entire mutation volume from cancer cells, is considered an underlying biomarker for the immunotherapeutic approach. Therefore, utilizing the expression of TMB or other clinical features as predictive factors to guide immunotherapies in real-world clinical practice has been remarkably highlighted. The latest study suggested that the greater TMB predicts a favorable outcome to PD-1/PDL1 inhibition in different cancers (Goodman et al., 2017). Higher TMB significantly predicts favorable outcomes to PD-1/PD-L1 blockade in NSCLC as well as small-cell lung tumors, implying that comprehensive genomic profiling may result in patient benefit. Whether TMB is related to the prognostic power of other biomarkers is still opaque.

The TTN gene is composed of 363 exons and displays the longest exon in the whole genome. Titin is implicated in conferring elasticity to sarcomere, sarcomere assembly, and mechanosensing (Roberts et al., 2015; Kellermayer et al., 2019), serving as a structural protein in striated muscles (Ciferri and Crumbliss, 2018). Mutated genes in this regard are associated with inherited hypertrophic cardiac muscle disease (Gerull et al., 2002), and autoantigen against titin has been identified in patients with the autoimmunity illness scleroderma (Ohyama et al., 2015). It has also been reported to be mutated frequently in many tumor types including breast cancer, lung squamous cell carcinoma, lung adenocarcinoma, and colon adenocarcinoma (Ceyhan-Birsoy et al., 2013). Lung squamous cell carcinoma acts as a genomically heterogeneous cancer with remarkable mutation ratios, and TTN acts as a frequent gene mutation in LUSC. However, the changes in TTN mutations and their relationship with TMB and immunocyte-infiltrating cancers in lung squamous cell carcinoma remain vague.

Our team initially detected somatically mutated genes in lung squamous cell carcinoma patients from America and Asia via TCGA and ICGC datasets. Afterward, we discovered the commonly mutated genes in the two cohorts and revealed in depth the relationship among the mutated genes, prognostic results, and TMB. Therefore, our purpose is to identify mutated genes using TCGA and ICGC lung squamous cell carcinoma specimens, and to further unveil the association of mutated genes with TMB and patient outcome and infiltrating immune cells.



MATERIALS AND METHODS

Transcriptome data and the data of somatically mutated genes of lung squamous cell carcinoma samples from the Amercian (n = 484) were obtained from the website of TCGA1 (March 30, 2021). Somatic mutation data for Asian lung squamous cell carcinoma samples (n = 170) were acquired from the website of ICGC2 (March 26, 2021). The clinical information of 484 LUSC samples was downloaded from TCGA. Data were extracted and organized in Perl so that it can be analyzed in R. As to the clinical information, only patients with lung squamous cell carcinoma with complete information were included, excluding any absent information such as survival status, age, gender, grade, and TNM information.


Classification of Lung Squamous Cell Carcinoma Based on Tumor Mutation Burden

Tumor mutation burden was calculated as the total quantity of mutated bases per megabase, and only mutations that cause changes in amino acids were counted. The expression of TMB in each TCGA lung squamous cell carcinoma sample was calculated by the TMB formula (Chalmers et al., 2017).



Bioinformatic Analysis

All bioinformatic analyses were performed by the R software (v4.0.1). Genes with the top 30 mutation frequencies in TGCA and IGGC databases were, respectively, extracted by Perl. The R package “GenVisR” was used to visualize the mutations of these genes (Mayakonda et al., 2018). These genes were intersected to obtain genes with high mutation frequency in both databases by the R package “venn.” The relationship between those intersection mutated genes and TMB was assessed and visualized via the R package “ggpubr.” GSEA analysis was performed using TTN mutation and expression matrix data in the GSEA software (v4.1.0) (Subramanian et al., 2005). Normalized enrichment score (NES) was calculated by setting the permutation values to 1,000, and the FDR p-value < 0.05 was adopted to determine evident enrichment pathways. CIBERSORT is a computational method for assessing the proportion of 22 immunocyte immune cells in tumor tissue based on transcriptome data (Newman et al., 2015). Matrix data of immune cell proportion for each tumor sample were obtained using CIBERSORT deconvolution algorithm setting the filter condition to p < 0.05. The matrix data visualization was performed by R package “corrplot.” TCGA samples were assigned to the wild group and the mutation group based on TTN status. Difference analysis of immunocyte infiltration within the two groups was performed by R package “limma” and visualized by R package “vioplot.”



Statistical Analysis

Statistical analysis was implemented via R (v4.0.1). Survival curves were analyzed via Kaplan–Meier survival analysis and evaluated using the log-rank test. Identification of prognosis risk factors was done by performing survival analysis of the clinical characteristics of patients, including age, gender, grade, and TNM classification by univariate and multivariate Cox regression analyses. The correlation between mutant genes and TMB was studied by the Mann–Whitney U-test. For all comparisons, a two-tailed p < 0.05 had statistics-related significance.



RESULTS


Somatic Mutation Characteristics in Lung Squamous Cell Carcinoma

We first downloaded the mutation data of 484 American lung squamous cell carcinoma samples from TCGA, and the cumulative mutation frequency in each gene was counted and sorted in decreasing order. The top 30 frequently mutated genes with high mutation frequency and pattern of somatic mutation for the top 30 genes are illustrated in Figure 1A. The top 30 mutated genes were TP53, TTN, CSMD3, MUC16, RYR2, LRP1B, USH2A, SYNE1, ZFHX4, FAM135B, KMT2D, XIRP2, SPTA1, CDH10, NAV3, CDH10, PCDH15, PAPPA2, RYR3, DNAH5, PKHD1, DNAH8, PKHD1L1, HCN1, ERICH3, MUC17, FLG, DNAH9, APOB, PCLO, and ADAMTS12. Similarly, the top 30 genetic mutations were also identified in Asian patients from the ICGC database. As shown in Figure 1B, missense mutation occurred commonly in Asian patients, and TTN, TP53, MUC4, MUC16, ZFHX4, MUC12, FLG, LRP1B, SYNE1, RYR2, OBSCN, CSMD3, HRNR, USH2A, MUC6, MUC19, MUC17, EYS, DNAH5, MUC5B, AHNAK2, PRDM9, IGFN1, FAM135B, COL11A1, SI, RYR3, COL6A5, ANKRD30B, and NEB had the top 30 mutation frequency among Asian patients.
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FIGURE 1. Overview of frequently mutated genes in lung squamous cell carcinoma. (A) Waterfall plot shows the frequent gene mutations in lung squamous cell carcinoma from The Cancer Genome Atlas (TCGA) database. The left panel presents the frequency of gene mutation according to which genes are sequenced. The right panel displays diverse mutations. (B) Waterfall plot displaying the frequent gene mutations in lung squamous cell carcinoma from the International Cancer Genome Consortium (ICGC) cohort. The left panel exhibits the genes sequenced via the frequency of gene mutation. The right one displays diverse mutations.




Gene Mutations Associated With Tumor Mutation Burden

Intriguingly, we discovered common mutant genes in both TCGA and ICGC databases. As shown in Figure 2A, the intersection genes with high mutations were TTN, TP53, MUC16, ZFHX4, FLG, LRP1B, SYNE1, RYR2, CSMD3, USH2A, MUC17, DNAH5, FAM135B, COL11A1, and RYR3. To further investigate whether these 15 commonly mutated genes were associated with TMB, lung squamous cell carcinoma patients from the TCGA cohort were classified into wild and mutated groups based on the 15 mutant gene statuses. In addition, the TMB score in lung squamous cell carcinoma patients varies from 0.02 to 60 per Mb with an average value of 4.68 per Mb. Combining the analysis of the data of gene mutation matrix and TMB expression matrix, we found that the TMB value in the mutation group of all the other 15 genes was significantly changed compared with that of the wild group (Figure 2B).


[image: image]

FIGURE 2. Gene mutations are associated with tumor mutation burden (TMB). (A) Venn diagram shows 15 frequent gene mutations of the TCGA and ICGC cohorts. (B) Fifteen genes with high mutation frequency are associated with a higher TMB. ***p < 0.001.




TTN Mutation Associated With Prognosis

Higher TMB significantly predicts a desirable result of PD-1/PD-L1 blockade both in NSCLC and SCLC, implying that comprehensive genomic profiling analysis might lead to patient benefit (Hellmann et al., 2018; Reck et al., 2019; Ricciuti et al., 2019). Thus, considering the established association between 15 mutated genes and TMB, we speculate that these genes may be associated with clinical outcomes. For this purpose, patients from the TCGA database were assigned to the wild and mutation groups according to gene mutation status, and Kaplan–Meier analysis was conducted combined with the analysis of patient survival data. Our results demonstrated that only TTN mutation was associated with a positive prognosis (p = 0.0008) (Figure 3). Based on this finding, we aimed to further identify whether TTN mutation is the independent prognostic factor for lung squamous cell carcinoma using Cox regression analysis. As shown in Figure 4, with correction for common clinical information and TMB score, TTN mutation remained significantly associated with the overall survival of patients.
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FIGURE 3. TTN mutation is associated with clinical prognosis. The Kaplan–Meier survival study was adopted to determine survival curves reflecting the relationship between mutant genes and prognostic results. The p-value is shown in every illustration.
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FIGURE 4. Univariate (A) and multivariate (B) overall survival analysis of lung squamous cell carcinoma patients via the Cox proportional hazards model.




Enrichment Pathway Analysis of TTN Mutation

As TMB is reported to be a biomarker for immunotherapy, and TTN mutation was associated with an increased TMB, we further investigated the relation between TTN mutation and immune response. GSEA performed with TCGA revealed that autoimmune thyroid disease, B-cell receptor signaling pathway, non-small-cell lung cancer, primary immunodeficiency, T-cell preceptor signaling pathway, and Toll-like receptor singling pathway were significantly enriched in samples with TTN mutation (Figures 5A–G). These findings indicate that samples with TTN mutation upregulated signaling pathways involved in the immune system.
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FIGURE 5. TTN mutation is associated with immune-related pathways. Gene set enrichment analysis was performed with the TCGA. (A) Multiple gene enrichment plot shows that a series of gene sets are enriched in the TTN-mutant group. Gene enrichment plots display that a series of immune-related gene sets, including (B) autoimmune thyroid disease, (C) B-cell receptor signaling pathway, (D) non-small-cell lung cancer, (E) primary immunodeficiency, (F) T-cell preceptor signaling pathway, (G) Toll-like receptor singling pathway, are enriched in the TTN-mutant group. NES, normalized enrichment score. The p-value is shown in each plot.




Tumor-Infiltrating Immune Cells Associated With TTN Mutation in Lung Squamous Cell Carcinoma

Using the CIBERSORT deconvolution algorithm, we first calculated the proportion of 22 immunocytes for each sample in tumor tissue (Figure 6A). The results revealed that the number of infiltrating immune cells changes greatly in different samples; macrophage M1 was more enriched in the TTN mutation group; however, neutrophils were enriched in the wild group (Figure 6B). Finally, correlation analysis revealed that macrophage M1 exhibited the most potent affirmative association with activated memory CD4 T cells and also positively associated with CD8 T cells, while they were reversely associated with stimulated dendritic cells (Figure 6C). Moreover, neutrophils had the strongest positive correlation with monocytes and had the strongest negative correlation with macrophage M1 (Figure 6C).
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FIGURE 6. TTN mutation is correlated with tumor-infiltrating immune cells. (A) The stacked bar chart shows the distribution of 22 immunocytes in each sample. (B) Violin plot displaying the differentiated immunocyte infiltration between the mutated TTN and the wild-type TTN group. Blue refers to the wild-type TTN group, and red reflects the TTN-mutant group. The p-value is shown in the figure. (C) Correlation matrix of immunocyte ratios. The red color represents positive correlation, and the blue color represents negative association.




DISCUSSION

In the past decades, tumor-associated neoantigens, derived from non-synonymous somatic mutations, have been identified as the prime targets of cytotoxic T lymphocytes within cancer microenvironments (Chen et al., 2019). Those cancer cell-identifying T cells could be enhanced via the administration of ICB agents, either by reinvigorating the depleted cytolysis or via consuming various types of immune regulation cells (Park et al., 2019). For the time being, no consentaneous agreement exists on the way to obtain effective neoantigens from substantial genome data. We, respectively, described the somatically mutated genes of 484 LUSC specimens in the United States from TCGA and the LUSC specimens of 170 Asian patients from the ICGC dataset. Consequently, mutated TTN was related to higher TMB and beneficial clinical outcomes. Meanwhile, samples with TTN mutation positively correlated with signaling pathways implicated in immune response. Tumor-infiltrating immune cell results demonstrated that TTN mutant samples presented a higher infiltration proportion of macrophage M1, and less infiltrated in neutrophils, which supported the previous findings that such immune cells and pathways play predominant roles in the tumor microenvironment and promote immune response (Hsu et al., 2018; Zuazo et al., 2019). Therefore, our results reveal that mutated TTN might be a convenient prediction for ICB immune treatment in lung squamous cell carcinoma patients.

Tumor mutation burden, referring to the overall mutation volume per coding area in the cancer genome, is high in cancer specimens and has become an underlying marker in tumor immune treatment (Goodman et al., 2017; Yarchoan et al., 2017). TMB reflects the accumulation of somatically mutated genes in cancers, and the TMB facilitates the effectiveness of more neoantigens, which may induce an immune response depending on T cells. The research revealed that the higher TMB predicts a favorable result of PD-1/PDL1 suppression in different cancers (Goodman et al., 2017). Higher TMB notably predicts favorable outcomes to PD-1/PD-L1 blockade in both NSCLC and SCLC, implying that comprehensive analysis might lead to patient benefit. In our study, nonsynonymous mutated genes in Titin associate with higher TMB, which is related to desirable clinical results of patients with TTN mutations. TTN has also been reported to be mutated frequently in many types of tumors such as breast cancer, lung squamous cell carcinoma, lung adenocarcinoma, and colon adenocarcinoma (Ceyhan-Birsoy et al., 2013). TTN is a frequently mutated gene in lung squamous cell carcinoma, and autoantibodies against titin are identified in patients with the autoimmune disease scleroderma (Ohyama et al., 2015). Hence, we speculated that TTN mutation with a high TMB in lung squamous cell carcinoma might drive the immune system to fight against tumor cells.

Interestingly, TTN mutant samples presented a higher infiltration proportion of macrophage M1 and less infiltrated in neutrophils. Previous research evidenced that macrophages were vital in the immune system, and differentiated macrophages mark a pivotal factor for immunity response (Ivanova and Orekhov, 2016). Macrophage M1 is a primary cell subtype of tumor-associated macrophages (TAMs), and it has an inflammation-promoting effect, and immunogenic and antitumor properties, which are an important part of the tumor microenvironment (Yang and Zhang, 2017; Singhal et al., 2019). Our findings reveal that mutated TTN was related to macrophage M1. Macrophage M1 exhibited the most potent positive correlation with activated memory CD4 T cells and is positively related to CD8 T cells as well, which confirmed the previous evidence that antitumor immune response was associated with these immune cells. Therefore, we assumed that TTN mutation might positively regulate macrophages M1, CD4, and CD8 T cells in lung squamous cell carcinoma. Thus, our results demonstrated that the changed tumor-infiltrating immune cells induced by TTN contribute to the antitumor immunity of lung squamous cell carcinoma.

The main limitation in our study is that the ICGC database lacks corresponding clinical data of China lung squamous cell carcinoma, so we cannot verify whether TTN mutation is associated with the prognosis of lung squamous cell carcinoma patients in China and whether it can give rise to the same immune response. Even if TTN is also frequently mutated in Chinese lung squamous cell carcinoma samples, the effect may be somewhat heterogeneous between different ethnic groups. Consequently, the relationship between mutant TTN and prognostic results, such as immunocyte infiltration and signaling pathways, demands more verification in lung squamous cell carcinoma specimens from China.



CONCLUSION

In conclusion, this work demonstrated that mutated TTN was frequently identified in lung squamous cell carcinoma, and mutated TTN was related to higher TMB and indicated prognostic result. Additionally, mutated TTN evoked an antitumor immune response. Our discoveries unveil a novel gene, the mutation of which can act as a biomarker to predict immune response.
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Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer. HCC cells consume large amounts of glutamine to survive, but can adapt to glutamine depletion in the presence of an exogenous asparagine. L-asparaginase (ASNase) converts glutamine and asparagine to glutamate and aspartate, respectively, and has been used to treat leukemia. Here we examined the effects of ASNase treatment on HCC cells and explored the potential impact of combining ASNase with the tyrosine kinase inhibitor lenvatinib (Len) for HCC treatment. Cell viability and death of HCC cell lines treated with either Len or ASNase alone or with Len and ASNase combined were determined. We assessed mRNA and protein expression levels of glutamine synthetase (GS) and asparagine synthetase (ASNS) by real-time quantitative PCR and immunoblotting. The antitumor effect of the combination therapy relative to Len or ASNase monotherapy was also evaluated in a xenograft tumor mouse model. ASNase treatment inhibited growth of SNU387 and SNU398 HCC cells, which have low GS and high ASNS expression levels, respectively, but did not clearly inhibit growth of the other cell lines. Len plus ASNase combination therapy synergistically inhibited proliferation and induced oxidative stress leading to cell death of some HCC cells lines. However, cell death of Huh7 cells, which express ASCT2, an important glutamine transporter for cancer cells, was not affected by the combination treatment. In a xenograft model, Len combined with ASNase significantly attenuated tumor development relative to mice treated with Len or ASNase alone. ASNase-mediated targeting of two amino acids, glutamine and asparagine, which are indispensable for HCC survival, induces oxidative stress and can be a novel cancer treatment option that exerts a synergistic effect when used in combination with Len.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most common malignant tumor and the fourth leading cause of cancer-related death worldwide (1). Many HCC patients are diagnosed at advanced stages of disease, and thus local treatment options, including curative hepatic resection, tumor ablation, or transarterial therapy, are not suitable. Therefore, systemic treatments for advanced HCC are urgently needed. For systemic treatment of HCC, tyrosine kinase inhibitors (TKIs) such as sorafenib, regorafenib, and lenvatinib (Len) are widely used. Although the efficacy of TKIs is largely insufficient, Len did exhibit a significantly higher response rate relative to sorafenib as a first-line therapeutic option for advanced HCC in the phase III REFLECT trial (2).

Recent studies revealed that tumor cells, including HCC cells, take advantage of metabolic alterations to advance proliferation and survival (3). Tumor cells have increased demand for amino acids and the activity of amino acid metabolic pathways is thought to be altered in these cells (4). Previous studies convincingly demonstrated that glutamine is consumed by proliferating tumor cells with preference compared to other amino acids. Moreover, glutamine levels are substantially lower in the tumor core relative to peripheral regions (5).

Importantly, exogenous asparagine becomes an essential amino acid for cancer cells and can maintain protein synthesis as extracellular glutamine levels decline near the cells (6) in addition to promoting growth and survival of glutamine-deprived tumor cells. Asparagine-mediated rescue of tumor cell proliferation requires glutamine synthetase (GS), suggesting that glutamine supplied by de novo synthesis compensates for extracellular glutamine depletion. GS expression is reported to increase gradually with the development of liver carcinogenesis to achieve high expression levels in human HCC (7). In addition, high GS expression levels have been associated with poor prognosis in patients with HCC. In vitro studies indicated that GS influences HCC cell migration by mediating the epithelial-mesenchymal transition (7).

Recent advances in the understanding of amino acid metabolism revealed that targeting amino acids, especially glutamine and asparagine, in cancer therapy can be a promising strategy for the development of novel therapeutic agents. In fact, tumor cells that are exposed to glutamine-deficient conditions lose the ability to survive, proliferate, and metastasize (8). Glutamine and asparagine dependency is frequently altered in cancers, including HCC, and glutamine in particular is indispensable for development of HCC (9).

Although the mechanistic details are not fully clarified, L-asparaginase (ASNase), which converts glutamine and asparagine to glutamate and aspartate, respectively, has long been targeted for treatment of acute lymphoblastic leukemia (10). An examination of the antitumor mechanism of ASNase revealed that it also possesses glutaminase activity that depletes glutamine levels and plays an important role in induction of cell death. Glutamine has the highest structural similarity to asparagine relative to other amino acids (11), and ASNase suppressed both the growth and survival of glutamine-depleted cells as well as tumor growth. Clinical trials to assess the effects of ASNase in patients with cancer, including those with pancreatic cancer, are ongoing (12, 13). Consistent with these rationales, ASNase-mediated glutamine depletion is an effective treatment in a mouse model of HCC (14, 15). However, the activity of ASNase in combination with other anticancer drugs such as TKIs has not yet been explored.

In the present study, we considered a new approach to HCC combination therapy based on the co-administration of a commonly used TKI, Len, with ASNase. We explored the association between the effect of ASNase and expression levels of GS and asparagine synthetase (ASNS) in several HCC cell lines. We also demonstrate that ASNase yielded synergistic antitumor effects when used in combination with Len in vitro and in vivo, and confirmed that this combination therapy exerted growth-inhibitory and cell death-induction effects in HCC cells that were mediated through production of oxidative stress.



Materials and Methods


Human Liver Cancer Cells and Mouse Hepatocytes

The liver cancer cell lines Hep3B (RRID: CVCL_0326), SNU387 (CVCL_0250), SNU398 (CVCL_0077), and HepG2 (CVCL_0027) were obtained from ATCC. The mouse hepatocyte cell line AML12 (CVCL_0140) was also obtained from ATCC. Huh6 (CVCL_1296) and Huh7 (CVCL_0336) cells were purchased from the Japanese Collection of Research Bioresources Cell Bank (JCRB). All cells were obtained directly from cell banks that perform cell line characterizations and were passaged in our laboratory for fewer than 6 months after receipt. The cells were maintained according to instructions provided by the ATCC and JCRB and incubated with Len (CAS No.: 417716-92-8, ChemScene LLC, NJ, USA) and/or ASNase (ENZ-287, Prospec, NJ, USA) using the indicated concentration and time course. Relative cell viability was determined using a WST-8 method with Cell Count Reagent SF (#07553-15, Nacalai Tesque, Kyoto, Japan). Combination Index (CI) and dose-effect analyses were calculated using CompuSyn software (ComboSyn, Inc., Paramus, NJ, 07652 USA) according to the Chou-Talalay method (16). CI values were plotted against the fraction of affected cells (Fa) to represent the percentage of growth inhibition (CI-Fa plot). A CI value <1.0 indicates synergism of the combination. A lactate dehydrogenase (LDH) cytotoxicity assay was carried out using a Cytotoxicity LDH Assay Kit (#CK12, Dojindo Laboratories) according to the manufacturer’s instructions. Cells were incubated with indicated concentrations of drugs for 72 hours. Cytotoxicity was calculated as a percentage of the ratio of LDH release compared to controls having high levels of LDH.



RNA Isolation and Real-Time Quantitative PCR

RNA was extracted using TRIzol (#15596018, Invitrogen/Thermo Fisher Scientific, MA) and further purified using chloroform and isopropanol. RNA (1 μg) was used to generate cDNA with the PrimerScript RT cDNA Synthesis Kit (#RR036A, Takara Bio, Shiga, Japan). The expression of individual genes was quantified by real-time qPCR using SYBR FAST qPCR Master Mix (#KK4602, KAPA BIOSYSTEMS, MA) and a LightCycler 96 Real-Time PCR system (Roche Diagnostics, Mannheim, Germany). Expression levels were normalized to the housekeeping control gene GAPDH. Primers used for real-time qPCR analyses are listed in Supplementary Table 1.



Immunoblot Analysis

Harvested liver cancer cells were homogenized in RIPA buffer and equal amounts of liver homogenates were fractionated by SDS-PAGE and transferred onto a PVDF membrane. The membranes were incubated with antibodies to GS (#G2781, Sigma-Aldrich, MO), ASNS (#14681-1-AP, Proteintech, IL), ASCT2 (#8057), p70S6K (#9202), phospho-p70S6K (Thr389, #9205), S6 (#2217), phospho-S6 (#4858), 4EBP1 (#9452), phospho-4EBP1 (#2855), PARP (#9532) (from Cell Signaling Technology, MA), and β-actin (Sigma-Aldrich, MO).



Immunofluorescence Analysis

A LIVE/DEAD Cell Imaging Kit (#R37601, Invitrogen) and ROS (reactive oxygen species) Assay Kit-Highly Sensitive DCFH-DA kit (#R252; DOJINDO Laboratories. Inc., Kumamoto, Japan) were used according to the manufacturer’s instructions for the immunofluorescence analysis of liver cancer cell lines, including Huh6 cells, treated with Len, ASNase, or Len plus ASNase. Briefly, cells were incubated in a 96-well plate with the indicated treatment for 72 h, followed by incubation with the LIVE/DEAD reagent for 15 min at room temperature, or DCFH-DA solution for 30min at 37°C. A BZ-X800 Fluorescence Microscope (Keyence corporation, Osaka, Japan) was used to observe live or dead cells and to detect ROS.



Animals

The animal study was performed in accordance with Kyoto Prefectural University of Medicine (KPUM) guidelines for the care and use of live animals and was approved by the KPUM Institutional Animal Care and Use Committee (M2019-559). The mice used in this study for the xenograft model were female BALB/c nude mice aged 6-8 weeks and C57/BL6J male mice aged 20 weeks for determination of pharmacological impacts of ASNase on mature mice (Charles River Laboratories, Japan). The animals were maintained at KPUM in filter-topped cages with a 12 h dark/light cycle and given an autoclaved diet and water. To generate a xenograft tumor model, the flanks of 40 mice were inoculated with liver cancer cells (2.5 × 106 cells) suspended in 100 μl PBS. Two weeks after the inoculation, mice having a tumor ≥3 mm were randomly divided into four groups: Control, Len, ASNase, and Len plus ASNase groups (n = 7–9 per each group). Len was administered orally daily (10 mg/kg in 3 mM HCl DMSO), while ASNase was injected intraperitoneally three times per week (5 U/g). The control group received saline instead of Len or ASNase. After 2 weeks of treatment, all the mice were sacrificed and analyzed. The relative tumor volumes were evaluated by comparing the final and initial volumes. Tumor volumes were calculated using the formula V = (L x W x W)/2, where V is tumor volume, W is tumor width, L is tumor length.



Statistical Analysis

Data are presented as the mean ± standard deviation (SD) or the median with interquartile range, as indicated. For in vitro analysis, representative data from at least three independent experiments were shown. For the DEAD/LIVE and ROS stainings (Figures 3 and 5), 8-10 field images were captured and analyzed. Differences in means and two categorical variables were analyzed by student’s t-test using JMP8.0 (SAS Institute Inc., NC). Multiple comparisons were analyzed by Turkey’s multiple comparisons test (GraphPad Prism 6, GraphPad Software, CA). Significance was set at P values < 0.05 (not significant (N.S.), P > 0.05; *, P < 0.05; **, P < 0.01).




Results


Effects of Len and ASNase Treatment on Liver Cancer Cell Viability

We first examined the effect of Len, a TKI that is commonly used for HCC treatment, and ASNase on the survival of six liver cancer cell lines carrying specific mutations. Huh6, SNU398, and HepG2 cells harbor β-catenin mutations, while Hep3B and Huh7 cells have Fibroblast Growth Factor 19 (FGF19) mutations. SNU387 cells do not possess β-catenin or FGF19 mutations (Huh6: β-catenin+, FGF19−; Huh7: β-catenin−, FGF19+; SNU387: β-catenin−, FGF19−; SNU398: β-catenin+, FGF19−; Hep3B: β-catenin−, FGF19+; and HepG2: β-catenin+, FGF19−) (17). Notably, GS is a target of β-catenin (18), whereas FGF19 expression was reported to be associated with the clinical efficacy of Len (19).

Cell viability was measured using the WST-8 method after 72 hours of incubation with the indicated treatment. Len (Figure 1A, blue lines) induced dose-dependent growth inhibition in the four cell lines. In particular, Hep3B and Huh7 cells, which harbor an FGF19 mutation, showed maximal inhibition (Fa 0.5: 0.28 μM for Hep3B and 2.84 μM for Huh7 cells, where Fa 0.5 is equivalent to the half-maximal inhibitory concentration (IC50), which causes a 50% inhibition of the desired activity; Figure 1B). Huh6 and HepG2 cells exhibited a moderate degree of growth inhibition (Fa 0.5: 10.49 and 14.25 μM, respectively; Figure 1B). SNU387 and SNU398 cells were more resistant to Len than the other cell lines (Fa 0.5: 37.15 and 38.96 μM, respectively; Figure 1B). Specifically, ASNase (Figure 1A, red lines) caused a clear dose-dependent inhibition of the growth of SNU387 and SNU398 cells (Fa 0.5: 1.92 and 0.90 U/mL, respectively; Figure 1B), whereas Huh7 and HepG2 cells were partially resistant to this treatment (Fa 0.5: 51.15 and 25.07 U/mL, respectively). Notably, Huh6 cells did not reach 50% growth inhibition (Fa 0.5: > 100 U/mL).




Figure 1 | Effects of lenvatinib and L-asparaginase on liver cancer cell viability. (A) Dose-effect curves for the indicated cell lines were generated using cell viability data from WST-8 assays. The fraction of affected cells (Fa) representing the percentage of growth inhibition and dose-response plots are indicated for monotherapy and combination therapy (Len, blue; ASNase, red; Len plus ASNase, green). Drug doses that yield Fa 0.5 are required for a 50% inhibitory effect (equivalent to the IC50). (B) Summary of drug concentrations that inhibited cell survival by 50%, 80%, 85%, 90%, and 95%, indicated by Fa (Len, lenvatinib; ASNase, L-asparaginase). “X”, dose >100 or unavailable. Representative data from three independent experiments were shown.



We also confirmed that ASNase indeed depleted asparagine and glutamine concentrations but increased aspartate and glutamate levels in the cell culture media (Supplementary Figure 1A).



The Combination of ASNase and Len Exerted Synergistic Effects on Liver Cancer Cells

To explore the possibility that treatment with ASNase combined with Len inhibits liver cancer cell growth to a greater extent than either drug alone, we treated liver cancer cells with ASNase and Len combined. The results from WST-8 analyses were used to determine the Combination Index (CI), which is the fraction of affected cells (Fa) (Figure 2). A synergistic effect indicated by a CI value <1 for Len (0–50 μM) with ASNase (0–50 U/mL) was seen for all HCC cells tested (Fa 0.5), except for Huh7 cells (CI = 1.13). Surprisingly, the Len plus ASNase combination therapy had the highest synergistic effect on Huh6 cells, even though treatment of these cells with ASNase monotherapy did not reach Fa 0.5 (Figures 1A, B).




Figure 2 | Synergistic effects of lenvatinib and L-asparaginase combination therapy on liver cancer cell viability. (A) Combination index (CI) showing the synergistic effect of lenvatinib (0-50 μM) and L-asparaginase (0–50 U/ml) on HCC cells. The CI value was determined using the CompuSyn algorithm and was plotted against Fa, which represents the percentage of growth inhibition (CI-Fa plot). A CI value <1.0 indicates synergism of the combination. (B) Summary of Fa 0.5, 0.8, 0.85, 0.9, 0.95 values and corresponding CI values. The strongest synergistic effect of lenvatinib and L-asparaginase combination therapy was seen with Huh6 cells. Representative data from three independent experiments were shown.



To confirm whether the combination of Len and ASNase induced cell death, LIVE/DEAD staining was performed on Huh6 cells (Figure 3A). The live cells showed intense and uniform green fluorescence, while the dead or dying cells exhibited a predominantly red nuclear fluorescence. In accordance with the WST-8 results, Len treatment had a moderate antitumor effect, whereas ASNase did not induce death of Huh6 cells. Importantly, the Len and ASNase combination treatment induced cell death to a much greater extent than the Len monotherapy (Figure 3B). These results are comparable with those of WST-8 analyses.




Figure 3 | LIVE/DEAD staining of liver cancer cells treated with lenvatinib and L-asparaginase. Huh6 cells were treated with lenvatinib (Len, 0 – 6.25 μM) or L-asparaginase (ASNase, 0 – 6.25 U/ml) alone or in combination for 72 h and were then labeled with LIVE-Green and DEAD-Red probes. (A) Huh6 cells were treated with the indicated drugs, then stained with the fluorescence probes. Live cells show an intense and uniform green fluorescence, whereas dead or dying cells exhibit a predominantly red nuclear fluorescence. The samples were examined using fluorescence microscopy (BX-800, Keyence, Osaka, Japan). Scale bars, 400 μm. (B) Ratio of LIVE/DEAD cells after treatment with lenvatinib or L-asparaginase alone or in combination. Live or dead cells were quantified 72 h after incubation with the indicated drugs. All graphs represent the mean ± SD [Turkey’s multiple comparisons test, not significant (N.S.), *P < 0.05, **P < 0.01 vs. no treatment (0)]. For the DEAD/LIVE staining, 8-10 field images were captured and analyzed.



We also performed WST-8 assay for AML12, a normal hepatocyte cell line, and found that high dose of Len or ASNase, approximately 16 μM or 15 U/ml respectively, reduced cell proliferation, however, no synergistic effect indicated by a CI value <1 for Len (0–50 μM) with ASNase (0–50 U/mL) was achieved unlike in the case of HCC cell lines (Supplementary Figures 2A–C). Taken together, these results suggest that ASNase exerts synergistic antitumor effects in concert with Len on liver cancer cells and is particularly effective on Huh6 cells.



ASNase Is Effective in Liver Cancer Cells Having High ASNS and Low GS Expression Levels

To investigate the mechanism by which ASNase reduces cell viability and induces cell death of liver cancer cells, we examined expression levels of GS and ASNS. Specifically, we analyzed messenger RNA (mRNA) expression levels of glutamate-ammonia ligase (GLUL), which encodes GS, and ASNS genes by real-time quantitative PCR (qPCR). SNU387 and SNU398 cells, which are sensitive to ASNase, showed lower GS expression than other cells, in addition, they also expressed higher ASNS levels than other cells at both the mRNA and protein level (Figures 4A, B). The amino acid contents in the culture media were analyzed and indicated in supplementary Figure S2D. The results suggest that SNU387 and SNU 398 consumed more extracellular glutamine (GLN) than other cells. Because of low GS expression, these two cell lines were more sensitive to asparagine (ASN) and GLN depletion by ASNase. The culture media from SNU387 and SNU 398 contained more ASN than other cells, which is consistent with higher ASNS expression. It is known that ASNS catalyzes the synthesis of asparagine (ASN) using glutamine (GLN). It may also lead to less GLN detected in the culture media from SNU387 and SNU 398 than others.




Figure 4 | GS and ASNS expression determines L-asparaginase efficacy in liver cancer cells. (A) Relative expression of the GLUL, ASNS, and ASCT2 mRNA in human HCC cell lines. All graphs represent the mean ± SD (N = 3 in each group, Turkey’s multiple comparisons test, *P < 0.05, **P < 0.01 vs. Hep3B cells). Expression levels were normalized to the housekeeping control gene GAPDH. (B, C) Immunoblot analysis of HCC cell extracts. Expression of the GS, ASNS, ASCT2, phospho-S6K(T389), phospho-S6, phospho-4EBP1, S6K, S6, 4EBP1, and PARP proteins was examined. β-actin was used as a loading control (N, no treatment; Le, lenvatinib; As, L-asparaginase; L+A, lenvatinib plus L-asparaginase). Representative data from three independent experiments were shown.



Interestingly, ASNase induced GS expression in cells with high GS expression (Figure 4C). Although ASNase alone was not effective on Hep3B, Huh6, or HepG2 cells, the combination of ASNase with Len synergistically suppressed viability of these cell lines.

We also examined the effects of ASNase on SNU387 cells with ASNS knockdown and Huh6 cells with GS knockdown. As expected, GS knockdown additively reduced the viability of Huh6 cells but not affect that of SNU387 cells in which GS expression was low. ASNS knockdown did not reduce the viability of both cell lines. The knockdown efficiency was confirmed with immunoblotting (Supplementary Figures 3, 4). Next, cross-silencing experiments of GS in SNU387 and ASNS in Huh6 were performed (Supplementary Figure 4). These silencing did not affect the cell viability.

As Huh7 cells alone were resistant to the combination of ASNase and Len, we compared the expression levels of amino acid transporters in all cell lines. Among the selected transporters, expression of ASCT2 (SLC1A5), which is important for maintaining glutamine levels in tumor cells (20), was downregulated at both the mRNA and protein level in Huh7 cells (Figures 4A, B). In addition, Huh7 cells had the highest GS expression among all the liver cancer cell lines tested (Figure 4B). These results suggest that Huh7 cells do not depend upon extracellular glutamine for survival, but rather de novo glutamine synthesis or other metabolic alterations that provide energy sources.



β-Catenin Mutation and mTORC1 Are Not Related to ASNase Efficacy

Huh6, SNU398, and HepG2 cells harbor β-catenin mutations, and GS is a β-catenin target. Unexpectedly, we found that the presence of a β-catenin mutation did not correlate with GS expression level or sensitivity to ASNase (Figure 4B). Therefore, we further investigated the synergistic effects of ASNase plus Len as a combination therapy. A previous study reported that the inhibition of glutamine-dependent mechanistic/mammalian target of rapamycin complex 1 (mTORC1) activation ameliorates liver cancer development driven by β-catenin mutations (18). We and another group previously reported that mTORC1 activation is sufficient for the spontaneous development of HCC in a mouse model in which the tumor suppressors tuberous sclerosis complex (TSC) 1 or TSC2 are lost (21, 22). Notably, mTORC1 activation is highly prevalent in cancer, including in 45% to 50% of HCC cases (23). Therefore, we evaluated mTORC1 activation by measuring phosphor-p70 ribosomal S6 kinase (p-S6K), phospho-S6 ribosomal protein (p-S6), and phospho-eukaryotic translation initiation factor 4E-binding protein 1 (p-4EBP1) expression levels in cell lines treated with the various agents. We found that basal mTORC1 activity was relatively high in Huh7 and Hep3B cells and Len or ASNase monotherapy reduced its activity, however, the combination therapy showed no differences compared to the monotherapies. Although the combination therapy reduced mTORC1 activity in Huh7 cells, none of the treatments yielded significant mTORC1 activation or suppression in Huh6 cells. Therefore, mTORC1 may not be a critical determinant of the sensitivity of Len plus ASNase combination therapy.

We evaluated apoptotic cell death using poly (ADP-ribose) polymerase (PARP) as an apoptotic marker (Figure 4C). ASNase did not regulate PARP levels either with or without Len co-administration in Huh6 cells. Next, we focused on reactive oxygen species (ROS) production.



ASNase Induces ROS Production in Liver Cancer Cells

Interestingly, glutamine-depleted tumor cells are reported to be vulnerable to vitamin C treatment due to a significant increase in ROS production (24). To explore the effect of ASNase on liver cancer cells, we performed a reactive oxygen species (ROS) assay. Len treatment was associated with ROS production in Hep3B and Huh6 cells, but ASNase treatment induced more ROS production than did Len treatment (Figures 5A, B). Notably, the combination of Len and ASNase demonstrated substantially more ROS production than ASNase monotherapy. We also analyzed some anti-oxidant genes by real-time qPCR. Among them, HMOX1 and GSTM1 were upregulated by the combination treatment and indicated in Figure 5C. These results suggest that ASNase induces oxidative stress in HCC cells, and Len and ASNase combination therapy enhances this stress response that contributes to the antitumor effect. Oxidative stress may thus play a role in the anticancer effects of ASNase.




Figure 5 | ASNase-induced ROS production. ROS staining of Hep3B and Huh6 liver cancer cells treated with lenvatinib (Len) or L-asparaginase (ASNase) alone or with Len + ASNase combination. HCC cells were incubated with indicated concentrations of the drugs for 72 hours. (A) ROS (reactive oxygen species) were stained with DCFH-DA probes. (B) Graphs represent ROS production normalized to Len treatment. For the ROS staining, 8-10 field images were captured and analyzed. (C) Relative expression of the GLUL, ASNS, and ASCT2 mRNA in human HCC cell lines. All graphs represent the mean ± SD (N = 3 per each group, expression levels were normalized to the housekeeping control gene GAPDH.) Turkey’s multiple comparisons test was used to evaluate the significance of differences (*P < 0.05, **P < 0.01).





ASNase Sensitizes Liver Cancer Cells to Len in Nude Mice

Next, we tested the effects of the ASNase combined with Len in an in vivo mouse model. As a preliminary experiment, we injected ASNase intraperitoneally into wild-type mice once a day for eight consecutive days, and then examined the blood amino acid profiles. As expected, these mice exhibited asparagine and glutamine depletion, whereas aspartate and glutamate concentrations were increased (Supplementary Figure 1B). Next, we inoculated Huh6 cells, in which the combination therapy was the most effective, into the flanks of BALB/c nude mice. When tumors were palpable (≥3 mm) at day 14, the mice were randomly divided into four treatment groups: Len, ASNase, Len combined with ASNase (Len + ASNase), or vehicle control (control) and treated for an additional 14 days (Figure 6A). Tumors arising from liver cancer cells in the control mice grew steadily, but mice treated with Len had slower tumor growth. Mice treated with the Len with ASNase combination therapy exhibited completely retarded tumor growth (Figure 6B). Although Len or ASNase monotherapy suppressed tumor growth, the Len plus ASNase combination therapy was more effective than either of the monotherapies alone.




Figure 6 | L-asparaginase sensitizes liver cancer cells to Lenvatinib in nude mice. BALB/c nude mice were inoculated with Huh6 cells, for which the combination therapy was most effective in in vitro assays. When tumors were palpable (≥3 mm) at day 14, the mice were treated with lenvatinib (Len), L-asparaginase (ASNase), combined with ASNase (Len + ASNase), or the vehicle control (Control) for an additional 14 days (n = 7–9 per group). (B) Macroscopic photos of inoculated mice and gross morphology of tumors at time of sacrifice. Squares on the photo background indicate 10 × 10 mm area (left). Relative tumor volume of the treated mice (right). Boxes in the graph indicate the median with interquartile range, and whiskers extend to the smallest and largest value. (C) Ki67 staining of xenografted tumors treated with the indicated drugs (left). The number of Ki67-positive cancer cells in the xenograft tumors is shown (right). The graphs represent the mean ± SD. (Turkey’s multiple comparisons test, not significant (N.S.), *P < 0.05, **P < 0.01).



To assess the proliferation status of xenograft tumors, we performed Ki67 immunostaining. Consistent with tumor development, the Len alone and Len plus ASNase combination treatments had significantly reduced Ki67-positive tumor cell counts compared to ASNase monotherapy or the control condition (Figure 6C).

Although ASNase is associated with several toxicities, including liver dysfunction (25), we did not detect liver injury in the mice treated with ASNase. In turn, Len yielded mild liver injury, but the Len plus ASNase combination therapy did not exacerbate this injury (Supplementary Figure 1C). Further, Len treatment led to a mild increase in body weight relative to the control treatment, but this difference was not significant (Supplementary Figure 1C).

These findings suggest that ASNase sensitizes liver cancer cells to Len treatment, leading to synergistic inhibitory effects without exacerbation of liver injury.




Discussion

Although glutamine is a nonessential amino acid, many cancer cells, including HCC cells, cannot survive without extracellular glutamine, and thus are thought to be dependent upon glutamine uptake (18). In both sarcoma cells (26) and HCC cells (9), GS, the rate-limiting enzyme required in glutamine synthesis, is needed to adapt to glutamine deprivation and for survival. High levels of GS expression are required for survival of cancer cells when extracellular glutamine is depleted. Importantly, as extracellular glutamine levels decline exogenous asparagine becomes an essential amino acid that can maintain protein synthesis and rescue growth and survival of glutamine-deprived tumor cells (6, 27). This pro-survival effect of asparagine has been confirmed for a variety of cell lines (27). The asparagine-mediated rescue of tumor cell proliferation is correlated with global protein synthesis, which requires GS (28, 29). In fact, proliferation was compromised in GS-deleted cells under conditions of glutamine depletion and exogenous asparagine supplementation. Both glutamine and asparagine depletion can be an approach for development of novel anti-HCC therapies, especially for management of tumor cells that express low levels of GS.

In the present study, ASNase, an enzyme derived from Escherichia coli, depleted glutamine and asparagine both in cell culture media and in the blood of mice (Supplementary Figures 1A, B). We examined the expression levels of GS and ASNS and explored the potential effects of ASNase on glutamine and asparagine production in several HCC cell lines. Although most HCC cells have high GS expression, a subset has downregulated GS expression that is similar to several ovarian cancer cell lines (30). These two HCC cell lines, SNU387 and SNU398, exhibited high ASNS and relatively low GS expression levels. ASNase treatment could inhibit the proliferation of HCC cells expressing low levels of GS. Interestingly, ASNase induces GS expression to a greater extent in HCC cells that had high GS expression levels (i.e., Hep3B, Huh7, Huh6, and HepG2 cells) (Figure 4C). This induction could contribute to ASNase resistance via acceleration of glutamine synthesis. Meanwhile, ASNS expression levels were inversely correlated with that of GS in the HCC cells analyzed in this study.

Even though glutamine-depleted cells have upregulated ASNS levels (31), this enzyme further reduces glutamine levels because ASNS catabolizes glutamine to glutamate. Notably, SNU387 and SNU398 cells, which exhibited markedly low GS and high ASNS expression levels, were more sensitive to ASNase than other HCC cell lines. The expression levels of GS and ASNS, which appear to be redundant, may predict the efficacy of ASNase therapy.

GLUL encodes GS that is also involved in the glutamine dependence of tumor cells and is a transcriptional target of β-catenin (15). Notably, activating β-catenin mutations frequently occur in liver tumors. As such, ASNase would be expected to inhibit the survival and proliferation of liver tumors with β-catenin mutations. Although we observed no positive correlation between the presence of β-catenin mutations (Huh6, SNU398, and HepG2 cells) and the efficacy of ASNase (Figures 1A, B), the expression levels of GS and ASNS seemed to have a potential impact on the effectiveness of ASNase treatment.

The mTORC1 pathway is a major oncogenic pathway in HCC (32). We and others have reported that hyperactivation of mTORC1 is sufficient to induce HCC in a mouse model (21, 22). Considering a previous report showing that GS induction of mTORC1 activation leads to tumor development (18), we assessed mTORC1 activity in HCC cells treated with Len or ASNase alone or Len with ASNase in combination and found heterogeneous mTORC1 activity among the tested cell lines (Figures 4B, C). We also reported that only aberrantly hyperactivated mTORC1 is a suitable target for HCC treatment (33). Since none of the treatments in this study yielded significant mTORC1 activation or suppression in Huh6 cells, mTORC1 may not be a critical determinant of the sensitivity to ASNase, at least in combination with Len.

Finally, we evaluated apoptotic cell death using poly (ADP-ribose) polymerase (PARP) as an apoptotic marker (Figure 4C). ASNase did not regulate PARP levels either with or without Len co-administration. Instead, ASNase induced ROS production and the Len + ASNase combination treatment enhanced this induction (Figures 5A, B). For glutamine-dependent cancers, drugs that disrupt intracellular redox homeostasis exert strong antitumor effects mediated through ROS production (24).

Collectively, these results suggest that glutamine and asparagine are critical for cancer cell survival, and depletion of these amino acids induces cellular oxidative stress, although further investigations are needed to confirm this hypothesis.

Len is one of the most effective currently available anti-HCC drugs (2); thus, novel combination strategies involving this drug are of interest. In fact, immuno-oncology drugs, such as immune checkpoint inhibitors, have been considered recently as potential partner drugs for TKIs like Len (34). Previous studies showed that the level of FGF19 expression is correlated with the efficacy of Len (35). Here we showed, as expected, that Hep3B and Huh7 cells, which have FGF19 mutation and activation of FGF signaling, showed increased sensitivity to Len relative to other cells (Figures 1A, B). Surprisingly, the combination of Len plus ASNase demonstrated synergistic effects in most cells lines with FGF19 mutations, regardless of Len or ASNase monotherapy treatment efficacy (Figures 2A, B). However, Huh7 cells were resistant to the effects of ASNase, possibly because these cells lack ASCT2, a critical transporter that uses extracellular glutamine in tumor cells (20). Huh7 cells may instead depend upon nutrients other than extracellular glutamine or on de novo glutamine synthesis.

In summary, here we showed that targeting amino acids that are most important for survival of liver cancer cells, glutamine and asparagine, via a combination therapy including the TKI Len and ASNase suppressed liver cancer cell proliferation in vitro and in vivo. To the best of our knowledge, this is the first report to address the effects of combination therapy of a TKI and a drug targeting amino acids. ASNase monotherapy was only effective in a subset of liver cancer cells having low GS and high ASNS expression, whereas when combined with Len a synergistic inhibitory effect on cell proliferation and tumor development was seen. Although the precise mechanism by which ASNase with and without Len co-administration suppresses liver cancer cells requires further investigation, our findings provide a basis for the development of a new therapeutic approach targeting amino acids via the use of drugs such as ASNase in combination with Len, which is now frequently used as a primary first-line TKI for HCC treatment.


Limitations

The precise mechanism by which Len and ASNase combination therapy is synergistically effective—even in cells that are resistant to each drug on its own—remains unclear. ASNase monotherapy was not effective in Huh6 cells in vitro; however, it suppressed tumor development in the xenograft mouse model. Len was also more effective in vivo vs. in in vitro settings. This discrepancy may be attributed to the effects of ASNase on the tumor microenvironment, including the blood supply, immune cells, and other mesenchymal cells.
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Long non-coding RNAs (lncRNAs) serve essential roles on various biological functions. Previous studies have indicated that lncRNAs are involved in the occurrence, growth and infiltration of brain tumors. LncRNA H19 is key regulator in the pathogenesis of gliomas, but the underlying mechanisms of H19-regulated tumor progression remain unknown. Therefore, we investigated the effects and mechanism of action of lncRNA H19 on the homeostasis of glioma cells. As a novel oncogenic factor, up-regulation of H19 was able to promote the proliferation of glioma cells by targeting miR-200a. Furthermore, elevated miR-200a levels could reverse H19-induced cell growth and metastasis. Overexpression of miR-200a could significantly suppress the proliferation, migration and invasion of glioma cells. These biological behavior changes in glioma cells were dependent on the binding to potential target genes including CDK6 and ZEB1. CDK6 could promote cell proliferation and its expression was remarkably increased in glioma. In addition, up-regulation of miR-200a lead to reduction of CDK6 expression and inhibit the proliferation of glioma cells. ZEB1 could be a putative target gene of miR-200a in glioma cells. Thus, miR-200a might suppress cell invasion and migration through down-regulating ZEB1. Moreover, overexpression of miR-200a resulted in down-regulation of ZEB1 and further inhibited malignant phenotype of glioma cells. In summary, our findings suggested that the expression of H19 was elevated in glioma, which could promote the growth, invasion and migration of tumor cells via H19/miR-200a/CDK6/ZEB1 axis. This novel signaling pathway may be a promising candidate for the diagnosis and targeted treatment of glioma.
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Introduction

Glioma is a common type of malignancy in brain. It is characterized by poor prognosis and accounts for >90% of all intracranial tumors (1, 2). Recently, the diagnosis and treatment of glioma have been remarkably improved. However, the detailed molecular mechanisms involved in the progression of glioma remain unclear, so the prevention and treatment of this disease are still not satisfactory (3). Furthermore, it is well established that most tumors are highly polygenic, and proliferation and invasion of tumor cells are associated with the up-regulation of oncogenes or down-regulation of tumor suppressor genes (4, 5). Therefore, a better understanding of the molecular mechanisms involved in the pathogenesis of glioma is essential for the diagnosis, treatment and prognosis of this disease.

Until now, ~21,000 protein-coding genes have been identified in human genome, accounting for <2% of the entire genome sequence. Additionally, thousands of genes are transcribed into non-coding RNAs (ncRNAs) (6, 7). Recent studies have indicated that aberrantly expressed ncRNAs are associated with tumorigenesis, and numerous ncRNAs are key regulators of biological functions and disease pathogenesis (8, 9). LncRNAs are a group of non-coding RNAs whose length are >200 nucleotides. Recently, the regulatory functions of lncRNAs in tumor progression have been investigated in the field of RNA biology and transcriptomics. Among these lncRNAs, H19 was one of the first identified genes, and it is located on chromosome 11p15 (10, 11). Accumulating evidence have suggested that the levels of H19 are increased in a numerous type of malignancies, such as esophageal, colon, hepatocellular and bladder cancer (12–16). What’s more, H19 was also found to be significantly overexpressed in glioma cells, and its expression increased with the degree of malignancy (17, 18). One recent study demonstrated that H19 promoted glioma cells proliferation, migration, and angiogenesis in vivo (19). Therefore, these findings have indicated that H19 serves crucial roles in glioma progression. To data, the mechanisms are still largely unknown.

MicroRNAs (miRNAs) are a group ncRNAs with ~18-24 nucleotides. MiRNAs can negatively regulate the expression of target genes by interacting with correspondent mRNAs at the 3’-non-translation region (3’-UTR). Since numerous mRNAs are involved in cell migration and invasion, miRNA could potentially lead to the degradation or translation inhibition of these transcripts, subsequently participating in the regulation of tumor progression (20). Emerging evidence has indicated that miRNAs are key regulators of tumor progression through modulating cell growth, apoptosis, proliferation, migration and invasion. Furthermore, previous studies have revealed that miR-200a is a novel target of H19 in colon cancer. In addition, miRNA-200a could act as tumor suppressor as its levels are notably reduced in a variety of tumors, such as nasopharynx (21), liver (22) and ovarian cancer (23). However, the detailed roles of miR-200a in glioma are still unclear and require further investigation.

There are many functional downstream targets of miR-200a that mediate tumor progression. Among them, cyclin-dependent kinase 6 (CDK6) and ZEB1/ZEB2 were essential regulators in cell cycle and metastasis of tumor cells, respectively. CDK6 can promote cells to transit from G1 to S phase by activating the transcription of downstream genes involved in cell cycle regulation (24). Bioinformatic analyses have confirmed the potential binding sites of CDK6 on miR-200a, which functions as a negative regulator of CDK6. Up-regulation of CDK6 could abrogated the biological behavior changes in glioma cells caused by miR-200a. Additionally, previous studies have suggested that miR-200a could promote epithelial-mesenchymal transformation (EMT) and metastasis of tumor cells via targeting downstream genes ZEB1/ZEB2 (25–27). However, the biological effects of H19, miR-200a, CDK6 and ZEB1 as well as their interaction in glioma has not been elucidated.

In this study, the expression of H19, miR-200a, CDK6 and ZEB1 as well as their interaction in glioma have been investigated. Furthermore, the biological effects of H19, miR-200a, CDK6 and ZEB1 in glioma tissues/cells were also elucidated in vivo and in vitro. In summary, the regulatory roles of H19 in glioma have been revealed, which provides novel insights on the therapeutic development by inhibiting the migration and invasion of glioma cells.



Materials and Methods


Clinical Specimens and Tissue Microarray

A total of 15 paired glioma and non-tumour samples (≥5 cm from tumor margin) were obtained at Southwest Hospital (Chongqing, China), and written informed consent was obtained from all of the patients. The tissues were sectioned and snap-frozen in liquid nitrogen, then stored at -80°C until further use. The study was approved by the Ethics Committee of Southwest Hospital.



Online Gene Expression Profiling (GEPIA Web Tool)

The database GEPIA (http://gepia.cancerpku.cn/index.html) (28) was used to analyze the RNA expression data related to this study, based on The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx) projects.



Cell Culture and Transfection

Human glioma cell lines U87-MG (cat. no. CL-0238, authentication by STR profiling) and U251 (cat. no. Cl-0237, authentication by STR profiling) were purchased from Procell Life Science (Wuhan, China). Normal human astrocytes SVG P12 (NHAs, cat. no. 338577, authentication by STR profiling) were obtained from BeNa Culture Collection (Kunshan, China). U87-MG cells were cultured in DMEM (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS) (HyClone, Logan, UT, USA). U251 cells were maintained in DMEM/F12 medium (HyClone, Logan, UT, USA), containing 10% FBS. NHAs were cultured in respective astrocyte growth media, supplemented with rhEGF, insulin, ascorbic acid, GA-1000, L-glutamine (Thermo Fisher Scientific, Carlsbad, CA, USA) and 5% FBS. Cells were cultured at 37°C in a humid atmosphere supplied with 5% CO2. For gene silencing experiments, the most efficient short-hairpin RNA (shRNA) sequence targeting lncRNA-H19 (NCBI reference sequence: NR_002196) was 5’-CGTGACAAGCAGGACATGA-3’. A scramble fragment 5’-TTCTCCGAACGTGTCACGT-3’ was used as negative control that had no significant homology to any human gene sequences. They were cloned into pLKD-CMV-EGFP-2A-Puro-U6-shRNA (Obio Technology, Shanghai, China). Then, stem-loop oligonucleotides (TTCAAGAGA) were synthesized and cloned into lentivirus-based vector LV3, and resulting plasmids were named as LV3-sh-H19 and LV3-NC, respectively. Lentivirus packaging system including recombinant LV3-sh-H19 plasmid or LV3-NC together with two packaging plasmids (psPAX2 and pMD2.G) was co-transfected into cells using Lipofectamine 2000 (Thermo Fisher Scientific, Carlsbad, CA, USA). Then, lentiviral particles were harvested from the media 48 hours after transfection, from centrifuged supernatant (4000 g, 10 minutes, 4°C), and lentiviral particles were purified with 0.45 mm cellulose acetate filters. The titer of concentrated lentivirus was determined via dilution, adopting fluorescent microscopy. MiRNA-200a mimics and inhibitors were synthesized by OBiO Technology Co. Ltd (Shanghai, China). pcDNA3.1 vectors expressing CDK6 or ZEB1 were obtained from OBiO Technology Co. Ltd (Shanghai, China). Glioma cells at logarithmic growth phase were transfected with Lipofectamine 2000 (Thermo Fisher Scientific, Carlsbad, CA, USA). U87-MG and U251 cell lines were further selected using puromycin after lentiviral transduction. Transfection/transduction efficiencies were determined using RT-qPCR. Cells were harvested 48 hours after transfection and used for further experiments.



RNA Extraction and Quantitative PCR

According to the manufacturers’ protocols, total RNA was extracted from the tissues or cells using TRIzol® reagent (Thermo Fisher Scientific, Carlsbad, CA, USA), while miRNAs were isolated using miRNA easy Mini kit (Qiagen, Shenzhen, China). RNA concentration and quality were determined using the absorbance at 260/280 nm by ultra-micro spectrophotometer (NanoDrop2000c, Thermo Fisher Scientific, Carlsbad, CA, USA). RNA was subjected to first-strand cDNA synthesis using PrimeScript™ RT Master Mix/Perfect Real Time (Takara, Dalian, China). To evaluate the levels of miR−200, a TaqMan MicroRNA Assay kit (Applied Biosystems, Foster City, CA, USA) was used, and qPCR was performed using the Applied Biosystem 7500 Real−Time PCR System. U6 was used for normalization of miRNA levels. To determine the expression of H19, CDK6 and ZEB1, qPCR was performed using Maxima SYBR Green/ROX qPCR Master Mix (Thermo Fisher Scientific, Carlsbad, CA, USA), and GAPDH gene was used as an internal reference. Program used for thermal cycler was as follows: 95°C for 5 mins, followed by 45 cycles of 95°C for 15 sec, 60°C for 20 sec and 72°C for 10 sec. The 2–∆∆Ct method was used for data analysis, and each experiment was performed in triplicate. The following primers were used: GAPDH forward, 5’−GCAAGAGCACAAGAGGAAGA−3’ and reverse, 5’−ACTGTGAGGAGGGGAGATTC−3’; U6 forward, 5-CGCTTCGGCAGCACATATACTA-3, and reverse, 5-CGCTTCACGAATTTGCGTGTCA-3; H19 forward, 5’-ATCGGTGCCTCAGCGTTCGG-3’, and reverse, 5’-CTGTCCTCGCCGTCACACCG-3’; miR-200a forward, 5’-GCCGAGTGGTGCGGAGAGG-3’, and reverse, 5’-CTCAACTGGTGTCGTGGA-3’, CDK6 forward, 5’-CGGGATCCACCATGGAGAAGGACGGCCTG-3’, and reverse, 5’-CGGATCCATTGCTCAGGCTGTATTCAGCTCCGA-3’, ZEB1 forward, 5’-GCCAATAAGCAAACGATTCTG-3’, and reverse, 5’-TTTGGCTGGATCACTTTCAAG-3’.



Luciferase Assay

Targetscan (www.targetscan.org) and LncBase Predicted v.2 (http://www.microrna.gr/LncBase) were employed to predict the potential binding sites of miR-200a on the transcripts of H19, CDK6 and ZEB1. We used H306 pMIR-REPORT Luciferase as empty vector, luciferase reporters were constructed through cloning of 3’UTR of wild-type as well as genes mutant-type [H19-3UTR (2000bp), ZEB1-3UTR (2333bp) and CDK6-3UTR (1494bp)]. Then, these sequences were subcloned into the MluI and HindIII sites of the empty vector (Obio Technology, Shanghai, China).Fragments containing complementary sequences of miR-200a were cloned into luciferase reporter vector (OBiO Technology, Shanghai, China). U87-MG cells were co-transfected with correspondent luciferase vectors and miRNA-200a mimics/negative control (miR-NC) using Lipofectamine 2000 (Thermo Fisher Scientific, Carlsbad, CA, USA). After 48-h, luciferase activity was determined using dual luciferase reporter assay system (Promega, Madison, WI, USA).



Cell Counting Kit−8 Assay

Transfected cells were inoculated onto 96-well plates (2×104 cells per well) and incubated at 37°C at indicated time points. Cell proliferation rate was analyzed using CCK-8 assay kit (Biosharp, Guangzhou, China). Briefly, 20μl CCK-8 reagent was added into each well, and the assay was performed in triplicate. Cells were further incubated at 37°C for additional 2-4 hours. Absorbance was measured at 450 nm.



Transwell Assay

Transwell chamber assay was carried out to determine cell migration and invasion. In migration assay, 48 hours after transfection, cells were diluted with serum-free medium into 3×104 cells/ml and then added into the upper chamber (BD Biosciences, Franklin Lakes, NJ, USA) with a 8−µm pore size. In invasion assay, 50 μl of 0.2 μg/μl Matrigel was homogeneously dispersed (Sigma−Aldrich, St. Louis, MO, USA) in the Transwell chamber. After Matrigel was solidified, cells were diluted using serum-free medium to 1.5x105 cells/ml, and 200μl of cell suspension was inoculated into the upper chamber of Transwell. A total of 500μl medium containing 10% FBS was added to the lower chamber of Transwell. Cells were cultured at 37°C for 24h. Subsequently, non-migrative/invasive cells were removed by cotton swab. Remaining cells were fixed with 4% paraformaldehyde for 15min and stained with 0.1% crystal violet for 20 min. The number of cells passing through the membrane filter were counted under microscope (magnification, x100; Olympus Corp, Tokyo, Japan).



Western Blotting

U87-MG and U251 cells were collected and resuspended in ice-cold RIPA buffer. Cells were then lysed on ice for half an hour and centrifuged at 12,000 rpm for 30 min. Protein concentration was measured using BCA Protein Assay kit (Beyotime, Shanghai, China). Protein samples were diluted with loading buffer (Beyotime, Shanghai, China) and then heated at 100°C for 10 min. Equal amount of protein samples (20μg) were separated using a 10% sodium dodecyl sulfonate-polyacrylamide gel by electrophoresis. Protein content was then transferred onto PVDF membranes (Millipore, Billerica, MA, USA) and blocked with 5% not-fat milk at room temperature for 2 h. Blocked membranes were then incubated with anti-β-actin (1:2000; BioVision, Milpitas, CA, USA), anti-CDK6 (1:2000; Atlas Antibodies AB, Bromma, Sweden) or anti-ZEB1 (1:1000; Atlas Antibodies AB, Bromma, Sweden) at 4°C overnight. The following day, membranes were rinsed using 1×TBST and incubated with horseradish peroxidase-conjugated goat anti-mouse IgG (1:5000, Cell Signaling Technology, Danvers, MA, USA) or anti-rabbit IgG (1:5000, Cell Signaling Technology, Danvers, MA, USA) at room temperature for 2 h. Protein bands were visualized using an enhanced chemiluminescence kit (ECL, Solarbo Life Sciences, Beijing, China) by exposure to X-ray films.



In Vivo Xenograft

Female BALB/C nude mice (4-5-week-old, ~19g) were obtained from The Laboratory Animal Research Centre of Chongqing Medical University (Chongqing, China). The mice were housed in temperature-controlled environment (22 ± 2˚C) with ~60% relative humidity, under a 12-h dark/light cycle with libitum access to food/water for at least three days prior to the experiments. Mice were injected with U251 cells transfected with sh-NC/sh-H19. Generally, a total of 5x106 cells were diluted using 250μl PBS and well suspended, then subcutaneously injected into the back of mice. Mice with developing tumors were closely monitored (four times/week). Subsequently, 49 days following injection, the mice were sacrificed, and tumor tissues were isolated and evaluated. Tumor volume was calculated as follows: V (mm3) = (length x width2)/2.



Statistical Analysis

All the data were presented as means ± standard error of mean and analysed using SPSS 17.0 (SPSS Inc., Chicago, IL, USA). The significance of differences was analysed using one-way analysis of variance (ANOVA) or the Student’s t-test. A student-Newman-Keuls test was performed post-ANOVA. The relationship between RNA levels was evaluated using Spearman’s correlation analysis. P<0.05 was considered to indicate a statistically significant difference.




Results


Up-Regulation of lncRNA H19 Is Detected in Glioma Tissues and Cell Lines

To investigate the expression of lncRNA H19 in glioma, the results of RT-qPCR confirmed that the RNA levels of H19 were notably upregulated in tumor samples compared with normal control (Figure 1A). And then GEPIA web tool was used to evaluate H19 levels in human specimens. The results revealed that H19 expression was remarkably up-regulated in glioma tissues (GBM) compared to noncancerous controls (Tumor=163, Normal=207, p<0.05). No significant difference was observed between low-grade gliomas (LGG) and para-carcinoma tissues (Tumor=518, Normal=207, p>0.05) (Figure 1B). Furthermore, qRT-PCR was performed to examine H19 expression in glioma cell lines (U87-MG and U251) compared to normal human astrocyte (NHAs). Our data indicated that H19 expression was elevated in U87-MG and U251 cells (p<0.001; Figure 1C). In summary, these results suggested that H19 was up-regulated in glioma tissues and cells.




Figure 1 | LncRNA H19 is significantly up-regulated in glioma tissues and cells, and down-regulation of H19 suppresses the proliferation, invasion and migration of glioma cells. (A) The RNA levels of H19 were determined by qRT-PCR. The expression of H19 were remarkably increased in glioma tissues compared with paired para−tumorous controls. (B) Analysis using GEPIA database revealed that H19 expression is significantly up-regulated in glioma tissues (GBM, T = 163, N = 207). Boxplot illustrated log2 (TPM + 1) on a log-scale; (C) The expression of H19 in NHAs and glioma cell lines (U87-MG and U251). (D) qPCR was performed to evaluate the transfection efficiency of sh-H19 in U87-MG and U251 cells. (E, F) The proliferative activities of U87-MG and U251 cells treated with sh-H19 or sh-NC were examined using CCK-8 assay. (G, H) The invasion of transfected cells were determined by Transwell assay (magnification, x100). (I, J) The migration of U87-MG and U251 cells treated with sh−H19 was also examined using Transwell assay (magnification, x100). Data were presented as mean ± SEM; *P < 0.05 vs NHAs or control group. NHAs, normal human astrocytes; NBTs, normal brain tissues; NC, negative control.





Knockdown of H19 Inhibits the Proliferation, Invasion, and Migration of Glioma Cells

To investigate the effects of H19 expression on the biological functions of glioma cells in vitro, U87-MG and U251 cells were transduced with shRNA-expressing lentiviruses targeting lncRNA H19 (sh-H19). The knockdown efficiencies were determined by RT-qPCR (Figure 1D). CCK8 assays revealed that the proliferative ability of U87-MG and U251 cells were decreased by the knockdown of H19 (Figures 1E, F). Data of transwell assay indicated that silenced H19 expression reduced the invasive (Figures 1G, H) and migratory (Figures 1I, J) capacities of glioma cells. These findings indicated that knockdown of endogenous H19 were able to suppress the malignant phenotype of glioma cells.



H19 Acts as a Molecular Sponge of miR-200a and Regulates the Proliferation/Migration of Glioma Cells

In comparison with normal control, the expression of miR-200a was remarkably reduced in glioma samples, where the RNA levels of H19 and miR-200a were inversely correlated according to Spearman’s correlation analysis (Figures 2A, B). Furthermore, qPCR was performed to further evaluate the levels of miR-200a in glioma cells. The data indicated that miR-200a expression was decreased in glioma cells compared to normal human astrocytes (Figure 2C). The expression levels of miR-200a were elevated in U87-MG and U251 cells treated with sh-H19 (Figure 2D). To investigate whether H19 interacts with miRNAs, the putative binding sites of H19 on miR-200a were predicted using bioinformatic analysis (TargetScan, http://www.targetscan.org/) (Figure 2E). Wild-type (H19-WT) and mutant (H19-MUT) H19 sequences were further integrated into luciferase reporter plasmid. Luciferase reporter assays were then performed, and the results revealed that up-regulation of miR-200a lead to significant reduced luciferase activity in H19-WT transfected cells, but not in H19-MUT group (Figure 2F). Furthermore, U87-MG and U251 cells were transfected with sh-H19 alone or co-transfected with miR-200a inhibitors. Knockdown of H19 was able to suppress the proliferation, invasion and migration of glioma cells, which were abolished by the treatment with miR-200a inhibitors (Figures 2G–J). These data suggested that H19 could act as a molecular sponge of miR-200a, subsequently affecting the growth of glioma cells.




Figure 2 | MiR-200a is a putative target gene of H19 in glioma cells. (A) The expression levels of miR−200a were examined in glioma tissues and paired para−tumorous controls using RT−qPCR. (B) The RNA levels of H19 and miR−200a inversely correlated in glioma tissues (R2 = 0.3159; P=0.0292). (C) The expression levels of miR-200a in normal human astrocytes (NHAs), U87-MG and U251 cells. (D) RT−qPCR was performed to evaluate the miR-200a expression in transfected U87-MG and U251 cells. (E) Potential binding sites between miR-200a and lncRNA H19 were predicted. (F) Overexpression of miR-200a decreased H19-WT-dependent luciferase activity, while H19-MUT-dependent luciferase signal remained unchanged. (G, H) The proliferation of transfected U87-MG and U251 cells was evaluated by CCK8 assay. (I, J) The invasion and migration of transfected cells were determined using Transwell assays. Data were presented as mean ± SEM; *P<0.05 vs NHAs or control group. #P<0.05 vs sh-H19 group. NHAs: normal human astrocytes. NBTs, normal brain tissues. NC, negative control.





CDK6, a Target Gene of miR−200a, Reverses the Biological Behavior Changes Caused by miR−200a Mimics

Putative binding sequences between miR-200a and CDK6 were predicted by TargetScan database (Figure 3F). Furthermore, the interaction between miR-200a and CDK6 was confirmed using luciferase reporter assay. Our results revealed that miR-200a could significantly reduce wild-type CDK6-mediated luciferase activity, while the mutant group was not affected (Figure 3G). In comparison with normal control, the expression of CDK6 was notably upregulated in tumor samples compared with normal control (Figure 3A). The RNA levels of CDK6 and miR-200a were inversely correlated, while CDK6 and H19 were positively correlated according to Spearman’s correlation analysis (Figures 3B, C). In addition, by using GEPIA web tool, the up-regulation of CDK6 was further confirmed in glioma samples (GBM) compared to noncancerous tissues (Tumor=163, Normal=207, p<0.05; Figure 3D). In consistence with these findings, CDK6 expression was increased in glioma cell lines (Figure 3E). Furthermore, western blot analysis revealed that the protein levels of CDK6 were reduced in U87-MG cells treated with miR-200a mimics (Figures 3H, I). QPCR was performed to further evaluate the levels of CDK6 in U87-MG transfected with miR-200a mimics. The result indicated that the levels of CDK6 were notably reduced (Figure 3J). Overexpression of miR-200a was able to suppress the proliferation of U87-MG cells, and these effects were reversed by the up-regulation of CDK6 (Figure 3K). Taken all together, miR-200a could inhibit the proliferation of glioma cells through targeting CDK6.




Figure 3 | CDK6 levels are regulated by miR−200a in glioma cells. (A) CDK6 expression was assessed in glioma tissues and paired para−tumorous. (B) The RNA levels of CDK6 and miR−200a inversely correlated in glioma tissues (R2 = 0.3306; P = 0.0250). (C) The RNA levels of CDK6 and H19 correlated in glioma tissues (R2 = 0.4495; P = 0.0062). (D) GEPIA database revealed that CDK6 expression is remarkably up-regulated in glioma tissues (GBM, T = 163, N = 207). Boxplot illustrated log2 (TPM+1) on a log-scale. (E) CDK6 expression was up-regulated in glioma cells (U87-MG and U251) compared with NHAs. (F) Putative binding sites between miR-200a and CDK6 transcripts. (G) Overexpression of miR-200a lead to significant reduction of CDK6-WT-dependent luciferase activity, whereas no change was detected in mutant control. (H, I) Protein levels of CDK6 in U87-MG cells transfected with miR−NC/miR−200a mimics were determined by western blotting. (J) RT−qPCR was performed to evaluate the CDK6 expression in transfected U87-MG cells. (K) CCK-8 assay was performed to determine the proliferation of U87-MG cells treated with miR-200a mimics or co-transfected with miR-200a mimics and pc-CDK6. Data were presented as mean ± SEM; *P < 0.05 vs NHAs or control group. NHAs, normal human astrocytes; NBTs, normal brain tissues; NC, negative control.





ZEB1, a Novel Downstream Molecule of miR−200a, Abrogates the Regulatory Effects of miR−200a in Glioma Cells

According to the databases, ZEB1 was identified as a potential target gene of miR-200a (Figure 4F). Luciferase assays indicated that up-regulated miR-200a resulted in remarkably decreased luciferase activity in ZEB1-WT treated cells, but not in ZEB1-MUT group (Figure 4G). These findings suggested that ZEB1 is a novel target of miR-200a. Moreover, in comparison with normal control, the expression of ZEB1 was notably upregulated in tumor samples compared with normal control (Figure 4A). The RNA levels of ZEB1 and miR-200a were inversely correlated, while ZEB1 and H19 were positively correlated according to Spearman’s correlation analysis (Figures 4B, C). In addition, by using GEPIA web tool, the up-regulation of ZEB1 was further confirmed in glioma samples (GBM) compared to noncancerous tissues (Tumor=163, Normal=207, p<0.05; Figure 4D). In consistence with these findings, ZEB1 expression was increased in glioma cell lines (Figure 4E). Western blotting indicated that the protein levels of ZEB1 were reduced in U251 cells transfected with miR-200a mimics (Figures 4H, I). Furthermore, qPCR revealed that the levels of ZEB1 were significantly downregulated in U251 cells treated with miR-200a mimics (Figure 4J). To further investigate whether ZEB1 is involved in miR-200a-mediated regulatory function in glioma cells, U251 cells were transfection with miR-200a mimics alone or co-transfected with pc-ZEB1. The results suggested that up-regulation of miR-200a was able to inhibit the invasion and migration of glioma cells, which were abolished by overexpressed ZEB1 (Figure 4K, L). In summary, miR-200a could suppress the invasion/migration of glioma cells via directly binding to ZEB1.




Figure 4 | ZEB1 levels are modulated by miR−200a in glioma cells. (A) ZEB1 expression was assessed in glioma tissues and paired para−tumorous. (B) The RNA levels of ZEB1 and miR−200a inversely correlated in glioma tissues (R2 = 0.3667; P = 0.0167). (C) The RNA levels of ZEB1 and H19 correlated in glioma tissues (R2 = 0.4224; P = 0.0087). (D) GEPIA database revealed significant up-regulation of ZEB1 in glioma tissues (GBM, T = 163, N = 207). Boxplot illustrated log2 (TPM+1) on a log-scale. (E) ZEB1 expression was increased in glioma cell lines. (F) Putative binding sequences of miR-200a on ZEB1 transcript. (G) Overexpression of miR-200a resulted in significant decrease in ZEB1-WT-mediated luciferase activity but not in mutant control. (H, I) Protein levels of ZEB1 were determined in U251 cells transfected with miR-NC or miR-200a mimics. (J) RT−qPCR was performed to evaluate the ZEB1 expression in transfected U251 cells. (K, L) The invasion and migration of transfected U251 cells were examined using Transwell assay. Data were presented as mean ± SEM; *P < 0.05 vs NHAs or control group. NHAs, normal human astrocytes; NBTs, normal brain tissues; NC, negative control.





Knockdown of H19 Inhibits the Tumor Progression of Glioma In Vivo

To further elucidate whether H19 could affect the growth and metastasis of glioma in vivo, cells transfected with sh-NC or sh-H19 were injected into BALB/C nude mice subcutaneously. Seven weeks after injection, mice were sacrificed and tumor tissues were examined (Figures 5A, C). Furthermore, average tumor volume in sh-H19 mice was notably decreased compared with control group (Figure 5B). Additionally, mean values of tumor weight in H19 knockdown mice was remarkably reduced (Figure 5D). Moreover, RT-qPCR confirmed the downregulation of H19, CDK6 and ZEB1 in the knockdown mice, while the levels of miR-200a were significantly increased (Figure 5E). In summary, our data revealed that knockdown of H19 may suppress the development of glioma in vivo by up-regulating miR-200a and down-regulating CDK6/ZEB1.




Figure 5 | Knockdown of H19 suppressed the tumour progression of glioma in mouse model. (A, C) Seven weeks following injection, mice were sacrificed and tumor tissues were isolated. (B, D) The average tumour size and weight were remarkably decreased in H19 knockdown group compared with the control. (E) The levels of H19, CDK6 and ZEB1 were downregulated, and miR-200a was upregulated in H19 knockdown mice, respectively. Data were presented as mean ± SEM (n = 5 animals in each group); *P < 0.05 vs control group. NC, negative control.






Discussion

LncRNAs are key regulators of chromosome remodeling and RNA metabolism (29). Numerous lncRNAs are associated with the occurrence and development of tumors, by acting as either oncogenic factors or tumor suppressors. The length of H19 gene was ~2.3 kilobases (kb), and it is located on chromosome 11p15. Luo et al. (30) have indicated that H19 expression is notably increased in bladder cancer specimens compared to para-carcinoma tissues. Tsang et al. (31) have suggested that the levels of H19 and miR-675 were significantly elevated in colorectal cancer. Yang et al. (32) have also revealed that H19 levels are increased in gastric cancer tissues, and knockdown of H19 lead to significant reduction on the invasiveness of gastric tumor. However, the detailed roles of H19 in tumor progression have not been fully understood, and its exact role in glioma has not been elucidated. Recently, there are several studies on the expression and functions of H19 in glioma. Zhou et al. (19) have suggested that H19 modulated the growth and metastasis of glioma cells by positively regulating the Wnt5a/β-catenin signaling pathway via directly targeting miR-342. Xiao et al. (18) have revealed that the expression of H19 was correlated with the degree of malignancy of glioma, indicating that H19 was a promising molecular marker for predicting the degree of glioma malignancy. Consistent with these previous studies, the results of our study revealed H19 expression was remarkably elevated in glioma. Furthermore, down-regulation of H19 could inhibit the malignant phenotype of glioma cells.

Previous studies have suggested that lncRNAs might function as “miRNA sponges” to suppress the expression of target miRNAs. In this study, H19 could regulate the growth and metastasis of glioma by targeting miR-200a. Moreover, miR-200a acts as a novel tumor suppressor gene and serves crucial roles on the onset and development of numerous types of tumors (33–35). For gliomas, Berthois et al (36) reported that the miR-200a expression level in grade IV glioma tissue was lower than those in grade II and III gliomas. Chen et al. (37) reported that miR-200a inhibits glioma cell survival, proliferation and invasion through the inhibition of FOXA1 expression. In consistence with these findings, our data revealed that H19 could enhance the aggressiveness of glioma cells by inhibiting the expression of miR-200a.

Furthermore, our result indicated that miR-200a may inhibit tumor progression by interacting with CDK6 and ZEB1. The data revealed that both CDK6 and ZEB1 were putative target genes of miR-200a. Accumulating evidence revealed the involvement of CDK6 in cancer pathogenesis, where it functions as a promising tumor promoter. Tang et al. (38) have evaluated tissue samples from 92 patients with pancreatic endocrine tumors, and the results indicated that CDK4/6 expression was increased in most of the tumor samples. Li et al. (39) have also revealed that CDK6 is significantly up-regulated in malignant glioma, which was closely associated with tumor progression. In the present study, the levels of CDK6 were remarkably elevated in glioma tissues and cells. Up-regulation of CDK6 was able to induce the proliferation of U87-MG cells, and vice versa, inhibition of CDK6 expression suppress the growth of glioma cells. Moreover, our data suggested that enhanced miR-200a expression lead to reduction of CDK6, subsequently inhibiting glioma cell proliferation. Furthermore, co-transfection pc-CDK6 could reverse the inhibitory effects caused by the miR-200a mimics. These results revealed that miR-200a could inhibit the malignant phenotype of glioma cells by down-regulating CDK6, and up-regulation of CDK6 could alleviate these inhibitory effects. Previous studies have also revealed that ZEB1 expression is increased in tumor tissues. For instance, ZEB1 expression was elevated in the tumor invasion front of gallbladder cancer tissues, which could be associated with the migration of tumor cells (40). Additionally, ZEB1 not only promotes the migration of tumor cells in pancreatic and colon cancer, but also serves essential roles on the initiation of tumor (41). Siebzehnrubl et al (42) revealed that ZEB1 exerts simultaneous influence over invasion, chemoresistance and tumorigenesis in glioblastoma. Similarly, our results indicated that overexpressed miR-200a could suppress the migration and invasion of glioma cells by targeting ZEB1. Furthermore, miR-200a-mediated inhibitory effects were abolished by the overexpression of ZEB1. These data suggested that miR-200a might regulate the malignant phenotype of glioma cells via ZEB1.

In conclusion, our results revealed the interaction of H19, miR-200a and CDK6/ZEB1 in glioma cells, which can affect tumor progression. Moreover, the novel feedback loop involving H19/miR-200a/CDK6 and ZEB1 could regulate the proliferation, invasion and migration of glioma cells (Figure 6). Knockdown of H19 could induce the biological behavior changes of glioma cells by up-regulating miR-200a and down-regulating CDK6/ZEB1. More importantly, these findings provide novel insights on future diagnosis and treatment of glioma.




Figure 6 | The feedback loop involving H19, miR-200a, CDK6 and ZEB1.
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Radiotherapy is one of the main therapeutic methods for treating cancer. The digestive system consists of the gastrointestinal tract and the accessory organs of digestion (the tongue, salivary glands, pancreas, liver and gallbladder). The digestive system is easily impaired during radiotherapy, especially in thoracic and abdominal radiotherapy. In this review, we introduce the physical classification, basic pathogenesis, clinical characteristics, predictive/diagnostic factors, and possible treatment targets of radiotherapy-induced digestive injury. Radiotherapy-induced digestive injury complies with the dose-volume effect and has a radiation-based organ correlation. Computed tomography (CT), MRI (magnetic resonance imaging), ultrasound (US) and endoscopy can help diagnose and evaluate the radiation-induced lesion level. The latest treatment approaches include improvement in radiotherapy (such as shielding, hydrogel spacers and dose distribution), stem cell transplantation and drug administration. Gut microbiota modulation may become a novel approach to relieving radiogenic gastrointestinal syndrome. Finally, we summarized the possible mechanisms involved in treatment, but they remain varied. Radionuclide-labeled targeting molecules (RLTMs) are promising for more precise radiotherapy. These advances contribute to our understanding of the assessment and treatment of radiation-induced digestive injury.
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1 Introduction

Cancer is one of the greatest health problems in the 21st century. Approximately 29.8% of premature deaths (4.5 billion out of 15.2 billion) are attributed to cancer, ranking first or second in 134 of 183 countries (1). Radiotherapy, along with chemotherapy and surgery, is one of the three core methods of treating cancer. Nearly 50% of cancer patients receive radiotherapy (2). Compared with surgery, radiotherapy kills target tumor cells with less injury and is preferred when the target tumor tissue/organ cannot be removed. Compared with chemotherapy, radiotherapy limits the involved area and reduces lesions when the tumor is localized. However, radiotherapy is a double-edged sword. That is, even though radiotherapy deals with tumor cells as planned, it may inevitably harm healthy cells.

The digestive system consists of the gastrointestinal tract and the accessory organs of digestion (the tongue, salivary glands, pancreas, liver and gallbladder). During eating, food is chewed by the oral cavity into small pieces and mixed with saliva, forming a bolus that passes through the esophagus into the stomach. Then, the stomach functions to store the food by receptive relaxation. In the stomach, gastric acid and pepsin are secreted, which, aided by the grinding of the stomach wall, turn food into chyme, helping in primary digestion until gastric emptying. Gastric emptying is regulated mainly by inhibitory feedback signals from the duodenum, including both enterogastric inhibitory nervous feedback reflexes and hormonal feedback by cholecystokinin, as well as partly by stomach factors (such as the degree of filling in the stomach and the excitatory effect of gastrin on stomach peristalsis). After the chyme passes into the small intestine, the pancreas secretes various digestive enzymes through the pancreatic bile tract, while the gallbladder releases bile secreted by the liver that breaks down nutrients into molecules to be absorbed in the small intestine. The length of the small intestine, as long as 10 to 16 feet, is helpful for fully absorbing carbohydrates, protein, fat and other nutrients. Then, indigestible food residue passes through the ileocecal valve into the large intestine and forms feces after dehydration. Defecation occurs as a result of reflex contraction of the rectum and relaxation of the anal sphincters (3).

Radiation-induced digestive injury is defined as acute or chronic lesions caused by ionizing radiation in the digestive organs, including the oral cavity, salivary glands, esophagus, stomach, intestines and anus. Radiotherapy, as one of the main methods of cancer treatment, accounts for almost all digestive injuries (4). The digestive system, as one of the most sensitive physiological organs to radiation therapy, usually suffers the most severe side effects from radiotherapy (4).



2 Physical Classification of Ionizing Radiation in Radiotherapy

Not all radiation can be applied to radiotherapy. Ionizing radiation refers to radiation carrying enough energy to ionize atoms and molecules and break chemical bonds. In a broad sense, ionizing radiation varies among different subjects. However, in biology, ionizing radiation is normally defined by the ionization energy of water, the main component of organisms. Nonionizing radiation refers to longer wavelength light including ultraviolet light, visible light, infrared light, microwaves and radiowaves, that cannot break bonds but can cause vibrations characterized as the heat effect. The specific numerical value of ionizing radiation’s energy level is undefined but is usually approximately 12.4 eVs (corresponding wavelength of approximately 100 nm). Ionizing radiation can directly break bonds in DNA and protein. The shorter the wavelengths are, the higher the energy and corresponding radiation-induced damage. This is also true for energetic particles and magnetic waves (X-rays and γ-rays). Energetic particles can be produced by unstable nuclei or by particle accelerators, usually including α-rays (helium), β-rays (electrons), proton rays, neuron rays and heavy ions (Figure 1). These energetic particles have strong ionizing effects due to their relatively higher volume and/or charge.




Figure 1 | Classification of radiation and mechanisms of radiation-induced injury. Radiation comprises of energetic particles and electromagnetic waves. Energetic particles and short wavelength electromagnetic waves (X rays and γ rays) are classified as ionizing radiation. Longer wavelength electromagnetic waves (>100 nm) are categorized as nonionizing radiation. Ionizing radiation has enough energy to directly break DNA and protein. In addition, ionizing radiation can produce ROS (mainly by ionizing H2O), indirectly inducing DNA and protein damage. Nonionizing radiation may also produce little ROS. Impaired DNA and protein finally lead to cell mutation or death.





3 Pathological Basis for Radiation-Induced Digestive Injury

DNA, proteins and lipids are the basis of cell survival. Their function relies on fine-tuned structure, meaning that there is a high risk of inactivation. Radiation may damage organisms as a result of direct effects, indirect effects and bystander effects. The direct effects refer to the collision of ionizing radiation causing destruction of DNA and/or protein structure, disturbing their functions (5). For indirect effects, both ionizing and nonionizing radiation produce free radicals and reactive oxygen species (ROS). However, compared with ionizing radiation, nonionizing radiation produces much less ROS via the heat effect. These highly active products subsequently react with DNA and proteins. The corresponding DNA damage includes single strand breaks, base damage, abasic sites, double strand breaks, non-double strand break clustered lesions, and complex double strand break, some of which are induced by DNA related protein (such as histone) damage (6). Radiation-induced RNA damage manifests as interference in transcription and accelerating in degradation. Both direct and indirect effects finally induce altered gene expression, protein modification, cell death/senescence, and genomic instability (7) (Figure 1). The bystander effect is defined from a different perspective. Regarding bystander effects, nonirradiated cells manifest biological changes resulting from transmitted signals from irradiated bystander cells, causing toxic radiation effects on adjacent nonirradiated tissues, usually genomic instability and chromosomal rearrangement (8). Originally, the effects of irradiated bystander cells are derived from direct effects and indirect effects. Both direct effects and indirect effects can function simultaneously, along with bystander effects, working together to induce radiation injury.

Radiotherapy utilizes various types of radiation rays. Each type of radiation ray has advantages and limitations. Compared with traditional photon radiotherapy, including X-rays and γ-rays, protons and heavy ions have much longer wavelengths. As a result, the corresponding diffraction distances are on the same order of magnitude as the tissue size. Radiation diffraction converges on a peak named the Bragg peak (9). By refined calculation, the release of charged particle energy can be limited to the Bragg peak targeting tumor tissue, dramatically reducing the diffusion of radiation (10). Heavy ion therapy has an even narrower Bragg peak than proton therapy, making it more effective against cancer (11). Additionally, heavy ion-radiated tissue manifests as clustered DNA double-strand breaks, enhancing therapeutic efficacy (12). However, protons and heavy ions have larger borders due to their longer wavelengths, making them difficult to locate (13). Comparatively, proton therapy and heavy ion therapy are superior to photon radiotherapy. Unfortunately, proton therapy and heavy ion therapy are severely limited due to their high cost (14). Future improvements in radiation methods for heavy ion therapy may further impel clinical application (15).



4 Diagnosis of Radiation-Induced Digestive Injuries


4.1 Overall Evaluation


4.1.1 Clinical Features

The clinical characteristics of radiation-induced digestive injury are summarized in Figure 2. Salivary gland injury after radiation directly triggers hyposalivation. Subsequently, a lack of saliva induces xerostomia, mucositis, nutritional deficiencies, oral infections, and functional changes (such as difficulties with mastication, dysphagia and loss of taste) (16, 17). In other digestive tract regions, including the esophagus, stomach, intestine and anus, radiation injury starts with mucous inflammation and is followed by diarrhea, constipation, and hemorrhage (4).




Figure 2 | General symptoms of radiation-induced digestive injury. Salivary gland injury is initiated from hyposalivation, and is followed by xerostomia, mucositis, nutritional deficiencies, oral infections, and functional changes. Digestive tract injury starts with mucous inflammation, and then exhibits diarrhea, constipation, and hemorrhage.





4.1.2 Assessment: Localized Radiation-Induced Digestive Injury

	a) Organ Correlation



Due to the need for precision medicine as well as reduced side effects, radiotherapy requires that the radiation be confined to the target area. Many studies have proven the efficacy of restricted radiation areas on reduced gastrointestinal side effects as well as enhanced dose tolerance in radiotherapy (18). Usually, radiation injury-related digestive system organs correlate with the surrounding radiotherapy. For example, anal radiotherapy and pancreas radiotherapy correlate with gastrointestinal side effects (19, 20). Radiation of head and neck cancer induces dysphagia (21). Cervical cancer induces sigmoid stricture (22). Generally, periradiotherapy organs can help us locate the possible involved organs. Dose evaluation may help further reduce radiation-induced injury risks.

	b) Dose-Volume Effect



Radiation-induced digestive injury manifests as a dose-volume effect, meaning that the extent of the lesion highly depends on the radiation dose and radiated volume (23). This theory has been verified in many studies in different organs, including the esophagus (21, 24), stomach (25, 26), small bowel (26, 27), rectum (28–31), and anus. On the basis of the dose-volume effect, radiotherapy-induced injury can be assessed by radiation dose and/or volume calculations. In this way, rectal toxicity (30, 31), acute gastrointestinal toxicity (32, 33), anal toxicity, and salivary gland injury were reported (34–43) and precisely predicted (44). Conversely, Kim et al. found that a higher dose was not associated with cervical esophageal cancer radiotherapy-induced stenosis (45). This conclusion contradicts another study in nasopharyngeal carcinoma patients (46), probably because of the different tumor origins. Which symptoms correlate with dose and/or volume remains unknown. Clinical application lacks a detailed dose-volume standard assessing the radiation-induced risk of each complication. Systematic clinical evidence is necessary for evaluation guidance.





5 Imaging Diagnosis


5.1 Computerized Tomography (CT)

CT provides a unique form of cross-sectional imaging. Three-dimensional structures of “slices” of human tissue can be visualized, making CT an effective approach to predict radiation-induced injury. CT textural features could be used in combination with volume to characterize structural modifications of the parotid glands and to predict parotid shrinkage at the end of radiotherapy (47). By nonenhanced CT, a reduction in the volume of the parotid and submandibular glands and an increase in attenuation of the parotid gland can help grade radiation-induced salivary dysfunction (48). Parotid gland CT volume and density during head and neck cancer can also predict acute xerostomia (49). In summary, CT images of radiation-induced salivary injury are characterized by an increased mean gray value or density in the early stage, followed by shrinkage of the glands; texture analysis of CT is another indicator for assessing radiation-induced acute xerostomia (50) (Figure 3). Moreover, 18F-FDG PET image biomarkers have considerably improved the prediction of late radiation-induced xerostomia (51), which is a promising method. Liver injury usually appears as CT imaging changes, and cases of CT assessing radiation-induced liver injury have been reported (52), suggesting that CT may help in the evaluation of radiation-induced liver injury. Although changes in CT images can be observed during radiotherapy, the variation in the liver is too small to diagnose, limiting CT to only prepared assessments that are started before radiation (53). Additional technologies may improve the CT diagnostic rate. For instance, single-photon emission CT imaging of mice precisely diagnosed radiation-induced liver disease (54). The diagnosis of other digestive organs by CT has rarely been reported.




Figure 3 | Imaging based diagnosis of radiation-induced digestive injury. For radiation-induced digestive injury, MRI images manifest as high T2 signal intensity; CT images present increased mean grey value and texture change; ultrasound histogram images exhibit shift in peak intensity value, 23 dB intensity width and high intensity width/area; endoscopy discovers congested mucosa, telangiectasia, ulceration, stricture, and necrosis.





5.2 Ultrasonic Histogram

Ultrasonic elastography, as a new ultrasound diagnostic technique, calculates the strain distribution by echo signals before and after compression and deformation of the tissue to obtain elastic (hardness) characteristic information for efficient clinical diagnosis. However, elastic noise usually interferes with imaging quality. Histogram matching algorithms can help suppress noise signals, accelerating the application of ultrasound histograms in many diseases. The efficacy of ultrasonic histogram analyses has been validated in salivary gland injury. Yang et al. used sonographic features as imaging signatures to assess radiation-induced parotid injury (55). They then summarized a family of sonographic features derived from echo histograms, including the peak intensity value, 23 dB intensity width, high intensity width and area of high intensity (56) (Figure 3). In addition, they further concluded that ultrasound histogram features (especially receiver operating characteristic curves) can be used to measure acute and late toxicity of the parotid glands after head and neck cancer radiotherapy, which may be developed into a low-cost imaging method for xerostomia monitoring and assessment (57). Salivary gland dysfunction, which relies on the blood supply, is easy to diagnose by ultrasound histogram. Other digestive organs, which have little external vascular variation compared with their surroundings, plus their deeper location, appear to have no distinguishable ultrasonic and CT distinctions.



5.3 Magnetic Resonance Imaging (MRI)

MRI, as a radiation-free medical imaging technique, is gradually replacing CT scans in clinical applications. MRI works by polarization of hydrogen atoms and has proven to be effective in diagnosing radiation-induced salivary gland injury, esophageal injury, liver injury, and rectal injury (58–61). MRI images of radiation injury generally manifest as high signal intensity in T2, pathologically based on tissue edema. For acute radiation injury, an obvious shift in the T2 weighted imaging (T2WI) signal can be observed in the radiated area; for delayed radiation injury, the involved tissue may only exhibit a slight change on T2WI (62) (Figure 3).



5.4 Endoscopy

Early endoscopic findings deemed the Vienna rectoscopy score useful for predicting the possibility of late clinical radiation proctitis (63). Specific standards include congested mucosa, telangiectasia, ulceration, stricture, and necrosis (Figure 3). Radiation-induced enteritidis can be diagnosed by wireless capsule endoscopy (64, 65). Nevertheless, when it develops into obvious endoscopic manifestations, radiation injury is usually accompanied by other diagnostic clinical symptoms. Despite its low sensitivity in diagnosis, endoscopy may help in the prognosis as well as in essential treatment such as hemorrhage. The American Society for Gastrointestinal Endoscopy issued guidelines on the role of endoscopy for bleeding in chronic radiation proctopathy in 2019. These guidelines focused on currently available endoscopic therapies for managing patients with chronic radiation proctopathy, which include argon plasma coagulation, bipolar electrocoagulation, heater probe, radiofrequency ablation, and cryoablation (66). Further studies improving endoscopic standards to diagnose radiation proctopathy may lead to further refinement of these guidelines.




6 Nonimaging Diagnosis


6.1 Gut Microbiota

The gut microbiota has become a new focus of various diseases, including chronic liver disease (67), type 2 diabetes mellitus (68), inflammatory bowel diseases (69), cardiovascular disease (70), sarcopenia (71) and cancer (72). Its correlation with radiation sensitivity has also been reported (73). A study in mice indicated that conventional intestinal microbiota composition may predict radiation injury (74). The control of bacterial translocation affects gastrointestinal acute radiation syndrome in mice (75). The prediction mechanism may involve pyrimidine and tryptophan pathways (76). Furthermore, a series of metabolic profile data of gut microbiota in cervical cancer patients summarized that radiation-induced acute intestinal symptoms are characterized by increased fecal concentrations of α-ketobutyrate, valine, uracil, tyrosine, trimethylamine N-oxide, phenylalanine, lysine, isoleucine, glutamine, creatinine, creatine, bile acids, aminohippurate, and alanine, accompanied by reduced concentrations of α-glucose, n-butyrate, methylamine, and ethanol (77). This study lays a solid foundation for the diagnosis and prediction of intestinal radioinjury. Analysis of the gut microbiota along with metabolic products is a promising method evaluating the severity of radiation-induced intestinal injury.



6.2 Other Predictive Factors

Moreover, some other factors should not be ignored. Substantial gland loss in the anterior rectal walls can predict radiation-induced late clinical proctitis (78). Single nucleotide polymorphisms and copy number variations were also reported to predict radiation rectal toxicity (79). Other metabolic-related nutrients, such as vitamin D (80) and citrulline (81), may serve as markers for radiation injuries. Besides, oral flora may also help diagnose radiation-induced injury, usually characterized by overgrowth of specific fungi such as Candida albicans (82, 83).




7 Precaution and Treatment for Radiation-Induced Digestive Injury


7.1 Precaution


7.1.1 Gland Transfer

Salivary glands have relatively separate structures and can be isolated for transplantation to avoid radiation injury. This theory has been proven by various studies, especially for head and neck cancer radiotherapy and nasopharyngeal carcinoma-induced xerostomia (84, 85). Moreover, although fails to relieve dysphagia (86), gland transfer does not affect long-term treatment efficacy (85). A phase II study found that the technique of submandibular salivary gland transfer is reproducible in a multicenter setting (87). Further phase III randomized studies proved that submandibular salivary gland transfer is effective in curing radiation-induced xerostomia (88). Similar conclusions were reproduced in a meta-analysis (89). More phase III clinical studies may be required to evaluate the efficacy of gland transfer to promote the clinical application of gland transfer in radiation-induced salivary lesions.



7.1.2 Improvement in Radiotherapy

	a) Shielding



Shielding of the sensitive part of the target area is a traditional way to avoid radiation-induced injury. For example, partial shielding of the oral cavity in rhesus macaques may prevent oral mucositis (90). However, it is difficult to shield the visceral organs. Hydrogels precisely solve this problem. Hydrogels are three-dimensional cross-linked polymer networks that can absorb and retain large amounts of water, meaning that they are not poisonous to humans. This feature allows hydrogels to easily absorb radiation, similar to normal tissue. Implantation of hydrogel between the target tissue area and radiosensitive normal structure can effectively reduce the radiation volume of the normal structure. As proof, a simulation in cadaveric models of oropharynx cancer treated with intensity-modulated radiation therapy (IMRT) found that the hydrogel reduces the salivary gland radiation dose (91). Reductions in the radiated dose were verified in patients (92). In the clinic, rectum spacer hydrogel implantation prevents rectal injury in prostate cancer radiotherapy (93). Hydrogel spacers decreased duodenum radiation in pancreatic cancer radiotherapy (94). In addition, improvement in gastrointestinal syndrome was reported after prostate radiotherapy (95, 96). Hydrogels have been widely used in clinical practice. Traditional hydrogels are preshaped and are usually implanted via operation. Compared with traditional hydrogels, injectable hydrogels have the advantages of eliminating operation limitations and drug administration but have accompanying high risks of inflammation and dislocation (97). Improvement in hydrogels, such as adding anti-inflammatory drug components or using other inflammation-free hydrogels, may avoid inflammation. For instance, in situ photo-cross-linking hydrogels can restore the hypoxia-inducible factor 1-alpha pathway (98). Pectin/polyacrylamide hydrogels successfully deliver budesonide to the colon (99). Tannic acid acts as a cross linker and additionally enhances the anti-inflammatory properties of hydrogels (100). Topical hydrogels containing Achyrocline satureioides oily extract can reduce inflammation (101). Dexamethasone-loaded thermosensitive hydrogels suppress inflammation in rheumatoid arthritis (102). All of these findings suggest promising application of improved injectable hydrogels in radiotherapy.

	b) Dose Distribution



The dose distribution of radiotherapy influences radiation-induced injuries. High-dose-rate monotherapy can relieve radiation toxicity compared with low-dose-rate multitherapy (103). High-dose-rate boost treatment is associated with fewer side effects (104). Traditional radiotherapy is limited by dose administration to avoid radiotoxicity to normal tissues. Fractioned radiotherapy increases total dose tolerance and reduces the number of visits and the total cost of treatment without increasing radiotoxicity (105). In contrast, hypotreated prostate cancer patients suffered from significantly increased late genitourinary toxicity (106). In contrast, in the latest studies comparing hyperfractionated radiotherapy, conventionally fractionated radiotherapy, and hypofractionated radiotherapy, although relatively lower-fractionated radiotherapy may increase acute toxicity, there appears to be no significant difference in the long-term effects or late toxicity (105, 107–112). More systematic studies are required to determine whether fractionated radiotherapy is superior to conventional radiotherapy.




7.2 Treatment


7.2.1 Mesenchymal Stem Cells (MSCs)

MSCs are widely defined as a plastic-adherent cell population that can be directed to differentiate in vitro into osteogenic, chondrogenic, adipogenic, myogenic, and other lineages. MSC differentiation potential is widely used in tissue repair. MSCs have been proven to be able to restore radiation-induced injury (113, 114). For example, adipose-derived stromal cells have the potential to restore salivary gland function after irradiation, as evidenced by the restoration of blood flow within submandibular gland tissue (115). Furthermore, human adipose tissue-derived stem cells alleviate radiation-induced xerostomia (116). Salivary gland stem cells can also ameliorate radiation-induced hyposalivation (117). Stem cell transplantation not only rescues hyposalivation but also restores tissue homeostasis in the irradiated gland, which is necessary for long-term maintenance of adult tissue (118). Administration of adipose-derived stem cells immediately after radiation at a dose of 18 Gy can protect both the morphology and function of the salivary glands eight weeks after radiation in mice (119). In summary, MSCs can ameliorate radiation-induced salivary injury, including xerostomia (120, 121).

Compared with radiation-induced salivary injury, the efficacy of MSCs in other digestive organs remains variable. Related research is summarized as follows: in a rat model of radiation-induced esophageal injury, dental pulp stem cell transplantation exhibited a therapeutic effect (122). For the colorectum, one study showed that MSCs may reverse radiation injury (123). Autologous bone marrow-derived mesenchymal stem cells may improve radiation-induced proctitis (124). Adipose-derived stem cells may facilitate the repair of defects in maxillofacial soft tissue (125). These cases alone hardly prove the viewpoint. Nonetheless, these results suggest that MSCs may have therapeutic potential for radiotherapy-induced tissue damage (126). Unfortunately, the specific mechanisms of MSC-based treatment have rarely been investigated among the studies, except that platelet-rich plasma improves the therapeutic efficacy of MSCs (127).

Chang et al. investigated the therapeutic mechanisms of MSCs and found that human adipose-derived mesenchymal stem cells (hAd-MSCs) had postradiation healing effects, including anti-inflammation, neovascularization and maintenance of epithelium homeostasis, as indicated by the elevated serum IL-10, upregulation of vascular endothelial growth factor, basic fibroblast growth factor and epidermal growth factor in irradiated intestine, mobilization of CD31-positive hematopoietic stem cells or hematopoietic progenitor cells, and the prolonged presence of Bmi1-positive cells within crypts. The authors found that irradiated rats survived longer than nontreated animals (128). More related research is warranted in further studies.



7.2.2 Bone Marrow Transplantation

Bone marrow, similar to digestive system organs, is often involved in radiation-induced injury. Transplantation of bone marrow is a traditional way to cure bone marrow lesions. Improvement in bone marrow transplantation not only restores hematopoietic function but also alleviates other digestive symptoms (129, 130). Bone marrow-derived cells can also reduce radiogenic oral mucositis (131). To further determine how bone marrow restores digestive symptoms, Tran et al. injected bone marrow soluble extract (“soup”) into mice and found that bone marrow soup restored salivary flow rates to normal levels; protected salivary acinar, ductal, myoepithelial, and progenitor cells; increased cell proliferation and blood vessels; and upregulated the expression of tissue remodeling/repair/regenerative genes. Bone marrow soup can be advantageously used to repair irradiation-damaged salivary glands rather than transplanting whole live bone marrow cells which carry the risk of differentiating into unwanted/tumorigenic cell types in the salivary glands (132). Further study suggests that bone marrow transplantation recruits host myelomonocytic cells and enhances intestinal stroma proliferation after radiation by secreting cytokines that enhance angiogenesis and chemotaxis (133). Bone marrow transplantation may share common mechanisms with MSCs in radiation-induced injury restoration. Controlled studies of MSCs and bone marrow transplantation may reveal interesting mechanisms.



7.2.3 Gut Microbiota

Since the gut microbiota can predict radiation injury, it is quite likely that modulation of the gut microbiota could minimize radiation injury. The gut microbiota plays a major role in the pathogenesis of radioinjury through the modification of intestinal barrier function, innate immunity and intestinal repair mechanisms (134). We determined the correlation between gut microbiota, metabolites, and radiation injury in Table 1 (135–139).


Table 1 | Metabolic products and possible sources related to radiation-induced injury.



Characteristic changes in the structure of the gut microbiota after radiation (such as Bacteroides) can serve to predict radiation injury (140). Meanwhile, interference of gut microbiota may lessen radiation toxicity (141). Measures regulating gut microbiota include probiotics (142), a methionine diet (143), hydrogen-water oral gavage (144), and omega-3 polyunsaturated fatty acids (ω–3 PUFAs) (145). Cui et al. reported the sex related effects for gut microbiota in relieving radiation injury (146). Notably, a large proportion of therapeutic drugs for radiation induced injury have effects on estrogen receptors and downstream effectors. This finding highlighted the importance of sex related receptors in treating radiation-induced injury. Nonetheless, these are all animal model studies with low reliability. Recently, Guo et al. transferred human and mouse radiation survivors’ gut microbiota by fecal engraftment and dirty cage sharing and found improved radiation-induced injury related to Lachnospiraceae and Enterococcaceae. Two tryptophan pathway metabolites of these two bacteria, namely, 1H-indole-3-carboxaldehyde and kynurenic acid, provided long-term radioprotection. This is the first study proving the efficacy of gut microbiota modulation in humans, laying a foundation for clinical intervention of the human gut microbiota against radiation injury. All these cases prove that the gut microbiota presents opportunities to predict, prevent, and treat radiation lesions (147). Future targeting of patient-tailored restoration of optimal microbial composition could lead to a new era of radioprotection (148).



7.2.4 Related Therapeutic Drugs and Possible Mechanisms

The reported radioprotective agents are divided into several categories: free radical scavengers [such as thiols and amines (esp. aminothiols and phosphorothioates)], redox stabilizers (such as superoxide dismutase), antioxidant nutrients (vitamin A, B, C, E, and their related metabolites or analogues (such as β-carotene and folic acids), selenium derivatives, and phytochemicals (149). The overall effects of these drugs have been verified. With the development of modern biotechnology, many new drugs have proved their effectiveness in radiation-induced injury. We summarize representative mechanisms as well as updated drugs below.

	a) Cell Death in Radiation-Induced Digestive Injury



Radiation-induced digestive injury induces cellular responses. These responses have mutual effects, and it is difficult to determine the dominant pathways. Cell autophagy, cell cycle arrest and even cell death have been reported in response to radiation (150–188). Here, we focused on cell death related pathways, especially apoptosis and ferroptosis in radiation-induced digestive injury.

	b) Apoptosis in Radiation-Induced Digestive Injury



Multiple studies have reported the anti-radiation effectiveness of apoptosis-related drugs such as genistein (161), P-glycoprotein (163), sphingosine-1-phosphate (162), ecdysterone combined with paeonol (164), cystine and theanine mixture (153), apocynin (165), dimethyloxallyl glycine (166), deferoxamine (167), 3,3’-diindolylmethane (168), hepatocyte growth factor (169), and walnut oligopeptide (170) (Figure 4), indicating that regulating apoptosis may alleviate radiation injury (160). Apoptosis-promoting drugs such as LY2109761 (TGF-β receptor inhibitor) (171) and pachymic acid (172) may act as radiotherapy sensitizers, subsequently allowing for a reduction in the radiation dose and normal tissue injury.




Figure 4 | Cell death- and inflammation-related drugs and countermeasures in radiation-induced digestive injury. Cell death-related drugs and countermeasures are divided into apoptosis and ferroptosis. In the left part of the table labeled “Apoptosis”, all listed drugs prove to be effective in radiation-induced digestive injury. Grey part represents apoptosis inhibitors and inducers with no specific targets. The red part represents drugs that decrease p53, and the green part means drugs that decrease caspase3. Blue is for drugs that increase bcl-2/bcl-x or bax. Overlapping parts for two of the above three kinds of drugs are painted magenta, yellow and cyan respectively, meaning that drugs regulate both two factors. White stands for drugs with all of three functions. Clustering of drugs regulating p53, bcl-2/bcl-x, bax and caspase 3 implies that the p53 pathway is activated. The middle square painted red lists inducers and inhibitors of ferroptosis. The right square in blue lists inhibitors of inflammation that alleviate radiation-induced digestive injury. Natural herbs are selected with red boxes.



Among the anti-radiation drugs that act via apoptosis, TP53 (p53) is most frequently involved. TP53 is the most easily compromised gene target modulating cell behavior (189) and participates in radiation-induced digestive injury. p53 is involved in many pathways, including p38/p53/p21 (senescence related) (190), p53/Reprimo (cell cycle arrest at G2/M) (191), Gadd45/p38/p53 (cell cycle checkpoints, apoptosis, and DNA repair), p53-FAS (apoptosis receptor in cell membrane) (192), PIDD (P53-induced protein with a death domain) (193), p53/bcl-2/Bax (apoptosis pathway) (194), p53-inducible genes (195), p53/Scotin (cell cycle arrest, apoptosis) (196), and ATF6/p53/AIFM2 (197).

Caspase 3 also participates in the apoptosis pathway (163). Caspase 3-related drugs include roscovitine (150), SB203580 (151), filgrastim and α-tocopherol (152), cystine and theanine mixtures (153), acidic polysaccharides of Panax ginseng (154), Korean red ginseng (155), P2X7R antagonism (156), ginseng oligopeptides (157), thymoquinone (158), and N-acetylcysteine (159) (Figure 4).

Since p53 plays various roles in radiation-induced injury, it is unclear which effect is dominant. Coincidently, the summarized related drugs that attenuate radiation injury present clustering of p53, bcl-2/bcl-x, bax and caspase 3. Among antiapoptotic changes, including decreasing p53, decreasing caspase 3 and increasing bcl-2/bcl-x or bax, most drugs induce more than one effect (Figure 4). This discovery strongly supports the p53/bcl-2/bax pathway as dominant in radiation-induced digestive injury (174, 176–179, 181–186, 188) (Figure 4). Other p53-related drugs that have curative effects in radiation-induced digestive injury, such as Ex-RAD (®) (173), may share the same pathway. Nevertheless, knockout of p53 or p21 paradoxically accelerates gastrointestinal damage and death, indicating that p53 may have a bidirectional effect in radiation-induced injury (198).

	c) Ferroptosis in Radiation-Induced Digestive Injury



Ferroptosis is an iron-dependent type of programmed cell death initiated by lipid peroxide accumulation and depletion of plasma membrane polyunsaturated fatty acids (199). Traditionally, ferroptosis is regulated by amino acid and glutathione metabolism, lipid metabolism, and iron metabolism (200). Radiotherapy may also induce ferroptosis (201, 202). Specific mechanisms involve promotion of lipid peroxidation, interruption of the scavenging capacity of PUFA-PL-OOH, and activation of peroxisomes (203). Radiation induces the expression of ACSL4, a lipid metabolism enzyme required for ferroptosis, resulting in elevated lipid peroxidation and ferroptosis (204). The DNA damage response is another target that explains ferroptosis after radiotherapy, mainly by affecting the function of GPX4 and FSP1 and their respective cofactors, GSH and CoQ10 (205).

Many studies unanimously confirmed that inhibition of ferroptosis alleviates radiation injury (206–209). For example, evidence shows that AMPK activation may inhibit ferroptosis and thus may help reduce radiation-induced injury (210). Similarly, ferroptosis inhibitors decrease ROS and inflammatory cytokine levels in radiation-induced lung injury (211). Other ferroptosis inhibitors, such as p53, PEBP1, ENPP2, and phospholipase iPLA (2) β, may also serve as radiation protectors (212–229). Ferroptosis inducers have the potential to be effective radiosensitizers for radiotherapy (230–248) (Figure 4).

	d) Inflammation in Radiation-Induced Digestive Injury



Inflammation-related cytokines are another high-frequency group of anti-radiation drugs for digestive injury. IL-6-related anti-radiation drugs include ciprofloxacin (249), C-GSF (250), 18-β-glycyrrhetinic acid (251), CD28 mimetic peptide p2TA (252), delta-tocotrienol (253), and palmitoylethanolamide (254), suggesting that inflammatory inhibitors may also contribute to radiation injury (Figure 4). Even so, the American Society for Gastrointestinal Endoscopy (ASGE) guidelines on the role of endoscopy for bleeding from chronic radiation proctopathy recommended not using anti-inflammatory drugs because they lacked clinical evidence (66). The efficacy and safety of anti-inflammatory drugs and countermeasures warrant further investigation.

	e) Natural Herbs (or Extractions) Against Radiation-Induced Digestive Injuries



In addition to modern synthetic drugs, traditional herbs play an indispensable role in curing radiation-induced digestive injury. Most of these effective herbs have been reported to regulate cell death (mainly apoptosis), including tea polyphenols (255), genistein (161), pachymic acid (172), sesamol (175), baicalein (180), acidic polysaccharide of Panax ginseng (154), explosively puffed ginseng (187), and resveratrol (256). Some herbs are involved in inflammation pathways, such as Vernonia cinerea L (257), fractions of diosmin + hesperidin (258), podophyllotoxin + rutin (259), Zhuye Shigao decoction (260), and rheinic acid (261) (Figure 4). Apocynin protects against radiation-induced injury by reducing apoptosis and oxidative stress-derived inflammation (165). Similarly, chamomile extract and walnut oligopeptides are also involved in both apoptotic and inflammatory pathways (170, 262). Quercetin increases aquaporin 5 expression and calcium uptake, thus suppressing radiation-induced oxidative stress and inflammatory responses (263). Glycyrrhizin protects γ-irradiated mice from gut bacteria-associated infectious complications by improving miR-222-associated Gas5 RNA reduction in macrophages at the bacterial translocation site (264). There are several curative herbs without corresponding mechanisms, with only morphological improvement, including Lagenaria siceraria extract (265), triphala (266), and resveratrol (267). Natural herbs are a great source of active compounds for reducing radiation-induced digestive injury. More research investigating the underlying mechanisms may reveal new therapeutic targets.





8 Future Perspectives

Radiation-induced digestive injury remains a dominant problem since the application of radiotherapy. The current means of diagnosis and treatment are still far from satisfactory. Specific clinical guidelines supported by valid data are urgently needed. In diagnosis, artificial intelligence and deep learning can integrate comprehensive information including clinical features, imaging manifestations, and other predictive factors. Based on the antigen-antibody reaction and affinity interaction, specific biomarkers can be labeled by radionuclides and specifically targeted in diagnosis and treatment (268). For example, 89Zr-labeled anti-γH2AX has successfully shown a radiobiological response in PET-CT (269). It is expected that radionuclide-labeled targeting molecules (RLTMs) may be used to precisely diagnose and evaluate radiation damage. Moreover, according to the biological effect of targeted biomarkers, aided by tissue-specific binding sites, RLTMs may act as radiotherapy sensitizers and radio-protectors. The combined application of RLTMs can provide an all-around assessment and strategies for multifunctional treatment. In precaution, novel regenerative peptide may prevent radiation-induced injury (270). In treatment, stem cell regeneration as well as gut metabolites application has shown their promise ameliorating radiotherapy-induced injury. However, there is still a long way from lab bench to bedside.



9 Conclusions

In general, radiation-induced digestive injuries during radiotherapy can be divided into two categories: salivary gland injury and digestive tract injury. For salivary gland injury, radiation damage derives from hyposalivation, followed by xerostomia, mucositis, nutritional deficiencies, oral infections, and functional changes. The unique anatomical structure of the salivary gland makes it easier to diagnose injury in these glands by CT, US, and MRI. Gland transfer is a promising method for preventing radiation damage. For digestive tract injury, the involved organ correlates with the radiated area, and the initial symptom is mucous inflammation, followed by diarrhea, constipation, and hemorrhage. Microbiota modulation may become an effective way of reducing radiation-induced gastrointestinal syndrome. Both salivary gland injury and digestive tract injury can be relieved by shielding, dose redistribution, mesenchymal stem cell transplantation and bone marrow transplantation. Inhibitors of cell death and inflammation may be an effective approach for reducing radiation-induced digestive injury. Natural herbs leave plenty of therapeutic potential to be discovered. We concluded that RLTMs are a promising technique in radiotherapy.
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Hepatocellular carcinoma (HCC) represents a leading cause of cancer-related deaths globally. The rising incidence of metabolic syndrome and its hepatic manifestation, nonalcoholic fatty liver disease (NAFLD), have emerged as the fastest-growing cause of HCC in recent years. Cholesterol, a major lipid component of the cell membrane and lipoprotein particles, is primarily produced and metabolized by the liver. Numerous studies have revealed an increased cholesterol biosynthesis and uptake, reduced cholesterol exportation and excretion in HCC, which all contribute to lipotoxicity, inflammation, and fibrosis, known HCC risk factors. In contrast, some clinical studies have shown that higher cholesterol is associated with a reduced risk of HCC. These contradictory observations imply that the relationship between cholesterol and HCC is far more complex than initially anticipated. Understanding the role of cholesterol and deciphering the underlying molecular events in HCC development is highly relevant to developing new therapies. Here, we discuss the current understanding of cholesterol metabolism in the pathogenesis of NAFLD-associated HCC, and the underlying mechanisms, including the roles of cholesterol in the disruption of normal function of specific cell types and signaling transduction. We also review the clinical progression in evaluating the association of cholesterol with HCC. The therapeutic effects of lowering cholesterol will also be summarized. We also interpret reasons for the contradictory observations from different preclinical and human studies of the roles of cholesterol in HCC, aiming to provide a critical assessment of the potential of cholesterol as a therapeutic target.
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INTRODUCTION
Primary liver cancer ranks the fifth and ninth most commonly diagnosed cancer in men and women, respectively, and the third most fatal cancer globally (Ferlay et al., 2015; Sung et al., 2021). Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer. Although Hepatitis B virus (HBV) and hepatitis C virus (HCV) are still the top risk factors for HCC, a large percentage of HCC arises due to nonalcoholic fatty liver disease (NAFLD) (El-Serag and Kanwal, 2014; Chaitanya Thandra et al., 2020). The prevalence of NAFLD is increasing because of the global epidemics of metabolic syndrome, a cluster of conditions including hypercholesterolemia, hypertension, hyperglycemia, obesity, and hypertriglyceridemia (McGlynn et al., 2021). Due to its much wider spread and prevalence in both adults and children globally, metabolic syndrome makes a larger contribution to the overall HCC burden than HBV or HCV infections (Sun and Karin, 2012). Patients with NAFLD-associated HCC are frequently asymptomatic. As a result, NAFLD-associated HCC tends to be more detrimental than HCC with other etiologies in many ways: elevated morbidity, more advanced stage at diagnosis, and poorer survival (Petrick et al., 2020; McGlynn et al., 2021). A 2014 meta-analysis showed that NAFLD increases the risk of HCC by 81% (Jinjuvadia et al., 2014). NAFLD encompasses a broad spectrum of liver conditions, ranging from simple hepatic steatosis, also called nonalcoholic fatty liver (NAFL), to the progressive form-nonalcoholic steatohepatitis (NASH). NASH is characterized by steatosis, inflammation, tissue damage, and reparative fibrosis. Fibrosis and cirrhosis are both known risk factors for HCC. Although extensive evidence has revealed that multiple insults, including lipotoxicity, oxidative stress, inflammation, cell death, and endoplasmic reticulum (ER) stress, all contribute to the progression from NAFLD to HCC, which is typically accompanied by cirrhosis or severe fibrosis, a growing number of NAFLD patients without advanced fibrosis or cirrhosis were found to end up developing HCC (Friedman et al., 2018; Grohmann et al., 2018). These observations suggest that there are tumor-promoting factors that act from the outset of the NAFLD. Many lines of evidence from preclinical and human studies suggest that cholesterol is independently associated with the development of cirrhosis and HCC (Matsuzawa et al., 2007; Ioannou et al., 2009; Subramanian et al., 2011; Van Rooyen et al., 2011). It is well documented that hepatic free cholesterol is a critical pathogenic factor promoting HCC through the action in multiple hepatic cell types, subcellular organelles, and molecular targets. However, a substantial body of human clinical trials found that a higher level of serum cholesterol was associated with a reduced risk of HCC. Likewise, cholesterol is closely related to the outcomes of HCC patients. Low cholesterol levels might indicate a worse disease-free and overall survival for HCC patients (Jiang et al., 2016), whereas hypercholesterolemia relates to lower future HCC mortality (Chiang et al., 2014). The contradictory observations between preclinical and population-based prospective studies implies that the relationship between cholesterol metabolism and HCC is complex and needs more careful interpretation. The exact mechanism underlying this phenomenon is still unclear. Deciphering the causal relationship between the dysregulation of cholesterol homeostasis and HCC, and elaborate on the impact of dysregulated cholesterol on specific cell types in the liver is of utmost importance to our understanding of the precise role of cholesterol in HCC development.
In view of the strong association of cholesterol metabolism with HCC and the vague understanding of the role of cholesterol in HCC pathogenesis, this review discusses the current understanding of cholesterol metabolism in HCC, providing a critical assessment of the preclinical studies, clinical trials, and the cellular and molecular regulation by cholesterol in HCC. Insights into these key elements should ultimately help understand the precise role of cholesterol and evaluate the clinical values of cholesterol in the pathogenesis of HCC.
CHOLESTEROL METABOLISM IN PHYSIOLOGY AND PATHOLOGY
Cholesterol homeostasis is essential for health. Cholesterol serves as a precursor of various steroid hormones, bile acids, and vitamin D. Besides, cholesterol is an essential component of cell membrane and provides lipid for cell proliferation. Moreover, cholesterol controls the stability and fluidity of the cell membrane, thereby plays critical roles ranging from membrane trafficking to signal transduction (Maxfield and Tabas, 2005). Therefore, the stringent regulation of cholesterol homeostasis is vital to maintain normal physiology, and organisms have various mechanisms for accomplishing this.
Maintaining cholesterol homeostasis is achieved through balancing between input and output pathways, including cholesterol synthesis, dietary absorption, and excretion. The liver is the central organ in charge of cholesterol homeostasis. The primary sources of cholesterol in humans are de novo synthesis (∼70%) and dietary intake (∼30%) (Kapourchali et al., 2016). The liver represents the primary organ of cholesterol synthesis as it produces the majority of the de novo synthesized cholesterol, although the intestine also forms a significant amount (Berg JM and Stryer, 2002). Cholesterol synthesis involves complex biochemical reactions and many different enzymes, and is subjected to both transcriptional and posttranslational regulations-mediated negative feedback in response to the level of cellular cholesterol (Trapani et al., 2012). 3-hydroxy-3-methyl-glutaryl CoA reductase (HMGCR) and squalene monooxygenase (SQLE) are both rate-limiting enzymes in cholesterol biosynthesis (Figure 1). A decrease of cellular cholesterol activates the master transcription factor Sterol regulatory element-binding protein isoform 2 (SREBP-2) to induce the transcription of both HMGCR and SQLE (Pai et al., 1998; Trapani et al., 2012; Brown et al., 2018). Conversely, elevated cholesterol levels have been demonstrated to promote the ubiquitination of HMGCR and SQLE and their subsequent degradation (Gill et al., 2011; Foresti et al., 2013; Zelcer et al., 2014). AMP-activated protein kinase (AMPK) is known to phosphorylate and inactivate HMGCR, and inhibit the transcription of SQLE, thereby reducing cholesterol synthesis. In NASH state, the overloaded energy, insulin resistance, and inflammation synergistically inhibit AMPK, which can cause the derepression of the activity of HMGCR and the transcription of SQLE to enhance cholesterol synthesis (Clarke and Hardie, 1990; Sato et al., 1993; Zhang et al., 2019; Zhao et al., 2020). Insulin and thyroxine upregulate HMGCR in normal conditions. On the contrary, cortisol, and insulin counterregulatory hormones, such as glucagon, have an inhibitory effect on HMGCR (Craig and Dimri, 2020). Statins, the inhibitors of HMGCR, are widely used first-line drugs to lower plasma cholesterol and significantly decreased the risk of cardiovascular disease (CVD) and HCC in some patients. Interestingly, the CVD benefit of statins is significantly greater in patients with NASH-associated liver damage than that in patients with normal liver function. This finding is in line with the fact that CVD is the major cause of death for patients with NAFLD (Athyros et al., 2010).
[image: Figure 1]FIGURE 1 | Overview of cholesterol metabolism in the liver. The primary sources of hepatic cholesterol are de novo synthesized and circulating cholesterol carried by apoB-containing lipoprotein particles. Output pathways of hepatic cholesterol mainly comprise VLDL secretion and bile acid synthesis.
Intestinal cholesterol absorption represents another important cholesterol input source to maintain cholesterol homeostasis. Cholesterol uptake by small-intestinal enterocytes is mainly mediated by the specific transporter protein Niemann-Pick C1 Like 1 (NPC1L1), which mainly locates on the brush-border membrane of enterocytes. Cholesterol is esterified by acetyl-CoA cholesterol acyltransferase 2 (ACAT-2) and assembled into chylomicrons together with triglycerides and apolipoprotein B-48. Triglycerides carried by chylomicrons are then absorbed by peripheral tissues. The chylomicron remnants are taken up by the liver. Ezetimibe, which inhibits intestinal cholesterol absorption, was found to improve NASH in human trials (Yoneda et al., 2010; Park et al., 2011).
Besides de novo synthesis of cholesterol, the liver also uptakes excess circulating cholesterol carried by lipoprotein particles, including low-density lipoprotein (LDL), intermediate-density lipoprotein (IDL), and chylomicron remnants via the LDL receptor (LDLR); and high-density lipoprotein (HDL) via the scavenger receptor class B type 1 (SR-B1) for further clearance (Maxfield and Tabas, 2005) (Figure 1). LDLR-mediated lipoprotein uptake is a major route through which the human body clears excessive blood cholesterol, whereas it is also a major cholesterol input pathway for the liver. The uptake of LDL is tightly regulated by feedback inhibition, in which increased cellular cholesterol inhibits SREBP2 to reduce the transcription of LDLR, thereby preventing cholesterol overload in the cells. However, in pathogenic conditions, the oxidized LDL (OxLDL) formed under oxidative stress can be taken up by scavenger receptors in an unregulated fashion (Levitan et al., 2010). As a result, the accumulation of OxLDL in the liver causes lipotoxicity. Moreover, the uptake of OxLDL by Kupffer cells causes increased hepatic inflammation to promote NASH and HCC (Walenbergh et al., 2013).
Free cholesterol transports between compartments of the cell, such as the plasma membrane and endoplasmic reticulum (ER). Free cholesterol can be reesterified in the ER and stored in the cytoplasm as lipid droplets. To prevent the accumulation of cholesterol in the liver, hepatocytes must clear excess cholesterol (Figure 1). One of the main pathways is through being packaged along with triglycerides and apolipoprotein B-100 into the very low-density lipoproteins (VLDL) and secreted into the circulation. VLDL delivers triglycerides and cholesterol (later forms LDL after losing triglycerides) into the peripheral tissue (Ikonen, 2008). Defect or inhibition of the microsomal triglyceride transfer protein (MTTP), the key protein for VLDL assembly, will cause lipid accumulation in the liver and promote NASH and HCC development (Ipsen et al., 2018). Another main process to export liver cholesterol is the conversion of cholesterol into bile acids by a complex enzymatic process and consequently eliminating some cholesterol. Cytochrome P4507A1 (CYP7A1) is the rate-limiting enzyme (Figure 1). Ileum enterocytes generate fibroblast growth factor 19 in humans and 15 in mice to inhibit the expression of CYP7A1 upon uptaking of bile acids.
While the liver plays a central role in whole-body cholesterol homeostasis, it is important to keep in mind that maintaining cholesterol balance in the local liver environment is equally critical to prevent liver diseases. Unfortunately, cholesterol does not always reach its most appropriate balance at both whole-body and hepatic levels. One example is the regulation of MTTP, a key protein regulating VLDL assembly and thereby transporting cholesterol from the liver into the circulation. MTTP was once the favorite target to lower plasma cholesterol, and several antagonists (Bay-13-9952, CP-346086, BMS-201308, AEGR-733) have been identified to treat atherosclerosis. However, although these early studies showed that, while MTTP inhibition effectively lowered plasma cholesterol, it significantly increased hepatic lipid and liver damage, which elevated the risk of NAFLD and HCC (Chang et al., 2002; Cuchel et al., 2007; Samaha et al., 2008).
CHOLESTEROL AND THE PATHOGENESIS OF HCC
Hypercholesterolemia Promote Tumorigenesis in HCC
Obesity and insulin resistance have been established as risk factors for benign NAFL; however, the cause of progressive NASH remains unclear. A recent report showed that cholesterol supplement is critical to the development of inflammation and fibrosis in mice fed with a high-fat diet (Ioannou et al., 2009). Cholesterol is an essential component of both the Amylin liver NASH (AMLN) diet and its later replacement Gubra Amylin NASH (GAN) diet to elicit NASH and fibrosis (Boland et al., 2019). Both diets have been extensively used in mouse studies to mimic human NASH. The role of dietary cholesterol in NASH was also observed in other species, such as Ossabaw pigs. The supplement of hypercholesterolemia resembled human NASH hallmarks, including steatosis, inflammation, hepatocyte damage, and fibrosis (Lee et al., 2009).
In line with the pathogenic role of dietary cholesterol, de novo cholesterol synthesis also exhibits pathogenic and prognostic significance for HCC. SQLE was the top metabolic gene enriched in the liver of NAFLD associated-HCC patients (Liu et al., 2018). Overexpression of SQLE promoted the proliferation and migration of HCC cells (Sui et al., 2015). Terbinafine, an antifungal drug targeting SQLE, reduced cholesteryl ester levels and suppressed tumor growth (Liu et al., 2018). Interestingly, the downregulation of LDLR that mediates the endocytosis of LDL cholesterol, increases the risk of human HCC. The mechanistic study demonstrated that the reduced LDLR expression promoted intracellular de novo cholesterol biosynthesis to compensate the decreased LDL uptake (Chen et al., 2021). Altogether, these preclinical studies provide compelling evidence that cholesterol is an independent risk factor for NASH and fibrosis, and substantially increase the risk of HCC (Figure 2).
[image: Figure 2]FIGURE 2 | The complex roles of cholesterol in the development of HCC. Proposed mechanisms for the pathogenic roles of cholesterol in HCC are revealed (blue characters): (1) promoting tumorigenesis; (2) inducing ectopic fatty acids accumulation; (3) remodeling the hepatic immune repertoire and establishing a tumorigenic microenvironment; (4) activating hepatic stellate cells; (5) affecting membrane fluidity and protein function. Mechanisms by which cholesterol inhibits HCC development (red characters): (1) activating NK cells to fight against hepatoma cells; (2) promoting the translocation of CD44 into lipid rafts and attenuating CD44-mediated migration and metastasis of HCC.
Cholesterol Induces Ectopic Fatty Acids Accumulation, Forming a Vicious Cycle Causing Lipotoxicity, Inflammation, and Cell Injury in Hepatocytes
Hepatic lipotoxicity refers to the ectopic accumulation of triglycerides and their intermediates in the liver, which causes lipotoxic hepatocellular injury (Neuschwander-Tetri, 2010). In patients with metabolic syndrome, insulin resistance causes dysregulated lipolysis of adipose tissue and increased delivery of free fatty acids to the liver. In hepatocytes, excessive fatty acids lead to energy overload, together with insulin resistance and inflammation, which are frequently seen in metabolic syndrome, causes repression of the energy sensor, AMPK (Zhao et al., 2018). A recent study showed that repressed AMPK lost its inhibitory capability on caspase 6 in normal livers. Consequently, the sustained activation of caspase 6 induced cell death and eventually liver fibrosis (Zhao et al., 2020). Suppressed AMPK also releases its inhibition on HMGCR and enhances cholesterol synthesis in the hepatocytes. It has been shown that cholesterol crystals are formed due to the hydrolysis of excess cholesterol easter into free cholesterol by lysosomal acid lipase (Ioannou, 2016). These cholesterol crystals can activate the NLRP3 inflammasome and subsequent inflammation in hepatocytes. The activated NLRP3 inflammasome further results in pyroptosis by inducing caspase 1 activation and Gasdermin-mediated pore formation in the cell membrane. At the tissue level, subsequent tissue repair and remodeling occur and lead to fibrosis and HCC (Bergsbaken et al., 2009; Miao et al., 2011; Dixon et al., 2012; Wree et al., 2014; Szabo and Iracheta-Vellve, 2015). Dietary cholesterol has been shown to downregulate hepatic cholesterol ester and lipoprotein synthesis, therefore, in turn, suppresses hepatic triglyceride secretion to promote NASH and HCC (Ma et al., 2014; Henkel et al., 2017). Hypercholesterolemia is often accompanied by the elevation of OxLDL. The increased uptake of OxLDL by hepatocytes can lead to the accumulation of oxidized phospholipids (OxPLs), key pathogenic component of OxLDL. Recently, OxPLs have been proved to cause NASH and HCC through decreased mitochondrial fatty acid oxidation, thereby lead to fatty acid accumulation and lipotoxicity (Sun et al., 2020). Conclusively, cholesterol forms a feed-forward vicious cycle with ectopic fatty acid accumulation to cause tumorigenic detrimental effects, including cell damage, inflammation, and fibrosis (Figure 2).
Cholesterol Remodels the Immune Repertoire in the Liver and Establishes a Tumorigenic Microenvironment
Inflammation is a crucial component of tumor progression (Coussens and Werb, 2002). Similar to that in hepatocytes, cholesterol crystal induces a more robust NLRP3 inflammasome activation in Kupffer cells. Moreover, the resident Kupffer cells became foam cells upon taking up OxLDL and OxLDL-containing dead hepatocytes. Together with activated hepatocytes, these Kupffer cells produce a panel of inflammatory cytokines/chemokines to recruit a variety of inflammatory immune cells. In particular, recruited macrophages facilitate a tumorigenic cascade in the liver microenvironment by producing a large amount of cytokines, chemokines, growth factors, and triggering the release of inhibitory immune checkpoint proteins by T cells, which are all critical features of tumor-associated macrophages (Lin et al., 2019). As a result, the recruited immune cells replenished the niche of the dead foam cells and hepatocytes and established an inflammatory tumorigenic microenvironment (Seidman et al., 2020) (Figure 2).
Cholesterol Induces the Activation of Hepatic Stellate Cells
Hepatic stellate cells (HSCs) are the key cell type responsible for liver fibrogenesis. Upon activation, HSCs differentiate into myofibroblasts and produce fibrogenic growth factors and secrete extracellular matrix to promote liver fibrosis (Trivedi et al., 2021). Cholesterol activates HSCs through multiple mechanisms. Cholesterol crystal-activated Kupffer cells and OxLDL-loaded foam cells could elicit HSC activation through inflammatory cytokines (Kolios et al., 2006). Recent evidence suggests that free cholesterol can directly activates HSCs (Tomita et al., 2014). Moreover, OxLDL can activate HSCs through TLR4 -dependent pathway. Most recently, it is shown that OxPLs can directly activate the fibrogenic gene expression in HSCs (Sun et al., 2020). The activated HSCs are then differentiated into myofibroblasts and accelerate fibrosis (Figure 2).
Cholesterol Content Affects Membrane Fluidity and Protein Function
Cholesterol plays a critical role in maintaining membrane fluidity. An increase of membrane cholesterol concentration in metabolic syndrome may, in turn, disrupt the normal function of the plasma membrane, and membrane of different organelles. Lipid raft proteins, such as Toll-like receptor 4 (TLR4), have been shown to be activated to enhance the inflammatory response in cholesterol-rich membranes (Zhu et al., 2010). Increased mitochondrial cholesterol reduces mitochondrial membrane fluidity and impairs the electron transport chain (ETC), and lead to increased ROS generation, lipid peroxidation, hepatocyte necrosis, and apoptosis, which are all known HCC risk factors (Martin et al., 2016; Solsona-Vilarrasa et al., 2019). An increase of ER membrane cholesterol is known to result in ER stress (Tabas, 2010). Cholesterol overload on lipid droplet membrane can induce cholesterol crystallization, thereby induce the activation of NLRP3 inflammasome (Ioannou et al., 2017; Ioannou et al., 2019). Collectively, cholesterol loading on the membrane system can increase the risk of HCC through a multi-level mechanism (Figure 2).
Cholesterol-Lowering Drugs and HCC
Table 1 shows the new approaches that target cholesterol metabolism in HCC. The cholesterol-lowering drug Ezetimibe was shown to reduce the serum aminotransferases levels, hepatic steatosis, and hepatocyte ballooning in NASH (Nakade et al., 2017). Many studies demonstrated that statins, the HMGCR inhibitors, might protect against the development and recurrence of HCC (Friedman et al., 2016; Kim et al., 2018; German et al., 2020; Tran et al., 2020). In addition to their cholesterol-lowering effects, statins exhibit multiple pleiotropic effects on the development of HCC, including anti-inflammatory, antifibrotic, antiproliferative, and endothelial protection effects (Kim and Kang, 2019). However, not all studies came to the same conclusion. In a mean prospective follow-up of 8.4 years study, statin users had a 40% lower risk of HCC in a total cholesterol-unadjusted analysis. The association disappeared after adjusting the influence of cholesterol level measured within 6 months before statin initiation (Yi et al., 2020). This study showed that high cholesterol levels at statin initiation were associated with the high risk of HCC. A recent meta-analysis, which includes twenty-five studies with 1,925,964 patients, showed that statin reduces the risk of HCC by 26%. This effect is dose-dependent and more pronounced with lipophilic statins (atorvastatin, lovastatin, and simvastatin) (Facciorusso et al., 2020).
TABLE 1 | New approaches that target cholesterol metabolism in HCC.
[image: Table 1]The inconclusive results suggest that cholesterol lowering drugs might have distinct roles for HCC with different etiology. Recent studies revealed that in viral hepatitis-associated HCC, statins increase the response rate to antiviral therapy, reduce the incidence of liver fibrosis, and prevent the occurrence of HCC in HBV and HCV patients (Butt et al., 2015; Hsiang et al., 2015). However, in patients with NAFLD-associated HCC, it was found that statins did not reduce the overall incidence of HCC (Yi et al., 2020). In a preclinical study, atorvastatin failed to reduce the incidence of HCC in mice exposed to N-nitrosodiethylamine (Braeuning et al., 2014). Ezetimibe was proven to suppress the development of liver tumors by inhibiting angiogenesis in PtenΔhep mice with hypercholesterolemia (Miura et al., 2019). SQLE is the top gene correlated with NAFLD-associated HCC in patients. Terbinafine, an inhibitor of SQLE, markedly inhibited HCC cell growth in xenograft models in Sqle transgenic mice (Liu et al., 2018). Collectively, these data indicate that lowering cholesterol has the potential to ameliorate HCC in patients with certain etiology. The contradictory results from statin treated patients and terbinafine treated mice are likely affected by multiple factors, including the timing of intervention and the target of different drug. For instance, statins mainly work through inhibition of cholesterol synthesis to upregulate SREBP2 activity to ultimately increase LDLR to promote LDL cholesterol clearance by the liver. In this case, statins, in fact, increase cholesterol load into the liver, which could partially explain its lack of anti-HCC effect.
Roles of Different Types of Cholesterol in HCC
As cholesterol-lowering plays a central role in atherosclerotic cardiovascular disease therapy, it could be of tremendous value to understanding the role of cholesterol in HCC of certain patients with high cardiovascular risk. Both HCC and cardiovascular diseases are life-threatening co-morbidities of NAFLD (Brunt et al., 2015), and closely related to cholesterol metabolism. However, the relationship between cholesterol and cardiovascular disease as well as HCC is in fact more complicated due to the dominant roles of distinct subtypes of cholesterol in different conditions. The consensus among the world is that LDL cholesterol is a critical pathogenic factor and therapeutic target of cardiovascular diseases (Ference et al., 2017). Meanwhile, cardiovascular disease is twice as likely the cause of death of patients with NAFLD than other liver diseases. This seems likely related to commonly shared risk factors including high LDL cholesterol. However, a recent clinical study found that HDL cholesterol but not LDL cholesterol was significantly associated with the HCC Tumor Aggressiveness Index. HDL cholesterol had a statistically higher hazard ratio for death than LDL cholesterol in HCC patients (Carr et al., 2018). On the contrary, an earlier study found that an increased HDL cholesterol level was related to improved overall survival (HR, 0.679, p < 0.01) and disease-free survival (HR, 2.085, p = 0.002) rate (Jiang et al., 2016). One possible explanation is that LDL and HDL play different roles during cholesterol transportation. In the context of cardiovascular disease, elevated LDL cholesterol in the circulation penetrates the vascular wall and being taken up by macrophages to form foam cells, which is the hallmark of atherosclerotic plaques. On the contrary, HDL-C removes redundant cholesterol from the vascular cells to maintain normal cell cholesterol homeostasis and prevent atherosclerosis (Glass and Witztum, 2001). In HCC conditions, since HDL serves as the reverse cholesterol transporter that carries peripheral cholesterol back to the liver through HDL receptor-scavenger receptor B type I (SR-BI), it could thus promote tumorigenesis. With this regard, another role of HDL is carrying the inflammatory oxidized phospholipids to the liver through SR-BI, which could also promote HCC. The lack of association between LDL cholesterol with HCC might also be affected by the patient’s other condition, such as their LDLR level. LDL particles carry cholesterol to all cells with LDLR. Although the liver is the primary source of cholesterol clearance, the LDLR is frequently downregulated in hepatocytes in some NAFLD patients. The observation from the earlier study that HDL related to improved survival rate can also be due to patients’ cardiovascular condition. Given that cardiovascular diseases exhibit a leading cause of death in NAFLD patients compared to HCC, higher HDL levels could improve overall survival rate by improving cardiovascular conditions. Therefore, to conclude an explicit role of cholesterol with HCC, the kind of cholesterol as well as other conditions, such as cardiovascular diseases, need to be characterized in the patients.
CLINICAL OBSERVATION
The relationship between total cholesterol and the risk of liver cancer in human trials is controversial. A substantial body of work found that a higher level of serum cholesterol is associated with a lower risk of HCC (Ahn et al., 2009; Iso et al., 2009; Kitahara et al., 2011; Yi et al., 2020; Cho et al., 2021). A large prospective study, including 1,189,719 adults, showed that elevated total cholesterol was associated with a lower incidence of liver cancer (Kitahara et al., 2011). The results of liver cancer is consist of two other prospective cohort studies performed in Japan and Korea. The Japanese study included 33,368 men and women aged 40–69 years, and the average follow-up period was 12.4 years (Iso et al., 2009). Serum total cholesterol levels were inversely related to the risk of liver cancer in both sexes, and the inverse association remained after exclusion for the first 3-years incident cases and advanced cases with metastasis (Iso et al., 2009). The other study followed 400,318 Koreans for an average of 8.4 years, and there were 1,686 individuals diagnosed with HCC. The result demonstrated that high cholesterol levels were associated with a lower risk of HCC (Yi et al., 2020). In contrast, the inverse association between total serum cholesterol was no longer significant in a cohort of Finnish male smokers after excluding the cases diagnosed during the first 9 years of follow-up (Ahn et al., 2009). Cholesterol is also related to the outcomes of HCC patients. Low cholesterol levels might predict worse disease-free survival and overall survival for HCC patients (Jiang et al., 2016). Hypercholesterolemia was inversely related to HCC mortality (Chiang et al., 2014).
The results of these prospective studies imply that the relationship between cholesterol metabolism and HCC is far more complex in humans. The exact mechanism is still unclear, and we made several hypotheses to explain the adverse association between cholesterol level and HCC that is opposite to preclinical studies. First, similar to albumin, aminotransferases, and other protein that hepatocytes produce, low cholesterol levels may reflect impaired hepatic function as impaired hepatocytes could no longer maintain their cholesterol-generating capability. This is supported by the fact that cholesterol is negatively associated with the severity of liver cirrhosis, in which normal hepatocyte functions are severely impaired (Krautbauer et al., 2017). These chronic hepatic diseases may exaggerate the reverse relationship between hypercholesteremia and HCC incidence. Second, the serum cholesterol was uptaken by hepatoma cells to meet the high cholesterol demand of cancer cells. In microsomes isolated from hepatomas, the level of cholesterol was about 30% higher than the value of normal hepatic cells surrounding the tumors (Eggens et al., 1990; Su et al., 2004). Therefore, lower blood cholesterol is observed in patients with more active HCC. Third, hypercholesterolemia per se suppresses the incidence and development of HCC. Though most preclinical studies support the pathogenic role of cholesterol in HCC development, some studies imply that high levels of cholesterol protect against HCC. There is a growing body of evidence supporting that cholesterol plays a vital role in regulating immune cell function (Kopecka et al., 2020). Recently studies showed that cholesterol accumulation in NK cells could activate the effector functions of NK cells against hepatoma cells (Qin et al., 2020). Lipid rafts, cholesterol-enriched membrane domains, play a critical role in the regulation of signaling transduction in cancers (Pike, 2009; Greenlee et al., 2021). High levels of cholesterol promoted CD44 translocation into lipid rafts and attenuated CD44-mediated migration and metastasis of HCC (Yang et al., 2018) (Figure 2).
DISCUSSION
Cholesterol homeostasis plays a vital role in the normal functions of organs, cells, and proteins. The precise role of cholesterol in the development of HCC is complex and needs to be addressed according to disease stage, cell type, HCC etiology, types of cholesterol, concurrent diseases, and many other factors. Extensive preclinical studies have proved a tumorigenic role of hepatic cholesterol in promoting the transition from NASH to HCC. Cholesterol acts as a risk factor through a multi-level mechanism, ranging from tissue microenvironment, cellular, and molecular regulations. However, in the advanced stage of HCC, when extensive liver damage is established, a higher cholesterol might indicate a better-preserved liver function. In this scenario, studies might conclude an opposite association between cholesterol and HCC. Moreover, in established HCC, increased intracellular cholesterol might play a detrimental role in one cell type, tumor cell, for instance, but may promote the immune surveillance function of immune cells, thereby exhibit overall beneficial effects. The etiology of HCC might also affect the association between cholesterol and HCC outcome. Whether HCC was caused by hepatitis virus infection, NAFLD, alcoholic liver diseases, or other conditions needs to be considered. Given the controversial observation of the roles of subtypes of cholesterol in HCC outcome, a careful evaluation on patients’ cholesterol profile could offer more accurate evidence on the roles of cholesterol in HCC. Another factor that needs to be considered is the cholesterol levels in circulation versus that in the liver. The inconsistency between blood and liver cholesterol might affect the conclusion. This was supported by the contradictory effect of statins in HCC progression. Owing to the central role of liver in cholesterol homeostasis, cholesterol lowing drugs that increase cholesterol loading into the liver might need more careful evaluation when applied to HCC therapy. HCC patients often have concurrent other disease conditions, such as cardiovascular diseases, which are ranked top cause of death for patients with NAFLD compared to HCC. Therefore, for patients with cardiovascular diseases, subtypes of cholesterol might predict a different outcome depending on their roles in cardiovascular conditions. Altogether, a rigorous assessment of all these factors might help future clinical trial designs. When assessing the roles of cholesterol in HCC development or HCC therapy, the cholesterol lowering drugs need to be carefully compared owing to their action target.
CONCLUSION
Cholesterol homeostasis is essential to health. Hypercholesterolemia is getting more and more attention from researchers as it exhibits associations with HCC. To draw a definitive conclusion of the relationship between cholesterol and HCC, many associated factors need to be taken into consideration for future clinical trial design, including etiology of HCC, detailed cholesterol profile including HDL and LDL, HCC stage, cholesterol-lowering drugs that are being used and their mechanisms of action, and their other conditions such as cardiovascular disease. Given the central role of cholesterol in atherosclerotic cardiovascular disease, the increasing health threat that HCC has brought to global populations, clinical studies that determine the role of cholesterol in HCC have great potential to shed some lights on our current understanding of HCC pathogenesis and therapy.
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Hypoxia is one of the main driving forces that results in poor outcomes and drug resistance in hepatocellular carcinoma (HCC). As the critical cellular oxygen sensor, mitochondria respond to hypoxic stress by sending retrograde signals to the nucleus that initiate adaptive metabolic responses and maintain the survival of HCC cells. Increasing evidence suggested autophagy contributes to sustain mitochondrial metabolic and quality control. Understanding how mitochondria communicate with the nucleus and alter transcription may provide promising targets for HCC treatment. In this study, we found mitochondrial undergoes selective degradation by autophagy under hypoxia. Furthermore, autophagy-activated HDAC6 not only promoted the nuclear translocation of β-catenin but also increased the affinity of β-catenin to the transcription repressor chicken ovalbumin upstream promoter-transcription factor 2 (COUP-TF II), which suppressed mitochondrial oxidative phosphorylation-related genes transcription. Our data showed that autophagy served as a critical mediator of integrating mitochondrial energy metabolism and nuclear transcription. HDAC6 may be a potential target for reducing the survival of HCC cells by interrupting mitochondria-nucleus crosstalk.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most malignant tumor types and the third leading cause of cancer-related death worldwide (1). Unfortunately, the 5-year overall survival rate of HCC patients is less than 20% (2). Hypoxia is known to be an important factor in the HCC tumor microenvironment that is caused by rapid tumor growth and a dysfunctional liver microvascular system. Recent studies have suggested that hypoxia-induced remodeling of mitochondrial metabolism is responsible for HCC recurrence and poor outcomes after chemotherapy (3, 4).

Mitochondria are not only the major cellular oxygen consumer but also the critical energy factory of the cell. They monitor the cellular metabolic status and integrate signaling pathways to maintain the cellular energy supply. Under hypoxic conditions, mitochondrial oxidative phosphorylation (OXPHOS) is suppressed, which is beneficial for cell survival (5, 6). Recent studies have demonstrated that dysregulated and damaged mitochondria are removed by autophagy in a process termed mitophagy that is critical for mitochondrial quality control. During this process, mitochondria are encircled by double-membrane vesicles and delivered to lysosomes for degradation (7). Interestingly, autophagy is also responsible for critical responses during tumorigenesis. Previous studies in HCC have found that inhibiting mitophagy promoted p53 phosphorylation and nuclear translocation in hepatic cancer stem cells (8). These studies indicated that dysregulated mitochondria-induced mitophagy may result in nuclear transcriptional responses. Thus, communication between mitochondria and the nucleus controls metabolic homeostasis during stress, such as that from hypoxia.

HDAC6 is a member of the class IIb histone deacetylase (KDACs) family. Recent studies have shown that HDAC6 controls mitochondrial respiration by interacting with the mitochondrial protein PHB2 (9). Importantly, HDAC6 also interacts with cortactin, through which it plays pivotal roles in autophagosome-lysosome fusion during autophagic clearance (10). Lee et al. demonstrated that HDAC6 was required for Parkin-mediated mitophagy (11). These data clarified its role in aggresome-autophagy and the acetylation modification of cytoplasmic proteins. Additionally, selective inhibitors of HDAC6, such as ACY-241 and ACY-1215, have become promising candidates for anticancer therapy (12). Thus, further investigations into whether HDAC6 participates in remodeling energy metabolism in HCC during hypoxia and how it functions in the coordination of mitochondria-nucleus crosstalk are needed.

There is a working hypothesis that pro-survival signaling from the Wnt/β-catenin pathway is frequently hyperactivated in HCC (13). β-catenin is a core transcriptional activator that translocates to the nucleus, where it recruits co-activators and transcription factors such as the nuclear DNA-binding proteins T cell factor/lymphoid enhancer-binding factor (TCF/LEF), HIF1α, and forkhead box protein O (FOXO)1 to regulate target gene expression (14–16). Although HDAC6 has been shown to regulate β-catenin stability, more recent studies have suggested that acetylation modifications at different sites may affect the affinity of β-catenin for different co-factors (17, 18).

In this study, we further explored the role of autophagy-induced HDAC6 activity in mitochondrial energy metabolism and nuclear transcription in HCC. Our findings suggested the activated HDAC6 promoted the nuclear translocation of β-catenin by suppressing its acetylation under hypoxia. Deacetylated β-catenin could recruit the transcription repressor COUP-TFII, which inhibited the transcription of OXPHOS-related genes, resulting in mitochondrial suppression during hypoxia in HCC cells. These results suggested that HDAC6 could be a messenger for the crosstalk between mitochondria and nucleus. Thus, targeting HDAC6 may be a potential therapeutic method against hypoxia-induced HCC cell survival.



Materials and Methods


Reagents and Antibodies

3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Tubacin (HY-13428) was purchased from Med Chem Express (Monmouth Junction, NJ). ACY-1215 was purchased from Selleck (shanghai, China). The following anti-body were used: anti-MPC1, anti-NR2F2 (Abcam, Cambridge, MA, USA); anti-HDAC6, anti-HIF1α, anti-β-Catenin, anti-LaminA/C, anti-beta actin (Proteintech, Chicago, IL, USA); anti-Acetyl-β-Catenin (Lys49) #9534, anti-acetyl-α-Tubulin (Lys40) #3971 (Cell Signaling Technology, Beverly, Massachusetts, USA).



Cell Culture and Transfection

SNU-387 and SNU-449 cells were obtained from American Type Culture Collection (ATCC; Rockville, MD, USA). Both cell lines were cultured in DMEM culture medium (Gibco Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA) at 37°C in a 5% CO2. Hypoxia (1% O2, 5% CO2, 95% N2) was achieved using a Hypo-Hyper Oxygen System. Lipofectamine 3000 reagent (Invitrogen) was used for transfection. The pcDNA3.1-wt-β-Catenin, pcDNA3.1-β-Catenin-K49Q, pcDNA3.1-β-Catenin-K49R and empty vector (NC) were constructed by Sangon Biotech (Shanghai, China).



Cell Viability Assays

The Real-Time Cell Analyzer (RTCA, Roche/ACEA Biosciences) was used for detecting cell proliferation, which monitored cell adhesion and proliferation through sensing electrical impedance. 8× 103 cells were seeded in E-plate 16 (ACEA Biosciences) with 37°C under normoxia and hypoxia. The cell index was measured every 5 min for 24 h and the increasing slop was used for cell growth rate measurement.



Transmission Electron Microscopy

Cells were fixed at 4°C in 2% glutaraldehyde. Then, they were post fixed in 2% OsO4 and the 50-nm thin sections were stained with 4% uranyl acetate and 2.5% lead nitrate for electron microscopy analysis.



Oxygen Consumption Rate Measurement

5×104 cells were seeded in 96-well plates. 1% O2 and Tubacin were used for indicated wells. After loading oxygen-sensitive time-fluorescent probes (Mito-Xpress, Luxcel Bioscience, Cork, Ireland), the oxygen consumption rate was measured using Omega luminometer (BMG Labtech, Ortenberg, Germany).



Mito-Tracker Green Staining

Centrifuge to obtain a cell pellet and aspirate the supernatant. Resuspend the cells gently in prewarmed (37°C) staining solution containing the mito-tracker probe for 15 minutes under growth conditions. After staining is complete, re-pellet the cells by centrifugation and resuspend cells in fresh prewarmed medium or buffer. Cells were analyzed by Accuri C6 Flow Cytometry (BD Biosciences, Franklin Lakes, NJ, USA).



Flow Cytometry for Cell Cycle

Cells (30 × 104 cells/well) were seeded in 6-well plates. After exposure to different treatment, cells incubated in propidium iodide/Triton X-100 staining solution with RNase A for 10 min at room temperature. Samples were analyzed by Accuri C6 Flow Cytometry (BD Biosciences, Franklin Lakes, NJ, USA). And its cell cycle-dependent distribution was analyzed using the ModFit LT 3.0 software.



ATP Production Analysis

Cells were treated with Tubacin for 12 h with 1% oxygen. ATP production was determined using an ATP Bioluminescence Assay Kit (Beyotime Technology). Omega luminometer was used to measure the values (BMG Labtech, Ortenberg, Germany).



Chromatin Immunoprecipitation

Cells treated with 1% oxygen and Simple ChIP plus enzymatic chromatin IP kit (magnetic beads) #9005 (Cell Signaling Technology, Beverly, Massachusetts, USA) was used as described in manufacturer’s instructions. Briefly, cells were fixed with formaldehyde to cross-link histone and non-histone proteins to DNA. The chromatin was digested with micrococcal nuclease into 150-900 bp DNA/protein fragments. Anti-β-Catenin antibodies was added followed by incubation overnight at 4°C and was captured by protein G magnetic beads. The protein/DNA complex was disintegrated, and DNA was purified for analysis. High-throughput sequencing was performed by Shanghai Outdo Biotech Co., Ltd.



High-Throughput Sequencing

For ChIP-seq data, sequencing reads were mapped to human reference genome hg19 assembly using Bowtie2. MACS peak calling module was applied to call peaks for β-Catenin by modeling the length of the protein-binding sequence. The number of paired-end reads that map to the sequence determined the relative abundance of the peek corresponding to the sequence. The threshold for peak calling was diffScore >= 50 which was exactly P value<=1e-5 [diffScore= -10*LOG10 (pvalue)]. Differential peaks between the samples were identified by MAnorm then annotated. In addition, hypergeometric optimization of motif enrichment (HOMER) was employed for the transcription factor motif enrichment calculation on selected peaks. Peak signals flanking transcription start sites were scaled and normalized to draw the density plot for the comparison between samples.



Luciferase Assay

The cells were transfected with the TOP-FLASH (TOP) and HIF1α luciferase reporter plasmid using transfection reagent. After 1% O2 treatment, cells were collected and lysed. The luciferase activity was measured using the Dual-Luciferase assay kits (Promega, Madison, WI, USA) according to the manufacturer’s instructions.



Protein Extraction and Western Blot Analysis

HCC cells were treated with a nuclear protein extraction kit (Beyotime Biotechnology, Wuhan, China) for nucleus extraction. Minute™ Mitochondrial Isolation Kit for Mammalian Cells (Invent Biotechnologies Inc., MN, USA). And Proteins were subjected to Western blotting as previously described (19).



Immunoprecipitation Assay

Cells were lysed in NP40 lysis buffer. Measure the total protein amount by BCA assay. And lysates of 0.5 ml contained a total of 1 mg protein. Add 2 μg of primary antibody to the whole lysate and set up a negative control experiment with control IgG. Gently rock the incubations at 4°C overnight. After adding 50 μl Protein G sepharose bead (Beyotime, China) slurry to capture the immune-complex, gently rocked the mixture at 4°C for 4 h. Wash the beads 3–4 times with 1 ml 1× TBST and resuspend the pellet with SDS sample buffer. Heat at 95°C for 5 min and centrifuge at 10,000g. Then load supernatants onto an SDS-PAGE gel for western blotting analysis.



Immunofluorescence Staining

Cells were washed and fixed in 4% (w/v) paraformaldehyde/PBS for 20 min. After permeabilized with 0.1% Triton X-100 for 15 min, bovine serum albumen was used for blocking. Then cells were incubated with primary antibody overnight at 4°C. FITC/Texas Red-conjugated secondary antibodies (1:200 dilution; Proteintech, Chicago, IL, USA) was used for cell staining. Images were acquired by an Olympus microscope system.



RNA Extraction and Quantitative Real-Time PCR

Total RNA extracted and First-strand cDNAs synthesized were described as before. Quantitative real-time PCR was done by using the MX300P instrument (Agilent, USA) followed by a 3-step PCR protocol. The primers sequences for MPC1, 5’-ACTATGTCCGAAGCAAGGATTTC-3’, 5’-CGCCCACTGA TAATCTCTGGAG-3’, SDHA, 5’-CAAACAGGAACCCGAGGTTTT-3’, 5’-CAGCTTGGTAACACATGCTGTAT-3’, SDHB, 5’-ACAGCTCCCCGTATCAAGAAA-3’, 5’-GCATGATCTTCGGAAGGTCAA-3’, NDUFS1, 5’-TTAGCAAATCACCCATTGGACTG-3’, 5’-CCCCTCTAAAAATCGGCTCCTA-3’. The relative expression was calculated by ΔCt among different experimental groups normalized to ACTB expression



HDAC6 Enzymatic Activity Measurement

Cells were seeded in 6-well plates and incubated with 1% O2. After centrifugalization, cells were re-suspended into PBS (PH=7.2-7.4). Sonication was used to break up membranes and release cell component. Centrifuged at the speed of 3000 rpm/min for 20 minutes and collected supernatant. The HDAC6 activity assay kits (Meimian, China) were used as described in the manufacturer’s instructions. In brief, testing and standard samples were added to micro-elisa stripplate and incubated for 30 min at 37°C. Wash the wells and add HRP-conjugate regent in each sample. The enzymatic activity was analyzed at 450 nm after adding chromogenic agen.



In Vivo Xenograft Experiments

All experimental procedures were performed in accordance with the National Institutes of Health guide for the care and use of laboratory animals. The study was approved by Institutional Animal Research Committee of China Medical University. SNU-387 cells were subcutaneously injected into the nude mice (BALB/c, SPF grade, 18-20 g, 6 weeks old, and male) from the animal experimental center (Beijing, China). Mice were randomized in to two groups and intraperitoneally administered 50mg/kg ACY-1215 every two days for 2 weeks. The body weight and tumor volumes were measured. The expression of proteins and mRNA were evaluated.



Statistical Analysis

All data were conducted using means ± SD and carried out using the Student’s t-tests. Differences were considered statistically significant for P values <0.05.




Results


Hypoxia Promoted HCC Cell Survival and Autophagy on Mitochondria

Our results found that, compared with normoxia (21% O2), HCC cells showed increased viability with 1% oxygen treatment, which indicated that HCC cells may overcome normal barriers to proliferation, such as hypoxia, as they adapted to the ever-changing hostile tumor microenvironment (Figure 1A). Mitochondrial respiration was measured by the oxygen consumption rate (OCR), which indicated that 1% oxygen treatment limited the OXPHOS levels of HCC cells (Figure 1B).We assumed hypoxia may switch tumor cells from using OXPHOS to glycolysis as their primary energy source. Furthermore, we found that mitochondrial mass was reduced with prolonged hypoxia exposure (Figure 1C). Mitochondrial morphology changes rapidly in response to external stress and insults and is intimately linked to OXPHOS activity. Transmission electron microscopy (TEM) showed that hypoxia caused mitochondrial swelling and disorganized cristae. Importantly, we also observed increased numbers of autophagosomes under hypoxia (Figure 1D). To examine whether hypoxia promoted mitophagy in HCC cells, we further isolated mitochondria and investigated the levels of autophagy-related protein markers. The results showed the ubiquitinated protein was obviously accumulated on mitochondria. Furthermore, compared with cytoplasm, increasing LC3 was recruited to mitochondria under hypoxia; additionally, the key autophagy adaptor protein p62 was degraded significantly (Figure 1E). These studied suggested that hypoxia may cause mitochondria inhibition and induced autophagy on mitochondria in HCC cells.




Figure 1 | Hypoxia suppressed mitochondrial function and promoted mitophagy of HCC cells. (A) Cell proliferation rate was measured by RTCA system and the increasing slop was used for cell growth rate detection. (B) Measurement of OCR in SNU-387 cells exposed to hypoxia or normoxia for 6h (means ± SD, n = 3, *P < 0.05). (C) Mitochondrial mass was analysis by mito-tracker green in SNU-449 cells under hypoxia. (D) The morphology of SUN-387 cells mitochondria was observed with TEM under hypoxia. (E) Mitochondria of SNU-387 cells was isolated and the protein expression of autophagy were investigated.





Autophagy-Induced HDAC6 Activity Participated in Mitochondrial Suppression in Hypoxic HCC Cells

Previous studies have indicated that HDAC6 was involved in mediating stress responses during hypoxia (20). We found that HDAC6 was primarily localized to the cytoplasm of HCC cells under normoxic conditions, while hypoxia promoted its perinuclear redistribution. Furthermore, deacetylase activity was significantly increased under 1% oxygen treatment (Figures 2A, B). Chloroquine (CQ) was used to determine whether the activated HDAC6 was caused by autophagy, and the results showed that HDAC6 activity was suppressed upon autophagy inhibition (Figure 2C). Acetylation levels of the key HDAC6 substrate α-tubulin was used to verify its enzyme activity. Tubacin was a highly selective HDAC6 inhibitor belonging to aliphatic-chain hydroxamate family. The results showed compared with normoxia, acetylated α-tubulin was decreased under hypoxia while HDAC6 inhibitor tubacin significantly up-regulated its acetylation (Figure 2D). In order to explore the role of HDAC6 inhibition in HCC cell proliferation caused by hypoxia, we investigated cell cycle and the results indicated that HDAC6 inhibition showed features of G2 arrest (Figures 2E, F). We further considered the effect of HDAC6 inhibition in mitochondrial function. The results suggested suppressed HDAC6 could rescue the decreased oxygen consumption and increased ATP production (Figures 2G, H). These results suggested that autophagy-induced HDAC6 activity during hypoxia contributed to decreased mitochondrial OXPHOS.




Figure 2 | HDAC6 inhibition increased mitochondrial respiration and suppressed hypoxia-induced proliferation features of HCC cells. (A) Immunofluorescence staining for HDAC6 in SNU-449 cells under normoxic or hypoxic conditions. Scale bar = 60 μm. (B) The activity of HDAC6 was measured in SNU-387 cells (means ± SD, n = 3, **P < 0.01). (C) SNU-387 and SNU-449 cells were treated with CQ and the activity of HDAC6 was measured (means ± SD, n = 3, *P < 0.05). (D) SNU-449 cells treated with tubacin for 6h and total cell lysates were subjected to western blot analysis as indicated. (E, F) SNU-387 and SNU-449 cells were treated with ACY-1215 for 24h and propidium iodide staining was used for cell cycle was analysis. (G) SNU-449 cells were treated with tubacin for 24h under hypoxia and the production of ATP was evaluated (means ± SD, n = 3, *P < 0.05). (H) Measurement of OCR in SNU-387 cells treated with Tubacin for 6h under hypoxic conditions.





Hypoxia Controlled β-Catenin Signaling in HCC Cells

β-catenin functions as the core transcriptional coactivator of the canonical Wnt pathway and translocate from the cytoplasm to the nucleus, where it combines with TCF/LEF to promote target gene expression (21). Our results showed that hypoxia increased nuclear β-catenin levels in SNU-387 and SNU-449 cells (Figure 3A). However, HCC cells under hypoxia showed higher HIF1α transcription activity but lower TCF/LEF transcription activity (Figures 3B, C). To further investigate the role of nuclear β-catenin accumulation under hypoxia, chromatin immunoprecipitation with parallel DNA sequencing (ChIP-seq) was performed to identify potential target genes. In total, 625 β-catenin-enriched peaks were uncovered by ChIP-seq analysis. Among them, only 20.6% (129/625) were recovered in both the hypoxia and normoxia groups. Importantly, hypoxia induced differential expression of 71.9% (331/460) of these genes, suggesting that hypoxia may alter the transcriptional outputs of β-catenin (Figure 3D). Additionally, β-catenin binding was observed to be closer to transcription start sites during hypoxia, suggesting strong effects on gene expression under reduced oxygen (Figure 3E). Finally, we determined the diverse binding motifs between hypoxia and normoxia. The results suggested that COUP-TFII may be an important β-catenin cofactor under hypoxia (Figure 3F).




Figure 3 | Hypoxia affected the transcriptional activation of β-Catenin signaling on target genes. (A) Immunofluorescence staining for β-Catenin in SNU-449 and SNU-387cells under normoxic or hypoxic conditions. Scale ba r= 60 μm. (B, C) TOP flash or HRE-promoter luciferase plasmid were transfected into SNU-387 cells (means ± SD, n = 3, *P < 0.05, **P < 0.01 versus the control group). (D) Venn diagram showing overlap between hypoxia group (red) and normoxia group (blue). (E) Analysis of hypoxia group and normoxia group ChIP peak signals. (F) Nucleotide binding motifs of β-Catenin under hypoxic conditions.





HDAC6 Regulated the Interaction Between β-Catenin and COUP-TFII During Hypoxia

The affinity of β-catenin for a transcription cofactor such as TCF is regulated by lysine acetylation. We found that HDAC6 inhibition decreased the nuclear translocation of β-catenin that was induced by hypoxia (Figure 4A). The β-catenin N-terminus has acetylation sites that regulate its stability and signaling. Previous studies showed that Lys49 could increase TCF/LEF activity (22). Our results showed that Lys49 acetylation was suppressed during hypoxia (Figure 4B). ACY-1215 was another HDAC6 selective inhibitor belonging to aliphatic-chain hydroxamate derivative. More importantly, hypoxia promoted the interaction between β-catenin and COUP-TFII, while HDAC6 inhibition abolished this interaction (Figure 4C). To explore whether Lys49 site was involved in the interaction between β-catenin and COUP-TFII, we constructed the acetylation-mimetic mutant β-catenin-K49Q and deacetylation-mimetic mutant β-catenin-K49R. The results of expressing these mutant constructs in HCC cells suggested that Lys49 deacetylation could significantly enhance binding of β-catenin to COUP-TFII (Figure 4D).




Figure 4 | Acetylation affected the interaction between β-Catenin and COUP-TFII. (A) Western blotting was used to analysis the expression of β-Catenin in SNU-387 cells treated with Tubacin under hypoxia. (B) SNU-387 cells were exposed to hypoxic conditions and treated with Tubacin for 6h. Then total cell lysates were subjected to western blot analysis. (C) SNU-449 cells were exposed to hypoxic conditions and treated with ACY-1215 for 6h. Immunoprecipitation was performed using anti-COUP-TFII and precipitated proteins were identified by immunoblotting. (D) SNU-449 cells were transfected with wt-β-Catenin and β-Catenin acetylation-mimetic mutants and immunoprecipitation was performed as C described.





HDAC6 Inhibition Elevated Mitochondrial OXPHOS-Related Genes Regulated by COUP-TFII in HCC Cells

Current studies indicated COUP-TFII was critical for transcription repression of mitochondrial electron transport chain enzyme, mitochondrial biosynthesis, mitochondrial pyruvate transport, oxidative stress detoxification and mitochondrial dynamics (23).In this study, we investigated the mRNA expression of genes encoding respiratory chain complex I, complex II and mitochondrial pyruvate carrier that reported regulated by COUP-TFII. The results indicated HDAC6 inhibition was effective to reverse these genes suppression caused by hypoxia in HCC cells (Figure 5A). Kaplan-Meier Plotter (http://kmplot.com/analysis/) online database was used for analyzing prognostic value of gene mRNA expression. 384 liver hepatocellular carcinoma patients were divided into high and low expression group based on auto selected performing threshold computed by the website. Hazard ratios (HRs) with 95% confidence intervals (CI) and log-rank P-values were calculated. UALCAN (http://ualcan.path.uab.edu) was used to analyze the association of mRNA expressions with clinicopathologic parameters. The results showed patients with SDHA, SDHB and MPC1 low expression may indicate more malignant type and shorter survival times (Figures 5B, C). These results suggested that HDAC6 inhibition may be a promising method for regulating mitochondrial OXPHOS during hypoxia through β-catenin/COUP-TFII axis.




Figure 5 | HDAC6 inhibition elevated mitochondrial OXPHOS-related genes regulated by COUP-TFII in HCC. (A) SNU-387 and SNU-449 cells were treated with Tubacin for 12h under hypoxia and mRNA level of NDUFS1, SDHA, SDHB and MPC1 were analyzed (means ± SD, n = 3, *P < 0.05 versus the hypoxia group). (B) Kaplan-Meier survival analysis was conducted to assess the NDUFS1, SDHA, SDHB and MPC1 expression in liver hepatocellular carcinoma. (C) Investigation of SDHA, SDHB MPC1 and NDUFS1 expression in different histologic grade of liver hepatocellular carcinoma, *P < 0.05, **P < 0.01 versus normal group.





Targeting HDAC6 Suppressed HCC Growth In Vivo

Currently, HDAC6 inhibitor ACY-1215 has been reported under clinical trials for different cancer therapy either monotherapy or in combination with other drugs, such as metastatic breast cancer and myeloid leukemia, which suggested targeting HDAC6 may become promising strategy in cancer therapy (12, 24). We next investigated the effects of using the HDAC6 inhibitor ACY-1215 in vivo on an HCC xenograft tumor model. Two-weeks after tumor inoculation, mice were divided into control and ACY-1215 treatment groups. The results showed that there was no significant change in body weight between the two groups (Figure 6A). Importantly, tumors treated with ACY-1215 grew slower than those in the control group (Figures 6B–D), indicating that HDAC6 inhibition was also effective for HCC in vivo. After investigating the expressions of the target proteins and genes in each sample, we found HDAC6 was down-regulated and acetylated α-tubulin was accumulated following ACY-1215 treatment. Furthermore, western blot analysis revealed improved levels of deacetylated β-catenin Lys49 in therapy group (Figure 6E). In addition, less expression of β-catenin deacetylation in sample 6 may blame on its low base level of β-catenin. Consistent with the experiments in vitro, the mRNA level of MPC1, SDHA, SDHB and NDUSF1 were increased with HDAC6 inhibition compared with control group (Figure 6F). These findings suggested that β-catenin/COUP-TFII signaling was involved in tumor suppression following ACY-1215 treatment in vivo.




Figure 6 | Inhibiting HDAC6/β-Catenin signal suppressed HCC growth in vivo. (A) Bodyweight was investigated each day. (B) Xenograft tumor weight was recorded on day 13 (means ± SD, n = 3, **P < 0.01). (C) Tumor volumes was determined by length and width measurement (means ± SD, n = 3, **P < 0.01). (D) Image of excised tumors from each groups. (E) Tumor tissues from mouse xenograft model were lysed in RIPA and total cell lysates were subjected to western blot analysis. S1-S3 were from control group and S4-S6 were treated with ACY-1215 (means ± SD, n = 3, *P < 0.05; ns, not significant). (F) Tumor tissues were lysed in TRIzol regent and mRNA level of NDUFS1, SDHA, SDHB and MPC1 were analyzed.






Discussion

Multi cellular organisms have evolved mechanisms to rapidly adapt to hypoxia, and these pathways have been co-opted to prolong the survival of HCC cells. Coordination between mitochondria and the nucleus is necessary for maintaining the energy supply and inhibiting the toxicity induced by hypoxia (25). In this study, we found hypoxia induced-autophagy increased HDAC6 activity in HCC cells which was responsible for mitochondrial energy metabolism suppression. Our studies indicated HDAC6-mediated Lys49 deacetylation not only promoted β-catenin nuclear translocation but changed its binding transcription partners to COUP-TFII (Figure 7).




Figure 7 | Proposed model by which autophagy-induced HDAC6 inhibited mitochondrial OXPHOS through regulating β-Catenin acetylation during hypoxia.



In our study, hypoxia caused autophagy on mitochondrial. The selective degradation of mitochondria through autophagy is called mitophagy Studies have suggested that hypoxia and/or low nutrient conditions induce metabolic stress that can trigger mitophagy (26, 27). Our data showed that under hypoxia, mitochondrial mass was significantly reduced, and autophagy-related proteins were recruited to mitochondria, indicating that hypoxia induced mitophagy in HCC cells. As shown in a previous study, the nuclear translocation of Nrf2 and TFEB are promoted by mitophagy (28); thus, we speculated that mitophagy is not only a catabolic process but is also involved in transcriptional responses via retrograde signaling. HDAC6 was discovered as a histone deacetylase; however, its role in regulating cytoplasmic protein acetylation has been revealed by subsequent studies. Currently, it is suggested that pharmacological inhibition of HDAC6 could improve mitochondrial fusion and motility (29). Other studies have indicated that HDAC6 regulates mitochondrial motility through the deacetylation of Miro1 (30). We found mitochondrial OXPHOS and ATP production were improved following HDAC6 pharmacological inhibition. Importantly, autophagy suppression through CQ could inhibit HDAC6 activity, which indicated that mitophagy may be involved in HDAC6 activation in HCC cells. However, the precise mechanism of mitophagy process induced by hypoxia is still unclear. Importantly, mitophagy pathway shares core molecular mechanisms with macroautophagy and they may both contribute to HDAC6 activation. Further study is needed to clarify how mitophagy regulates HDAC6 activity during hypoxia in HCC cells.

The nuclear translocation of β-catenin is key to activating the proliferative signaling mediated by TCF/LEF family members. Previous studies indicated under nutrient deprivation conditions, β-catenin formed complex with LC3 on the autophagosome membrane following degradation by autophagy (31). Studies on HepG2 and SMMC-7721 cells showed autophagy may inhibit the phosphorylation of β-Catenin at serine 33 and promote its nuclear translocation (32).Our experiments found hypoxia did not significantly affect the protein expression of β-catenin in HCC cells, but improved its nuclear expression. Moreover, inhibition HDAC6 activity could suppress its nuclear transport during hypoxia, which indicated that HDAC6-mediated β-catenin deacetylation resulted in its nuclear accumulation in HCC cells. Previously, it suggested the nuclear translocation of β-catenin results in binding to other transcription factors such as HIF-1α to initiate the transcription of glycolysis-promoting genes under hypoxic conditions (33). Consistent with these findings, our results indicated that although there was a large pool of nuclear β-catenin in HCC cells during hypoxia, there was reduced transcription activity of TCF/LEF. Furthermore, ChIP-seq was used to determine DNA sequences bound by β-catenin that were specific to hypoxic conditions. Motif analysis of the isolated DNA fragments suggested an association of β-catenin with the transcriptional repressor COUP-TFII, which we confirmed through co-immunoprecipitation assays. Importantly, HDAC6 inhibition could effectively block the interaction between COUP-TFII and β-catenin, which supported the conclusion that an acetylation modification was involved in regulating β-catenin signaling during hypoxia in HCC cells. We further investigated the specific acetylation site required for the interaction with COUP-TFII, which revealed that acetylation-deficient/mimetic mutants of β-catenin at Lys49 controlled the interaction with COUP-TFII.

Low oxygen levels result in the suppression of mitochondrial OXPHOS-related genes such as those involved in pyruvate metabolism and the electron transport chain, which induces a metabolic shift from mitochondrial OXPHOS to glycolysis (34). Mitochondrial import of pyruvate by the MPC complex is the first step of OXPHOS, which is regulated by oxygen concentrations (35). Suppressing COUP-TFII by RNAi upregulated MPC1 expression (36). Furthermore, current studies observed the negatively correlation between COUP-TFII and genes encoding mitochondrial electron transport chain in complex I, complex II and complex III, which suggested COUP-TFII may play pivotal roles in mitochondrial energy metabolism inhibition (37). In this study, we investigated the expression of MPC1 and the reported COUP-TFII correlated genes in electron transport chain in vitro and in vivo. The results confirmed inhibiting the HDAC6/β-catenin/COUP-TFII axis could increase their expression in HCC cells under hypoxia. However, SDHA in SNU-387 cells and NDUFS1 in SNU-449 cells were not significantly down-regulated under hypoxia. We speculated there may exist several compensatory response in their regulation such as reported sirtuin and the transcription factor MDM2 activation (38, 39). In addition, NDUFS1 currently didn’t show correlation with patients’ clinicopathologic parameters, which may be related to its low expression in liver hepatocellular carcinoma. Furthermore, the ChIP-seq also found other peaks related to mitochondrial energy metabolism such as ACSS1 (acyl-CoA synthetase short chain family member 1), CYP11A1 (cytochrome p450 family 11 subfamily A member 1) and mitochondrial fusion mediator MFN1 (mitofusin 1). The changes of these genes caused by β-Catenin deacetylation and their roles in regulating mitochondrial function during hypoxia deserve further attention. Briefly, we conclude that HDAC6-mediated β-catenin deacetylation may control mitochondrial OXPHOS by regulating the interaction between β-catenin and the transcriptional repressor COUP-TFII.

In summary, this study provided evidence that hypoxia-induced autophagy is a critical player in integrating mitochondrial energy metabolism with nuclear transcriptional responses. Autophagy activated HDAC6 regulates β-catenin acetylation and alters its binding to transcription cofactors in HCC cells. Targeting HDAC6 may become a novel strategy to disturb crosstalk between mitochondria and nucleus, which could inhibit HCC cell survival caused by hypoxic condition.
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Costunolide-Induced Apoptosis via Promoting the Reactive Oxygen Species and Inhibiting AKT/GSK3β Pathway and Activating Autophagy in Gastric Cancer
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Objective: Costunolide (Cos) is a sesquiterpene lactone extracted from chicory. Although it possesses anti-tumor effects, the underlying molecular mechanism against gastric cancer cells remains unclear. This study aimed to explore the effect and potential mechanism of Cos on gastric cancer.

Methods: The effect of Cos on HGC-27 and SNU-1 proliferation was detected by CCK-8 and clone formation assay. The changes in cell apoptosis were determined using Hoechst 33258 and tunel staining. The morphology of autophagy was analyzed by autophagosomes with the electron microscope and LC3-immunofluorescence with the confocal microscope. The related protein levels of the cell cycle, apoptosis, autophagy and AKT/GSK3β pathway were determined by Western blot. The anti-tumor activity of Cos was evaluated by subcutaneously xenotransplanting HGC-27 into Balb/c nude mice. The Ki67 and P-AKT levels were examined by immunohistochemistry.

Results: Cos significantly inhibited HGC-27 and SNU-1 growth and induced cell cycle arrest in the G2/M phase. Cos activated intrinsic apoptosis and autophagy through promoting cellular reactive oxygen species (ROS) levels and inhibiting the ROS-AKT/GSK3β signaling pathway. Moreover, preincubating gastric carcinoma cells with 3-methyladenine (3-MA), a cell-autophagy inhibitor, significantly alleviated the effects of Cos in inducing cell apoptosis.

Conclusion: Cos induced apoptosis of gastric carcinoma cells via promoting ROS and inhibiting AKT/GSK3β pathway and activating pro-death cell autophagy, which may be an effective strategy to treat gastric cancer.

Keywords: costunolide, apoptosis, autophagy, ROS, Akt/GSK3β, gastric cancer


INTRODUCTION

Gastric cancer (GC), one of the most common malignancies worldwide, is the third leading cause of cancer deaths worldwide (Bray et al., 2018), with more than half of the cases occurring in East Asia especially in China, Japan, and South Korea (Rahman et al., 2014). In China, gastric cancer is among the most common malignancies, and its number of new cases accounts for 46% of the global incidence (Hamashima, 2014; Zong et al., 2016; Wang K. et al., 2020). Gastric cancer is often diagnosed late and is composed of several subtypes with distinct biological and molecular properties. Therefore, 25–50% of gastric cancer cases metastasized during disease progression (Johnston and Beckman, 2019). Currently, surgery is the preferred treatment for patients against gastric cancer, and chemotherapy remains the primary option for patients with advanced gastric cancer (Cunningham et al., 2006). However, more than half of the gastric cancer patients undergoing radical resection developed local recurrence or distant metastasis, and the prognosis is generally poor (Efferth et al., 2008). In addition, another important problem in tumor chemotherapy is the development of drug resistance and side effects (Turner et al., 2012), so that most patients with gastric cancer share a poor quality of life, with a survival time of less than 5 years in a majority of cases (Suzuki et al., 2016). Therefore, novel drugs against gastric cancer with low toxicity and high potency need to be developed urgently in the clinic.

Plants have long been regarded as a rich source of natural products with a broad range of bioactivities, and numerous studies have identified natural products with anti-cancer activities (Zhang J. Y. et al., 2016; Lin et al., 2017; Kang et al., 2019; Liu et al., 2019). Costunolide (Cos) is a natural sesquiterpene lactone extracted from various medicinal plants (Cao et al., 2016), including Saussurea, costus, and chicory (Garayev et al., 2017). Accumulating evidence has demonstrated multiple pharmacological activities of Cos, including anti-inflammatory, anti-allergic, and anti-microbial effects (Duraipandiyan et al., 2012; Park et al., 2016; Lee et al., 2018). Recent studies have found that Cos possesses anti-cancer effects against human gastric adenocarcinoma, prostate cancer, liver cancer, bladder cancer, and esophageal cancer, and promotes apoptosis of a variety of cancer cells (Rasul et al., 2013; Hua et al., 2016a; Chen et al., 2017; Mao et al., 2019; Yan et al., 2019). However, the molecular mechanism underlying the effects of Cos against gastric cancer cells has yet to be elucidated.

Programmed cell death (PCD) plays an important role in cancer pathogenesis and treatment, including apoptosis, autophagy, and programmed necrosis and other mechanisms. The form of type I PCD is called apoptosis, with characteristics of cell membrane blebbing, cell shrinkage, and chromatin condensation (Burgess, 2013), which occurs in two main classical pathways: (1) the external pathway, stimulated by the activation of the death receptor ligand system; and (2) the internal pathway, caused by the change of mitochondrial membrane permeability, the formation of the apoptosome, and the release of apoptosis-related proteins. The form of type II PCD is termed autophagy, with characteristics of autophagosomes and autophagolysosomes appearing in the cytoplasm, digested eventually and degraded by their own lysosomes, causing cell death (Al-Bari and Xu, 2020).

Reactive oxygen species (ROS) plays a vital role as a “second messenger” in the intracellular signal cascade, controlling the growth, proliferation, migration, and apoptosis or PCD of cancer cells. An excessive amount of ROS caused oxidative damage in the mitochondria of cancer cells to interfere with cell signaling pathways, such as AKT (protein kinase B, PKB)/glycogen synthase kinase-3β (GSK3β) signaling pathway. AKT phosphorylation and the regulation of downstream effector molecules GSK3α/β play a key role in regulating cell survival, growth, and metabolism (Al-Bari and Xu, 2020).

In this study, we investigated the effect of Cos on the proliferation, cell cycle, apoptosis, and autophagy of gastric cancer GC cell lines both in vitro and vivo. The results showed that Cos inhibited HGC-27 and SNU-1 cell growth and induced apoptosis and autophagy via the ROS-AKT/GSK3β pathway and induced apoptosis through activating pro-death autophagy, which provides experimental support and a theoretical basis for further research on the role of Cos in gastric cancer treatment.



MATERIALS AND METHODS


Experimental Reagents

Gastric carcinoma cell lines (HGC-27) (cat. No. CL-0107) and (SNU-1) (cat. No. CL-0474), normal human gastric epithelial cells (GES-1) (cat. No. CL-0563), and fetal bovine serum (FBS) were purchased from Wuhan Procell Life Technology, Wuhan, China. RPMI-1640 medium was purchased from Gibco (Thermo Fisher Scientific, Carlsbad, CA, United States). The Hoechst 33258 staining solution (C1017), TUNEL Apoptosis Assay Kit (C1088), and BCA Protein Assay Kit (P0012) were procured from Beyotime Institute of Biotechnology, Shanghai, China. Rabbit anti-human Cyclin B1 (1:1,000, cat. No. 12231S), Rabbit anti-human cell division cyclin 25 homolog C (Cdc25c) (1:1,000, cat. No. 4866S), Rabbit anti-human Cdk1(1: 1,000, cat. No. 77055S), Rabbit anti-human Caspase 3 (1: 1,000, cat. No. 9662S), Rabbit anti-human Bcl-2(1:1,000, cat. No. 4223S), Rabbit anti-human Bax (1: 1,000, cat. No. 2774S), Rabbit anti-human Bak (1:1,000, cat. No. 12105S), Rabbit anti-human PARP (1:1,000, cat. No. 9532S), Rabbit anti-human Caspase 8 (1:1,000, cat. No. 4790S), Rabbit anti-human death receptor-4 (DR4) (1:1,000, cat. No. 42533S), Rabbit anti-human death receptor-5 (DR5) (1:1,000, cat. No. 69400S), Rabbit anti-human Fas ligand (FasL) (1:1,000, cat. No. 68405S), Rabbit anti-human Fas (1: 1,000, cat. No. 4233S), Rabbit anti-human microtubule-associated protein1 light chain3B (LC3B) (1:1,000, cat. No. 3868S), Rabbit anti-human IRE1α (1:1000, cat. No. 3294S), Rabbit anti-human p62 (1:1,000, cat. No. 5114S), Rabbit anti-human Beclin (1:1,000, cat. No. 3495S), Rabbit anti-human PARP (1:1,000, cat. No. 9532S) antibody, rabbit anti-human AKT (1:1,000, cat. No. 9272S) antibody, rabbit anti-human phosphor-Akt (1:2,000, cat. No. 4060S) antibody, rabbit anti-human GSK3β (1:1,000, cat. No. 9315S) antibody, rabbit anti-human phosphor-GSK3β (Ser 9) (1:1,000, cat. No. 9322S) antibody, and rabbit anti-human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:1,000, cat. No.5174S) antibody were obtained from Cell Signaling Technology, Cambridge, MA, United States. Rabbit anti-mouse Ki-67 (1:1,000, cat. No. ab16667) was obtained from Abcam, Cambridge, United Kingdom. A horseradish peroxidase (HRP)-labeled goat anti-rabbit Immunoglobulin G (IgG) antibody (1:2,000, cat. no. CW0103) was purchased from CWbio, Beijing, China. Cell Counting Kit-8 kits (CCK-8), ROS detection kits (S0033S), Annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kits (C1062M), and cell cycle detection kits (C1052) were purchased from Beyotime. D-luciferin (122799) was from Perkin Elmer, Waltham, MA, United States. NAC (HY-B0215), SC79 (HY18749), 3-Methyladenine (3-MA) (HY-19312) were from MedChemExpress, Monmouth Junction, NJ, United States. 4% polyformaldehyde was from Solarbio, Beijing, China.



Cell Culture

HGC-27 and SNU-1 were cultured in Roswell Park Memorial Institute 1640 (RPMI 1640) (containing 100 μg/ml streptomycin and 100 IU/ml penicillin) supplemented with 100 ml/L FBS and kept at 37°C with 5% CO2 atmosphere.



Cell Proliferation Assay and Observation of Cell Morphology

HGC-27 and SNU-1 that are in the logarithmic growth phase were collected and inoculated into a 96-well plate at 5 × 103 cells/well, cultured overnight at 37°C; then HGC-27 and SNU-1 were treated with Cos at different concentrations (0, 2.5, 5, 10, 20, 40, 80, and 160 μmol/L) in FBS-free RPMI 1640 for 24 and 48 h, and cell proliferation was detected by the Cell Counting Kit-8 assay. We added 10 μl of CCK-8 reagent to the cells in each well and incubated them at 37°C for 4 h; optical density values were measured with a microplate reader at 450 nm. After the half-maximum inhibitory concentration (IC50) was determined, the cells in four different Cos concentrations were selected according to the IC50, observed, and photographed under inverted light microscopy (Leica, DMIL, Germany × 200). The cells in five microscope fields of view were randomly selected for counting to evaluate the cell viability in each group.



Colony Formation Assay

HGC-27 and SNU-1 were seeded into the 60 mm dish at a density of 500 cells/well and cultured into RPMI 1640 containing 10% FBS for 24 h, then treated with various concentrations of Cos (0, 10, 20, and 40 μM). The treated cells were resuspended in RPMI 1640 containing 10% FBS and cultured in 5% CO2 at 37°C for 15 days to form colonies. After the dish was washed with PBS, the colonies were fixed with 4% polyformaldehyde at room temperature then dyed with 1% crystal violet for 30 min at room temperature. Colonies comprising 50 cells or more were counted by microscope (Leica Microsystems, Wetzlar, Germany) as previously described (Chen et al., 2016). Each experiment was done thrice in this study. Colony formation rate = the number of each treatment/the number of control × 100%.



Hoechst 33258 Staining

HGC-27 and SNU-1 were seeded into 12-well plates, cultured for 24 h, then treated with 0, 10, 20, and 40 μM Cos for 24 h. The adherent cells were washed twice with PBS, then stained with Hoechst 33258 (Beyotime) for 5 min at room temperature in the dark. After being washed twice, the blue-stained nucleus was observed under the BX41 fluorescence microscope (Olympus, Tokyo Japan; amplification: × 400). The nucleus of living cells presents diffuse and uniform fluorescence, and the characteristic of apoptotic cells was that the nucleus or cytoplasm presents dense granular and clumpy fluorescence. Images were captured to quantitatively analyze via Image Pro Plus analysis software 6.0 (Media Cybernetics Inc., Rockville, MD, United States).



Tunel Staining

The apoptosis of GC cells and animal tumors were evaluated via the Tunel Apoptosis Assay Kit (Beyotime). Firstly, the cell samples and paraffin-embedded tissue sections (4 μm thick) were treated by protein kinase K and 3% H2O2, respectively, and incubated with Tunel detection solution (the component of Tunel staining kit) for 1 h at 37°C, then incubated with Streptavidin-HRP working solution. At last, the DAB solution was added and the samples were observed and photographed under the BX41 fluorescence microscope (Olympus Corporation; amplification: × 400). Images were captured to quantitatively analyze the apoptosis of cells via Image-Pro Plus analysis software 6.0 (Media Cybernetics). The number of apoptotic cells and the total number of cells were counted, and the proportion of apoptosis was calculated. Apoptosis cell proportion = number of positive cells/total number of cells × 100%.



Flow Cytometry Assay

Cell cycle, apoptosis, and ROS level were measured by flow cytometry analysis. HGC-27 and SNU-1 (2.0 ml/well, 3 × 105 cells/mL) were seeded and cultured into the six-well plate for 24 h. After aspiration, the cells were incubated with 2.0 ml of Cos at different concentrations (0, 10, 20, and 40 μmol/L) or treated with Cos before pretreating with NAC in FBS-free high-glucose DMEM for 24 h. The cell cycle detection kit, Annexin V-FITC apoptosis detection kit, and ROS detection kit were used for analysis according to the manufacturer’s instructions, respectively. Briefly, the collected cells were stained with 75% ethanol at 4°C overnight, propidium iodide (PI) for cell cycle analysis, and Annexin V-FITC and PI for 15 min at 37°C in a darkroom for apoptosis analysis, respectively. Then they were incubated with 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) for 15 min at 37°C in a darkroom for ROS level analysis. The cells were analyzed via flow cytometry (BD FACSCalibur; Becton Dickinson, San Jose, CA, United States).



Western Blot Analysis

The levels of cell cycle-related protein (Cyclin B1, Cdc25c, Cdk1), intrinsic apoptosis-related proteins (Caspase 3, Bak, Bax, Bcl2, PARP), extrinsic apoptosis-related proteins (caspase 8, DR4, Fas, FasL), autophagy-related proteins (LC3B, beclin-1, p62), and signaling pathway-related proteins (AKT, P-AKT, GSK3β, and P-GSK3β) in HGC-27, SNU-1 were analyzed by Western blot analysis. Briefly, the protein of GC cell lines HGC-27 and SNU-1 was extracted with radioimmunoprecipitation assay (RIPA) lysis buffer containing protease inhibitors on ice, and quantified using the BCA Protein Assay Kit. The protein bands were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes. After being blocked with 5% bovine serum albumin (BSA) in phosphate-buffered saline with Tween (PBST) for 1 h, the membranes were incubated with primary antibodies at 4°C overnight, then incubated with HRP-conjugated secondary antibodies for 1 h at room temperature. The SuperSignal ELISA Femto Substrate was added onto the membranes in a darkroom and was subsequently exposed to x-ray films. The intensity of the Western bands was determined by Image J software version 1.46 [National Institutes of Health (NIH), Bethesda, MD, United States].



Immunofluorescence

The slides with the climbed cells in the culture plate were fixed with 4% paraformaldehyde and permeabilized with 0.5% Triton X-100 for 20 min. After being blocked with BSA, the cells were incubated with the LC3B primary antibody overnight at 4°C. At last, they were incubated with Alexa-Fluor 488-conjugated secondary antibodies in 1% bovine serum at 37°C for 1 h in the dark. Nuclei were counterstained with DAPI for 15 min in the dark. Images were photographed via a confocal laser scanning microscope (OLYMPUS FV3000; Olympus Corporation, Center Valley, PA, United States; amplification: × 1000), and endogenous LC3 puncta formation were analyzed using the FV10-ASW viewer software ver. 4.2b (Olympus).



Transmission Electron Microscopy

We harvested the cells by centrifuging at 3000 r/min for 10 min, washing twice with cold PBS, aspirating the supernatant, and fixing with 2.5% glutaraldehyde along the tube wall. Then electron microscope slices were prepared according to conventional procedures. At last, cell ultrastructure in every group was observed under the electron microscope (HITACHI, HT7700-SS, Tokyo, Japan).



Tumor Model in vivo

The procedures and ethics of animal use have been reviewed and approved by the Biomedical Ethics Committee of Shaanxi Provincial People’s Hospital (The Third Affiliated Hospital of Xi’an Jiaotong University) (approval no. 2021-155). The 16 female Balb/c nude mice (5–6 weeks old, 19.5 ± 2.6 g) were from the Animal Center of Shanghai Institute of Family Planning Science (Shanghai, China) [SCXK (Hu) 2018-0006].

Firstly, the HGC-27 cells with stable expression of luciferase were constructed by lentivirus. Secondly, luciferase-positive HGC-27 cells (5 × 106 cells per mouse) were injected subcutaneously into the right flank of Balb/c nude mice, when the tumor volume reached 100 mm3 (Festing and Altman, 2002). The mice were randomly divided into four groups (n = 4/group), the negative control, the positive control, and the experimental group. In the experimental group, the mice were administered intraperitoneally with 30 mg/kg and 50 mg/kg Cos, respectively, and with the same volume of dimethyl sulfoxide (DMSO) in the negative control group, with cisplatin (2 mg/kg) in the positive control group. It was injected every 3 days. The weight of the animal was analyzed every 3 days, and the length (L) and width (W) of the tumor were measured with a caliper. The volume calculation formula is:

L × (W)2/2 (Du et al., 2012). Thirty days later, animals were sacrificed and the dissecting tumors, heart, liver, spleen, lungs, and kidneys were for corresponding analysis.



Hematoxylin-Eosin and Tunel Staining

The tissues (containing tumors, hearts, livers, spleens, lungs, kidneys) were fixed in 4% paraformaldehyde for 24 h, dehydrated, and embedded in paraffin. Sections 4 μm thick were stained with hematoxylin and eosin (H&E) and Tunel for morphological observation, respectively. Images were observed and photographed under the BX41 fluorescence microscope (Olympus Corporation; amplification: ×200) and quantitatively analyzed via Image-Pro Plus analysis software 6.0 (Media Cybernetics).



Immunohistochemistry

The paraffin-embedded tissue sections (4 μm thick) were deparaffinized and rehydrated, incubated with rabbit polyclonal antibodies specific to Ki-67 and P-AKT at 4°C overnight, incubated with HRP-conjugated secondary antibody at room temperature for 2 h, and stained in hematoxylin for 3 min and observed under the BX41 fluorescence microscope (Olympus Corporation; amplification: ×200).



In vivo Imaging of Balb/c Nude Mouse Tumor Model

Bioluminescence imaging (BLI) was performed using an IVIS imaging system (Perkin Elmer, Waltham, MA, United States) after 15 and 24 days after drug intervention; 100 μl PBS containing 25 mM D-luciferin (Caliper Life Sciences, Hopkinton, MA, United States) was injected intraperitoneally 10 min before luciferase detection.



Statistical Analysis

All data were represented as mean ± SEM. The biotechnology was repeated at least three times in vitro. The intergroup deviations were evaluated with a one-way analysis of variance (ANOVA) implemented in the GraphPad Prism 6.0 software, with P < 0.05 indicating a statistically significant difference.




RESULTS


Costunolide Inhibited the Proliferation and Colony Formation in GC Cells

CCK-8 and colony formation assay were used to analyze the effect of Cos (Figure 1A) on GC cell proliferation. As shown in Figure 1B, Cos could significantly inhibit the proliferation of HGC-27 and SNU-1 cells in a dose-dependent manner compared with that in the control group (p < 0.001), but the effect of Cos on normal gastric cells (GES-1) was not as sensitive as GC cells (p > 0.05) (Figure 1B). As shown in Figure 1B, the half-maximum inhibitory concentration (IC 50) for the two cells at 24 or 48 h is about 40 μM. Therefore, Cos concentrations of 0, 10, 20, and 40 μM were chosen in these assays. Phase-contrast microscope results showed that Cos induced shrinkage, deformation, and rupture and inhibited the proliferation in GC cell lines HGC-27 and SNU-1, but it had no effect on GES-1 (Figure 1C). In addition, colony formation assay further revealed that Cos obviously inhibited proliferation in a dose-dependent manner (p < 0.001) but, on GES-1, was not as sensitive as GC cells (Figure 1D).
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FIGURE 1. Cos inhibited GC viability and colony formation but had no effect on GES-1 cells. (A) Chemical structure of costunolide; molecular formula: C15H20O2. (B) The viability of HGC-27, SNU-1, and GES-1 cells treated by costunolide with different concentrations (0, 2.5, 5, 10, 20, 40, 80, 160 μmol/L) for 24 and 48 h was detected by CCK-8 assay. (C) HGC-27, SNU-1, and GES-1 cells were treated with different concentrations (0, 10, 20, 40 μmol/L) for 24 h; the morphology of cells was observed by inverted phase-contrast microscope (magnification: 200×) (red arrow = cell deformation) and cell viability was determined. (D) Cos inhibited the colony formation of GC. HGC-27, SNU-1, and GES-1 were treated with different concentrations for 15 days, stained and counted. *p < 0.05, **p < 0.01, ***p < 0.001.




Costunolide Induced Cell Cycle Arrest in GC Cells

To estimate the effect of Cos on the cell cycle, we performed flow cytometry and western blot analysis in HGC-27 and SNU-1 cells. The flow cytometry results suggested that Cos significantly induced cell cycle arrest in the G2/M phase in HGC-27, SNU-1 cells with obvious dose-dependency (p < 0.001), but the effect of Cos on GES-1 was not as sensitive as GC cells (p > 0.05) (Figure 2A), and Western blot showed that the expression levels of cell cycle-related proteins (Cdc25c, Cdk1, Cyclin B1) in GC cells were significantly downregulated by Cos, especially in the 40 μM Cos group (p < 0.001), but the effect of Cos on GES-1 cells was not significant (p > 0.05) (Figure 2B).
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FIGURE 2. Cos induced cell cycle arrest in GC cells but had no effect on GES-1 cells. (A) The effect of Cos on cell cycle of HGC-27, SNU-1, and GES-1 cells was treated with different concentrations for 24 h, and determined by flow cytometry analysis. (B) The levels of cell cycle-associated proteins were determined by Western blot. HGC-27, SNU-1, and GES-1 were treated with indicated concentration for 24 h, then Western blot analysis was performed. Compared with control group, *p < 0.05, **p < 0.01, ***p < 0.001.




Costunolide Induced Apoptosis in GC Cells

Hoechst 33258, Tunel staining, and flow cytometry were used to evaluate the effect of Cos on apoptosis in GC cells. Hoechst 33258 and Tunel staining showed that along with Cos concentration increase, the rate of apoptosis cell increased (p < 0.001) (Figures 3A,B). The flow cytometry results revealed that Cos could dose-dependently lead to the apoptosis of GC cell lines HGC-27 and SNU-1 in the Cos treatment compared with the control group (p < 0.001) (Figure 3C).
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FIGURE 3. Cos induced apoptosis in GC cells. HGC-27 and SNU-1 were treated with indicated concentration for 24 h. (A) The apoptosis-positive cells were stained with Hoechst 33258 staining kit (magnification: × 400) (red arrow = apoptosis cell nucleus). (B) The apoptosis-positive cells were stained with Tunel staining kit (magnification: × 400) (red arrow = apoptosis-positive cell). (C) HGC-27 and SNU-1 apoptosis was determined by flow cytometry analysis. *p < 0.05, **p < 0.01, ***p < 0.001.




Costunolide Induced Intrinsic Apoptosis but Not Extrinsic Apoptosis in GC Cells

To further explore the mechanism of Cos-inducing apoptosis, we analyzed intrinsic and extrinsic apoptotic. Western blot revealed that the levels of intrinsic apoptotic proteins [Cleaved-Caspase 3 (Cle-Caspase 3), Bax, Bak, Cleaved-PARP (Cle-PARP)] were upregulated with dose-dependency, but Bcl-2 was downregulated in HGC-27 and SNU-1 cells in the Cos treatment compared with the control group (p < 0.001) (Figure 4A). However, the activities of extrinsic apoptosis proteins [Cleaved-Caspase 8 (Cle-Caspase 8), DR4, Fas, FasL] did not change significantly between the Cos treatment group and the control group (p > 0.05) (Figure 4B).
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FIGURE 4. Cos induced intrinsic apoptosis but not extrinsic in GC cells. (A) The expressions of the intrinsic apoptosis-related proteins (Caspase 3, Bak, Bax, Bcl-2, and PARP) of Cos induced in HGC-27 and SNU-1 cells were analyzed by Western blot. (B) The expressions of the extrinsic apoptosis-related proteins (Caspase 8, DR4, Fas, and FasL) of Cos induced in HGC-27 and SNU-1 were analyzed by Western blot. Compared to control group, *p < 0.05, **p < 0.01, ***p < 0.001.




Costunolide Induces Autophagy in GC Cells

To demonstrate the effect of Cos on autophagy in GC cells, autophagic activity and autophagy-related proteins were analyzed in HGC-27 and SNU-1. Transmission electron microscopy results showed that the formation of autophagic vacuoles in HGC-27 and SNU-1 significantly increased after Cos treatment (Figure 5A). The confocal microscopy results showed that treatment with Cos could lead to the aggregation of autophagosomes both in HGC-27 and SNU-1 (p < 0.001) (Figure 5B). Autophagy markers (LC3B, beclin-1, IRE1α) were increased and p62 was decreased after Cos treatment with dose-dependent manner (p < 0.001) (Figure 5C).
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FIGURE 5. Cos induces autophagy in HGC-27 and SNU-1. HGC-27 and SNU-1 were treated with indicated concentration for 24 h. (A) The autophagic microstructures were observed by transmission electron microscopy (red arrow: autophagic vacuole = autophagosome). (B) Endogenous LC3 puncta formation was observed by a confocal microscope. (C) The protein expression levels of autophagy-related proteins (LC3B, Beclin1, IRE1α, and p62) were analyzed by Western blot. Compared to control group, *p < 0.05, **p < 0.01, ***p < 0.001.




Costunolide-Induced Cell Cycle Arrest in GC Cells Was Not via Increasing Reactive Oxygen Species Levels

To investigate the mechanism of Cos-induced cell cycle arrest, apoptosis, and autophagy of GC cell, the levels of ROS were detected. The flow cytometry results showed that Cos could boost ROS generation both in HGC-27 and SNU-1 cells in a dose-dependent manner compared with the control group (p < 0.001) (Figure 6A). HGC-27 and SNU-1 cells were first treated with 4 mmol/L NAC (an ROS scavenger) before the cells being incubated with 40 μM Cos. The flow cytometry results showed NAC could not reverse G2/M arrest (p > 0.05) (Figure 6B), and the results of cell cycle protein markers in HGC-27 and SNU-1 also showed the same trend (p > 0.05) (Figure 6C).
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FIGURE 6. Cos-induced cell cycle arrest in GC cells was not via increasing ROS level. (A) HGC-27 and SNU-1 were treated with indicated concentration for 24 h. ROS levels were analyzed using flow cytometry analysis. Compared to control group, ∗p < 0.05, ∗∗∗p < 0.001. (B) HGC-27 and SNU-1 were pretreated with NAC for 1 h, then treated with indicated concentration for 24 h; cell cycle was analyzed using flow cytometry analysis. Compared to Cos (40 μM), ∗p < 0.05; compared to NAC + Cos (40 μM), #p < 0.05. (C) Cell cycle-related proteins was analyzed using Western blot. Compared to Cos (40 μM), ∗p < 0.05; compared to NAC + Cos (40 μM), #p < 0.05.




Costunolide Induced Apoptosis and Autophagy of GC Cell via Increasing Reactive Oxygen Species Level

The flow cytometry results indicated NAC could significantly reduce Cos-induced apoptosis (p < 0.001) (Figure 7A). The Western blot results showed that the ratio of P-AKT/AKT and P-GSK3β/GSK3β markedly downregulated in the Cos treatment groups with dose-dependent manner compared with the control group (p < 0.001) (Figure 7B). GC cells were pretreated with 4 mmol/L NAC for 1 h before the cells were treated with 40 μmol/L Cos for 24 h. The ratio of P-AKT/AKT and P-GSK3β/GSK3β in the Cos and NAC co-treated group markedly upregulated higher than that of Cos alone (p < 0.05) but downregulated lower than that of NAC alone. In addition, apoptosis-associated protein PARP and autophagy-associated protein LC3BII in the Cos and NAC co-treated group downregulated higher than that of Cos alone (p < 0.05) (Figure 7C).
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FIGURE 7. Cos induced apoptosis and autophagy of GC cell via increasing ROS level. (A) HGC-27 and SNU-1 were pretreated with NAC for 1 h, then treated with indicated concentration for 24 h; cell apoptosis levels were analyzed using flow cytometry analysis. Compared to Cos (40 μM), *p < 0.05; compared to NAC + Cos (40 μM), #p < 0.05. (B) HGC-27 and SNU-1 treated with indicated concentration for 24 h, the expressions of signaling pathway-related proteins (AKT, P-AKT, GSK-3β, P-GSK-3β) were analyzed using Western blot. Compared to control group, *p < 0.05, **p < 0.01, ***p < 0.001. (C) HGC-27 and SNU-1 were pretreated with NAC for 1 h, then treated with indicated concentration for 24 h, the expressions of signaling pathway-related proteins (AKT, P-AKT, GSK-3β, P-GSK-3β), apoptosis-related protein (PARP), and autophagy-related protein (LC3B) were analyzed using Western blot. Compared to Cos (40 μM), *p < 0.05; compared to NAC + Cos (40 μM), #p < 0.05.




Costunolide-Induced Cell Cycle Arrest in GC Cells Was Not via Inhibiting AKT/GSK3β Signaling Pathway but Induced Apoptosis and Autophagy via Inhibiting AKT/GSK3β Signaling Pathway

The flow cytometry results revealed SC79 (an AKT activator) could not reverse G2/M arrest in HGC-27 and SNU-1 cells treated with Cos (p > 0.05) (Figure 8A), and the results of cell cycle protein markers in HGC-27 and SNU-1 also showed the same trend (p > 0.05) (Figure 8B). However, SC79 could reverse apoptosis and autophagy in HGC-27 and SNU-1 cells (p < 0.05) (Figure 8C).
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FIGURE 8. Cos-induced cell cycle arrest in GC cells was not via inhibiting AKT/GSK3β signaling pathway but induced apoptosis and autophagy via inhibiting AKT/GSK3β signaling pathway. HGC-27 and SNU-1 were pretreated with SC79 for 1 h, then treated with indicated concentration for 24 h. (A) Cell cycle was determined by flow cytometry analysis. (B) The levels of cell cycle-associated proteins were determined by Western blot. (C) The expressions of signaling pathway-related proteins (GSK-3β, P-GSK-3β), intrinsic apoptosis-related proteins (Caspase 3, Bax, PARP), extrinsic apoptosis-related proteins (Caspase 8, FasL) and autophagy-related proteins (LC3B, p62) were analyzed using Western blot. Compared to Cos (40 μM), ∗p < 0.05; compared to SC79 + Cos (40 μM), #p < 0.05.




Costunolide Induced Apoptosis via Activating Pro-death Autophagy

To study the relationships between autophagy and ROS-AKT/GSK3β pathway, and between Cos-induced apoptosis and autophagy, we pretreated HGC-27 and SNU-1 with 4 mmol/L 3-MA (an autophagy inhibitor) for 1 h before the cells were incubated with 40 μM Cos. The results revealed 3-MA could reverse the downregulation of cell viability after Cos treatment in HGC-27 and SNU-1 cells (Figure 9A). The flow cytometry results showed that 3-MA did not reverse the upregulation of ROS after Cos treatment in HGC-27 and SNU-1 cells (Figure 9B), and the Western blot results showed 3-MA also did not reverse the upregulation of P-AKT and P-GSK3β (Figure 9C), which meant autophagy was downstream to ROS-AKT/GSK3β pathway. Western blot results showed that 3-MA could reverse the upregulation of autophagy-related and intrinsic apoptosis-related proteins after Cos treatment in HGC-27 and SNU-1, while extrinsic apoptosis-related proteins were not significantly altered among these groups. This indicated that Cos induced intrinsic apoptosis via activating pro-death autophagy (p < 0.05, Figure 9D).
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FIGURE 9. Cos induced apoptosis via activating pro-death autophagy. HGC-27 and SNU-1 were pretreated with 3-MA for 1 h, then treated with indicated concentration of Cos for 24 h. (A) The cell viability was analyzed using CCK-8 assay. (B) ROS levels were analyzed using flow cytometry analysis. (C) The expressions of pathway-related proteins were analyzed using Western blot analysis. (D) The expressions of autophagy-related proteins (LC3B, Beclin1, p62), intrinsic apoptosis-related proteins (Caspase 3, Bax, PARP), and extrinsic apoptosis-related proteins (Caspase 8, FasL) were analyzed using Western blot. Compared to Cos (40 μM), ∗p < 0.05; compared to 3-MA + Cos (40 μM), #p < 0.05.




Costunolide Inhibited Tumor Growth in vivo

To estimate the anti-tumor growth effect of Cos in vivo, HGC-27 tumor-bearing xenograft nude mouse models were established and treated. The results showed that tumor volume and weight in 30 mg/kg and 50 mg/kg Cos were significantly reduced compared with the DMSO group, especially in the 50 mg/kg group (p < 0.01), but both of them increased compared to the Cisplatin group (Figures 10A–C). IVIS images showed the same change after Cos treatment for 15 and 24 days (p < 0.01) (Figure 10D). In addition, the HE staining results of tumor tissue revealed the number of tumor cells in tissue sections was decreased by Cos administration in mice and was even less in the 50 mg/kg Cos group. As shown in Ki-67 and P-AKT immunohistochemical staining results, Ki-67 and P-AKT positive ratios were obviously inhibited in the 30 mg/kg and 50 mg/kg Cos group, especially in the 50 mg/kg group, compared with the DMSO group (p < 0.01). In contrast, the Tunel staining was increased in Cos-treated mice, especially in the 50 mg/kg Cos group (p < 0.01) (Figure 10E).
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FIGURE 10. Cos inhibited tumor growth in vivo. (A) Tumor was taken after 30-day treatment in the DMSO, Cos (30 mg/kg), Cos (50 mg/kg), and cisplatin groups. (B) Tumor volume of mice was measured every 3 days. (C) Tumor weight of mice was measured after 30-day treatment in the DMSO, Cos (30 mg/kg), Cos (50 mg/kg), and cisplatin groups. (D) IVIS images of mice tumor after 15 and 24 days in the DMSO, Cos (30 mg/kg), Cos (50 mg/kg), and cisplatin groups. (E) Histochemical analysis of H&E staining, Ki-67, tunel, and P-AKT levels in tumor tissue sections in the DMSO, Cos (30 mg/kg), Cos (50 mg/kg), and cisplatin groups (magnification was ×200, ×400, ×200, and ×400, respectively). *p < 0.05, **p < 0.01, ***p < 0.001.




Costunolide Induced Apoptosis and Autophagy in vivo

Western blot results confirmed that intrinsic apoptotic associated proteins (Cle-Caspase 3, Bak, Bax, Cle-PARP) (Figure 11A) and autophagy-associated protein LC3BII (Figure 11B) were upregulated in Cos treatment groups, and was higher in the 50 mg/kg Cos-treated group compared with DMSO group, while apoptosis-related protein Bcl-2, autophagy-related protein p62, and the ratio of P-AKT/AKT and P-GSK3β/ GSK3β (Figure 11C) were significantly decreased in the Cos treatment group, especially in the 50 mg/kg treatment group, compared with DMSO group (p < 0.001).
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FIGURE 11. Cos induced apoptosis and autophagy in vivo. (A) The expressions of apoptosis-related proteins (Caspase 3, Bak, Bax, Bcl-2, and PARP) of Cos induced in mice tumor were analyzed by Western blot. (B) The expressions of autophagy-related protein (LC3B, p62) of Cos induced in mice tumor were analyzed by Western blot. (C) The expressions of signaling pathway-related protein (AKT, P-AKT, GSK-3β, P-GSK-3β) of Cos induced in mice tumor were analyzed by Western blot. Compared to DMSO group, *p < 0.05, **p < 0.01, ***p < 0.001.




Costunolide Had No Side Effects in Major Organs in vivo

The results showed no significant change in body and liver weight between the Cos treatment group and the DMSO group (p > 0.05) (Figures 12A,B), and HE staining of pathological sections elucidated that Cos treatment had no evident damage to the major organs (heart, liver, spleen, lung, and kidney) of mice (Figure 12C), which confirmed the safety of Cos in vivo.
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FIGURE 12. Cos had no side effects in major organs in vivo. (A) The body weight of mice was measured every 3 days. (B) Liver weight of mice was measured after 30 days. (C) H&E staining of heart, liver, spleen, lung and kidney tissue sections (magnification: ×200) was measured after Cos treatment for 30 days. Compared to the DMSO group, *p < 0.05, **p < 0.01, ***p < 0.001.





DISCUSSION

With the advancement of medical technology, the therapy of gastric cancer has improved to a certain extent. However, due to the side effects and damage of radiotherapy and chemotherapy, the 5-year survival rate is still very poor (Bray et al., 2018). Therefore, more effective therapeutic methods and drugs are urgently required. In recent years, natural plant-derived ingredients have been widely applied in the medical field due to their low toxicity and various biological activities (Yu et al., 2017). In China, natural products, such as artemisinin (qinghaosu), have been universally applied in the treatment of malaria for long history (Tu, 2011). Consequently, natural products have been regarded as pioneers in drug discovery (Mosca et al., 2020).

Cos is a naturally active sesquiterpene lactone extracted from the medicinal plant and possesses remarkable and diverse biological and immunological properties, such as anti-cancer, anti-microbial, and neuroprotective activities (Kim and Choi, 2019; Peng et al., 2019; Liu et al., 2020), a key medicine for treating various gastrointestinal disorders (Wang W. et al., 2020). As we all know, there are many risk factors for gastric cancer, containing gastric ulcer, atrophic gastritis, and Helicobacter pylori infection (Park et al., 1997). Cos can resist these risk factors (Xie et al., 2020), which is particularly important in the prevention and adjuvant treatment of gastric cancer. Some researches revealed that Cos exerted anti-tumor activity by suppressing cell proliferation. One research indicated that Cos prevented the proliferation of liver cancer cells by regulating the signaling pathway of epithelial growth factor (EGF) (Si et al., 2020). Another reported that Cos inhibited the proliferation, invasion, and metastasis of osteosarcoma by inhibiting the STAT3 signaling pathway (Jin et al., 2020). Moreover, Cos suppressed the proliferation in leukemic cell (Saosathan et al., 2021) and ovarian cancer cells (Fang et al., 2019). We discovered Cos inhibited the proliferation of gastric carcinoma cells, and the inhibitory effect of Cos specifically targets gastric cancer cells because Cos has no obvious inhibitory effect on normal gastric mucosal GES-1 cells, and Cos induced cell cycle arrest in GC cells but has no obvious effect on GES-1 cell. The effectiveness and safety of Cos was also verified in an animal model, with evidence confirming that in body and liver weight, there was no significant difference between the Cos treatment group and Control group. However, we just used one normal gastric mucosal cell line GES-1 in our study. In future experiments, we will obtain a couple of other normal gastric mucosal cells lines as control group, which will be more convincing. Studies have found that Cos inhibits the proliferation of human ovarian cancer cells via activating apoptosis and autophagy (Fang et al., 2019). Moreover, in renal cell carcinoma, Cos also caused apoptosis and autophagy via triggering ROS/MAPK signaling pathways (Fu et al., 2020). A previous study revealed Cos-induced apoptosis in human gastric cancer cells, but the autophagy activity and the relationship between apoptosis and autophagy of Cos induced in gastric cancer are seldom studied. This study found that Cos could significantly inhibit HGC-27 and SNU-1 growth, induce G2/M phase arrest, and trigger apoptosis and autophagy in a dose-dependent manner. Further experiments confirmed that Cos improved cellular ROS levels and blocked the AKT/GSK3β signaling pathway. NAC pretreatment reversed the effects of Cos-induced apoptosis and autophagy via AKT/GSK3β signaling activation. Moreover, Cos induced pro-death autophagy to activate apoptosis.

Deregulation of the cell cycle represents an important trait of tumors (Yu et al., 2020). Many anti-cancer drugs inhibit tumor cell proliferation via stalling the cell cycle (Wu et al., 2020). Cos was found to induce G1/S phase arrest in human esophageal carcinoma Eca-109 cells (Hua et al., 2016b) and induce G2/M phase arrest in human liver cancer HepG2 cells and breast cancer MDA-MB-231 cells (Mao et al., 2019). Our study revealed Cos could significantly induce GC cell cycle arrest in the G2/M phase via mediated Cyclin B1, Cdc25c, and Cdk1 protein expression.

Another trait of tumors is their ability to evade apoptosis. Therefore, inducing apoptosis represents an indispensable mechanism for anti-cancer drugs (Zhang et al., 2016; Kang et al., 2019; Liu et al., 2019). Cos was previously confirmed to induce apoptosis in human gastric carcinoma, prostate cancer, liver cancer, bladder cancer, and esophageal carcinoma. In accordance with these findings, our study indicated that Cos could induce the apoptosis of gastric cancer cell lines HGC-27 and SNU-1. Drugs induce cancer cell apoptosis through the mitochondrial or the extrinsic apoptosis pathway depending on the type of cancer cell and other factors. Recent studies indicated that Cos induces cell apoptosis of bladder cancer and lung cancer via mitochondrial pathways and induces leukemia cancer and breast cancer via extrinsic pathways (Hua et al., 2016a; Zhang et al., 2016; Hu et al., 2018). Our results showed that Cos upregulated mitochondrial apoptosis protein expression of Caspase 3 and PARP, and the ratio of Bax/Bcl-2 and Bak/Bcl-2. However, extrinsic apoptosis proteins [Cle-Caspase 8, DR4, Fas, Fas ligand (FasL)] were not significantly altered, suggesting that Cos induced apoptosis via intrinsic (mitochondrial) pathway in gastric cancer cells.

Autophagy is a lysosomal degradation pathway with the characterization of an increase in the number of acidic vesicle organelles associated with autophagosomes, dysregulating in cancer cells as another important way of PCD (Kanno et al., 2008; Choi et al., 2012). Autophagy has the dual effects of promoting cell death and inhibiting cell death, depending on tumor cell types (Yun and Lee, 2018). Recent studies exhibited that Cos could activate autophagy in renal cell carcinoma and ovarian cancer through the ROS/MAPK pathway (Fu et al., 2020), while inhibiting autophagy in hepatocellular carcinoma cells (Okubo et al., 2021). Results of this study confirmed that Cos significantly activated autophagy, featured by the increased expression of LC3BII and Beclin 1, while p62 decreased in a dose-dependent manner. That was contradictory to the report that apigenin could induce autophagy and promote the increase in p62 expression (Wei et al., 2020), but consistent with the report that Tanshinone I activated autophagy via decreasing the expression of p62 (Zhou et al., 2020). The reason for the p62 decrease in our study may be that p62 protein is located on the autophagosome by LC3 binding, and it is degraded by autophagy (Dong et al., 2020).

Reactive oxygen species are by-products of aerobic metabolism. Higher ROS levels are observed in various cancer cells than normal cells (Gorrini et al., 2013), and ROS is a vital factor for drug-activated apoptosis and autophagy (Zhang et al., 2016). Cos induced apoptosis through ROS-mediated endoplasmic reticulum stress in human U2OS cells (Wang et al., 2016). Cos also increased ROS levels in human esophageal carcinoma Eca-109 cells, lung adenocarcinoma A549 cells, and renal cell carcinoma, leading to apoptosis and autophagy (Nadda et al., 2020). Cos could dose-dependently promote ROS generation in gastric cancer cells, and NAC pretreatment could reverse Cos-induced apoptosis and PARP spliceosome generation. As an important effector downstream of ROS, AKT/GSK3β mediates the apoptosis and autophagy of a variety of cells (Deng et al., 2019; Wang et al., 2019; Zhao et al., 2019). One study reported that it suppresses gastric cancer by repressing AKT/GSK3β signaling to inhibit autophagy (Dai et al., 2021). Another reported placenta-specific 8 inhibited oral squamous cell carcinogenesis via blocking AKT/GSK3β signaling pathways (Wu et al., 2020). This study confirmed the inhibitory effects of Cos on the AKT/GSK3β pathway, which was reversed by SC79 (AKT activator) pretreatment. These results indicate that Cos promoted autophagy and apoptosis via inhibiting the ROS-mediated AKT/GSK3β pathway in HGC-27 and SNU-1, which is consistent with animal experiment results.

At last, we also proved that Cos activated prodeath autophagy to induce intrinsic apoptosis via modulation of the AKT/GSK-3β signaling pathway in gastric cancer (Figure 12). The mechanism has been further confirmed that the Cos plus 3-MA (an inhibitor of autophagy) treatment significantly inhibited the expression level of apoptosis-related proteins compared with Cos alone. It was reported that the overexpression of p62 could promote cell apoptosis, which is related to the ubiquitin-associated (UBA) domain at the C terminal (Zhang et al., 2013). This finding indicates that p62 protein can be used not only as a marker for autophagy activation but also as an important regulator of apoptosis.

In summary, Cos significantly inhibited cell proliferation, hindered G2/M phase progression, and promoted apoptosis and autophagy in HGC-27 and SNU-1. Mechanistic studies reveal that Cos promoted ROS generation and inhibited the AKT/GSK3β pathway, thus triggering cell-intrinsic apoptosis through activating prodeath autophagy (Figure 13). This study showed that Cos might be a potential drug for the treatment of gastric cancer. However, there were some limitations in our study. Firstly, we just chose the female Balb/c nude mice for an animal model; it may be a limitation. In the future, we will use a mix of sexes for animal studies. In addition, in this present study, we only used small-molecule inhibitors as methods of perturbation, such as NAC, SC79, and 3-MA. In the following experiment, we will include orthogonal approaches such as siRNA-mediated knockdown or gene overexpression to confirm the results. Lastly, in order to further investigation in Cos development, we will strictly design the clinical trial program and perform rigorous clinical trials with actual tumor level data to clarify.
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FIGURE 13. Working model illustrating the anti-tumor mechanism of Cos in gastric cancer.
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Cholestasis is a kind of stressful syndrome along with liver toxicity, which has been demonstrated to be related to fibrosis, cirrhosis, even cholangiocellular or hepatocellular carcinomas. Cholestasis usually caused by the dysregulated metabolism of bile acids that possess high cellular toxicity and synthesized by cholesterol in the liver to undergo enterohepatic circulation. In cholestasis, the accumulation of bile acids in the liver causes biliary and hepatocyte injury, oxidative stress, and inflammation. The farnesoid X receptor (FXR) is regarded as a bile acid–activated receptor that regulates a network of genes involved in bile acid metabolism, providing a new therapeutic target to treat cholestatic diseases. Arbutin is a glycosylated hydroquinone isolated from medicinal plants in the genus Arctostaphylos, which has a variety of potentially pharmacological properties, such as anti-inflammatory, antihyperlipidemic, antiviral, antihyperglycemic, and antioxidant activity. However, the mechanistic contributions of arbutin to alleviate liver injury of cholestasis, especially its role on bile acid homeostasis via nuclear receptors, have not been fully elucidated. In this study, we demonstrate that arbutin has a protective effect on α-naphthylisothiocyanate–induced cholestasis via upregulation of the levels of FXR and downstream enzymes associated with bile acid homeostasis such as Bsep, Ntcp, and Sult2a1, as well as Ugt1a1. Furthermore, the regulation of these functional proteins related to bile acid homeostasis by arbutin could be alleviated by FXR silencing in L-02 cells. In conclusion, a protective effect could be supported by arbutin to alleviate ANIT-induced cholestatic liver toxicity, which was partly through the FXR pathway, suggesting arbutin may be a potential chemical molecule for the cholestatic disease.
Keywords: cholestasis, liver injury, arbutin, farnesoid X receptor, α-naphthylisothiocyanate, bile acid metabolism, ursodeoxycholic acid
INTRODUCTION
Cholestasis, a kind of stressful syndrome induced by hormones, drugs, cytokines, or progressive bile duct destruction or stones, increases the probability of hepatitis, cirrhosis, liver cancer, or other gall-bladder and hepatic diseases due to the excessive accumulation of toxic biliary components like cholesterol, bilirubin, and bile acids (BAs) in the liver and blood (Zollner and Trauner, 2006; Li et al., 2016). Intrahepatic cholestasis has been divided into intrahepatic or drug-induced or inflammatory cholestasis, as well as primary biliary cirrhosis (Zollner and Trauner, 2008; Li et al., 2020b). Upon the stress of toxic biliary, the cholestatic diseases will lead to hepatocyte apoptosis, necrosis, jaundice, hypercholesterolemia, cirrhosis, fibrosis, liver failure, even cholangiocellular or hepatocellular carcinomas, and ultimately life-threatening (Hirschfield et al., 2013; Feldman and Sokol, 2020). Recent studies also reported that the incidence of liver cancer, biliary tract cancer, and several other gastrointestinal tumors is increased when the homeostasis of bile acids metabolism is disrupted (Navaneethan et al., 2021; Ocvirk and O'Keefe, 2021; Rimland et al., 2021; Wu et al., 2021). Disruption of bile acid metabolic homeostasis including dysfunction of BA synthesis, obstruction of the bile duct, and impaired secretion by cholangiocytes will further exacerbate cholestasis (Nakanishi and Saxena, 2015; Keitel et al., 2019). Accordingly, proper recuperation of bile acids is paramount for cholestasis therapy and prevention.
α-Naphthylisothiocyanate (ANIT) is commonly applied to induce cholestatic disease in vivo and in vitro for toxicological studies (Mariotti et al., 2018). Recent studies also suggested the effect of ANIT on hepatocytes by directly destroying bile duct epithelial cells (BECs) (Carino et al., 2020; López-Riera et al., 2020). The excessive accumulation of BAs inside hepatic cells is the primary reason for hepatic damage related to cholestasis. Hepatocytes have two special polarity domains distinguished as basolateral and bile canalicular domains, which are localized with tight junction proteins and specific bile acid (BA) transporters (Li et al., 2016). In general, BAs are produced by cholesterol. Bile canalicular domains containing several canalicular efflux transporters, such as multidrug resistance–associated protein 2 (Mrp 2) and bile salt export pump (Bsep), regulate the transportation of BAs from hepatocytes to the bile canalicular domain for BA generation (Li et al., 2016). While basolateral domains containing organic anion transporter 2 (Oatp2) and Na+-dependent taurocholate cotransporter (Ntcp) regulate a primary step in reabsorption of bile acid from portal venous blood to hepatocytes. Besides, other basolateral export transporters, like Mrp-3 and Mrp-4, transport BAs from liver cells to portal blood (Meier and Stieger, 2002; Alrefai and Gill, 2007; Halilbasic et al., 2013; Li et al., 2019). Additionally, a series of bile acid synthetic enzymes containing Cyp8b1 (oxysterol 12α-hydroxylase) and cholesterol 7α-hydroxylase (Cyp7a1) and metabolizing enzymes like sulfate transferase 2 (SULT2a1) or UDP glucuronosyltransferase 1 (UGT1a1) have also been reported to control the bile acid homeostasis (Thakare et al., 2018). Accordingly, these impaired BA transporters or genes involved in BA metabolisms have been reported to be related to cholestasis. Recently, extensive studies have shown that these aforementioned factors were controlled by specific nuclear receptors (NR) containing the farnesoid X receptor (FXR) signaling pathway. The FXR was reported as the first nuclear receptor of bile acid endogenous ligands, which has been suggested to regulate the bile acid homeostasis and metabolism of cholestasis. Mechanistically, the FXR, heterodimerized with RXR, promoted small heterodimer partner (SHP) binding with BA efflux transporters and enzymes (Stofan and Guo, 2020). Similarly, the FXR-null mice showed increased bile acid–related hepatocyte toxicity and alkaline phosphatase (AP) levels, or decreased expression of BA enzymes and transporters related to cholestasis (Li and Chiang, 2020). Therefore, inhibition of the FXR would aggravate the cholestatic injury; activation of the FXR might be a critical therapeutic target for cholestasis therapy. Ursodeoxycholic acid (UDCA) has been applied for anti-cholestasis drug in clinical trials by the Food and Drug administration (FDA) (Corpechot et al., 2020; Dyson and Jones, 2020). While, more than 40% of patients with primary biliary cholangitis (PBC) cannot be treated adequately and also have serious complications (Dyson and Jones, 2020; Kumar and Kulkarni, 2020). Obeticholic acid (OCA), which could activate the FXR signaling pathway, has been recently approved for PBC by the FDA. However, there are no other proper drugs for cholestatic disease (Kjærgaard et al., 2021). Accordingly, the development of more effective strategies for cholestasis may be imperative. Intriguingly, recent studies implied that some natural products such as picroside and yangonin also have protective effects against cholestasis via the FXR pathway (Dong et al., 2019; Keitel et al., 2019; Li et al., 2020a). Thus, focusing on the FXR pathway may be a promising therapy for liver disease caused by cholestasis.
Arbutin (β-d-glucopyranoside of hydroquinone, molecular formula: C12H16O7), a natural hydroquinone glycoside (Figure 1A) present in leaves and fruits of various plants, such as Arctostaphylos uva-ursi belonging to Ericaceae and Saxifragaceae families, is often used for various skin diseases (Xu et al., 2015; Garcia-Jimenez et al., 2017; Zhou et al., 2019). Leaves or fruits of these plants have been used as traditional medicines for wound healing and urinary tract infections for hundreds or even thousands of years by the aborigines of the American continents and China (Lindpaintner, 1939; Xu et al., 2015; Garcia-Jimenez et al., 2017). And all this time, arbutin has been applied to possess anti-inflammatory, anti-apoptosis, antimicrobial, and antioxidant effects. Even today, arbutin has also been used for the treatment of asthma (Migas and Krauze-Baranowska, 2015; Ortiz-Ruiz et al., 2015; Tang and Chen, 2015). Due to its mildly therapeutic properties, arbutin is also widely used in food, health-care, and cosmetic industries. Previous studies suggested that arbutin may prominently mitigate liver damage caused by CCl4 (carbon tetrachloride), radiation, lipopolysaccharides (LPSs), and D-galactosamine (D-GalN) (Mirshahvalad et al., 2016; Nadi et al., 2019; Jurica et al., 2020). But there have been limited research studies on the potential effect of arbutin against cholestatic liver disease and its fundamental mechanisms. In this study, we demonstrated that arbutin can attenuate the injury in ANIT-induced cholestasis, partly via FXR pathway activation.
[image: Figure 1]FIGURE 1 | Arbutin has no significant cytotoxic effects on hepatocytes. Effects of arbutin on survival viability and morphology of cells. (A) The structure for arbutin. (B) Cell viability with or without arbutin treatment was measure by MTT assay. (C) Morphologies of cells treated with arbutin for 24 h (D) LDH assay was performed with arbutin treatment in L-02 cells. (E) Cell proliferation was detected by EdU incorporation assay. (F) Proliferation was measured by EdU assay. Representative images are shown.
MATERIALS AND METHODS
Chemical Reagents
Arbutin (more than 98% purity) wad supplied by Aladdin (Shanghai, China). ANIT (more than 98% purity) was purchased from Sigma. UDCA was purchased from the Aladdin (Shanghai, China). Ntcp, Bsep, FXR, and Cyp7a1 as well as GAPDH antibody were from Beyotime Biotech (Beyotime, Shanghai, PR China) and Bioss Biotechnology (Bioss, Beijing, China). Goat anti-mouse IgG-HRP or goat anti-rabbit IgG-HRP were purchased from Santa Cruz Biotechnology (CA, United States). Immunofluorescence antibodies of Alexa Fluor were purchased from Invitrogen Life Science (CA, United States). siFXR ((5′-CAA​GTG​ACC​TCG​ACA​ACA​A-3′) was from Qingke Bioscience (Chengdu, China). Kits for determination of alkaline phosphatase (ALP; cat. no. A059-1), alanine transaminase (C0009-2), aspartate transaminase (C010-2), γ-glutamyltranspeptidase (γ-GT; cat. no. C017-1), total bile acids (TBA; cat. no. E003-1), and direct bilirubin (DBIL; cat. no. C019-2) were obtained from Nanjing Jiancheng. Other chemical reagents were of analytical grade.
Animals
Six- to seven-week-old adult C57BL/6 mice (male) were obtained from Dossy Bioscience (Chengdu, China). The animals were supported on a cycle with 12-hour light and 12-hour dark with temperature (25 ± 1°C) and (46 ± 5%) humidity for 1 week prior to experiments. The C57BL/6 mice were distributed into six groups (eight mice in each group) randomly (Table 1). Chemical drug doses and abidance of exposure were based on previous research studies. Arbutin (10, 20, and 40 mg/kg) or 30 mg/kg UDCA or buffer alone was intraperitoneally (i.p.) administered to mice every day for 1 week. On the fifth experimental day, 3 hours after arbutin, UDCA, or vehicle treatment, mice were intragastrically (i.g.) administered α-naphthylisothiocyanate (ANIT) with 75 mg/kg. On the seventh day, all groups were euthanized and fasted to collect blood, bile, and livers for further analysis 4 hours after treatment with arbutin, UDCA, or vehicle buffer. The mice were intragastrically euthanized with 150 mg/kg pentobarbital following the guidelines of the Animal Ethics Committee. The liver, blood, gallbladder, and duodenum were immediately excised after euthanasia and were stored at −80°C. All animal studies were approved by the Animal Ethics Committee of Chengdu University of Traditional Chinese Medicine and performed following the regulations (Figure 2).
TABLE 1 | Experimental groups and treatment.
[image: Table 1][image: Figure 2]FIGURE 2 | Hepatoprotective effects of arbutin related to cholestatic liver damage induced by ANIT. (A) The scheme for the animal experimental design. The serum biochemical indicators levels were elevated (B–H). Data are represented by mean ± SD. (n = 3). p < 0.05; + p < 0.05 vs. control; *p < 0.05 vs. model.
Histopathology and Serum Biochemistry
After euthanasia, the liver and other tissues were fixed with 4% polyoxymethylene, and the slices were excised from the anterior liver part of the left lobe, embedded in paraffin, and sectioned into 5-µm sections. Each slide was stained with trichrome for hematoxylin and eosin (H&E) and further intuitive liver histological assessment including hepatocellular necrosis, portal inflammation, or hyperplasia. Analysis of the surface areas of the hepatocytes was carried out under a high-resolution microscope (Olympus) with a photographic facility. The samples of blood stored at 4°C for 4 hours were centrifuged for 30 minutes at 12,000 rpm to collect the supernatant. And ALP, γ-GT, ALT, TBIL, AST, and TBA of serum were measured using the Automatic Biochemistry Analyzer according to the manufacturers’ instructions.
Quantitative Analysis of Real-Time PCR
Total RNAs were extracted using TRIzol reagent (Life technologies; no. 15596026) according to the manufacturers’ instructions, and the quantity of total RNA was measured. Reverse transcription was performed to synthesis cDNA with BeyoRT™ commercial Kit from Beyotime (Shanghai, China). As a template, cDNA was used for real-time PCR in triplicate with the SYBR Green Master Mix and specific primers on a Real-Time PCR System (Bio-Rad) (Table 2). GAPDH was normalized as an internal control to evaluate the efficiency.
TABLE 2 | Sequences of primer for qPCR analysis in this study.
[image: Table 2]Cell Culture, Cell Viability Assays, and Transient Transfection Experiment
Human hepatocyte (L-02) cells were cultured in DMEM containing 10% FBS, 100 U/ml antibiotics with streptomycin, penicillin, and streptomycin. The viability of L-02 cells was analyzed by MTT experiments. The cells were cultured with indicated concentrations of arbutin (25, 50, 100, and 200 μM) for 24 hours; vehicle groups were cultured with the same final concentration of DMSO (the final concentration must be <0.001). Then, MTT was added to each well to incubate for 3 hours at 37°C. After discarding the supernatant, DMSO was used to dissolve the mixture, and absorbance was measured at a wavelength of 570 nm by thhe Microplate Reader system (BIO-RAD). For transient transfection experiment, L-02 cells were seeded with a proper density for 24-well plates at 7 × 105 cells each well. A control siRNA was used as a negative control. Cells were transfected using Lipofectamine ™ 3000 (Thermo Fisher Scientific). These transfected cells were treated with drugs mentioned before for another 24 hours after transfection. Cell proliferation was detected by the EdU assay kit (RiboBio, C10310) according to the instruction completely. And images were obtained with a fluorescence microscope. For lactate dehydrogenase release (LDH) assay, cell cytotoxicity was assessed by a commercial kit from Beyotime Biotech (Beyotime, Shanghai, PR China). The experiment was carried out in accordance with the supplier’s instructions.
Protein Analyzed With Western Blot
Total proteins of liver were lysate by RIPA buffer, and the concentration of protein samples were evaluated by a BCA Protein Assay Kit (Thermo Fisher) according to the instructions. Equivalent samples were subjected to SDS-PAGE and then transferred to the polyvinylidene difluoride (PVDF) membranes (Millipore Corporation, MA, United States). After sealing with 5% non-fat milk, the PVDF membranes were washed and co-incubated with specific primary antibodies at 4°C overnight. Subsequently, the second antibody was incubated with the membrane for 1 hour at room temperature. Specific protein–antibody complexes were measured using enhanced chemiluminescence (ECL) reagents and collected with the gel imaging system (ChmiScope, Clinx, China).
Immunofluorescence
Cells were seeded on the glass cover slides (WHB scientific). After indicated treatment, cells were fixed in 4% formaldehyde, permeabilized by 0.3% Triton X-100, and blocked with 5% BSA. The slides were then incubated with indicated antibodies above at 4°C overnight and Alexa Fluor 488/594 antibodies (1:200 dilution) for 1 hour at room temperature. Nuclei were stained with 1:2000 diluted DAPI solution (Solarbio, C0060) at room temperature for 15 minutes, and the images were captured by using a DM2500 fluorescence microscope (Leica).
Molecular Docking Study
For molecular docking studies, the AutoDock Tools were used to identify the potential FXR agonists. The 3D structure file of NR1H4 (FXR, code: 4QE6) was downloaded from Protein Data Bank (Kudlinzki et al., 2019). The original structure of NR1H4 was then obtained by AutoDock Tools v1.5.6 to preserve charge and prepare pdbqt file for docking. Then, the hydrogenated SDF structures of arbutin were obtained from PubChem database. And, the structure with the lowest docking energy was measured by minimization. Finally, the resultant protein poses were ranked by scoring, and the image of top-ranked protein pose was further displayed by Discovery Studio Visualizer 2019 and PyMOL v1.8 software.
Statistical Analysis
All data were presented as mean ± SD. One-way analysis of variance (ANOVA) was used to analyze differences between multiple groups. And non-parametric Mann–Whitney U test and unpaired Student’s t-test were used for two groups with GraphPad Prism software v8. As a threshold, p < 0.05 was shown as statistically significant.
RESULTS
Arbutin Has No Significant Cytotoxic Effects on Hepatocytes
To investigate the cytotoxic of arbutin on hepatocyte cells, MTT assay of L-02 cells treated with arbutin was performed. The results suggested that 0–200 μM of arbutin for 24 hours showed no obvious proliferative inhibition (Figures 1B,C). Moreover, the IC50 value of arbutin was 618.2 μM (Supplementary Figure S1A); Consistently, EdU incorporation assays and colony formation analysis confirmed that treatment with arbutin has no effects on the proliferation of hepatocyte cells (Figures 1E,F). The results also did not show enhanced cytotoxicity monitored via lactate dehydrogenase (LDH) assay (Figure 1D) Additionally, the serum levels of AST and ALT did not change significantly in mice treated with arbutin 40 mg/kg (data not shown), therefore implicating that arbutin did not exert significant cytotoxicity in vitro and in vivo. Accordingly, arbutin may have no significant cytotoxic effects on hepatocytes.
Arbutin Alleviates the Hepatotoxicity and Cholestasis in ANIT-Treated Mice
To evaluate the effects of arbutin on liver injury induced by cholestasis, C57BL/6 mice were treated with ANIT (75 mg/kg) to induce cholestasis. In brief, the vehicle and ANIT groups were treated with vacant solvent. The UDCA treatment with 30 mg/kg and several arbutin treatment groups were, respectively, pretreated with indicated drugs for 5 days. Then, all groups, except the control, were treated with ANIT that resolved in olive oil. Two days later, the serum and liver tissue samples were collected. Our results showed that the levels of ALT and AST in serum and the sensitive blood biochemical index of liver injury were significantly upregulated after ANIT treatment. The levels of TBIL, γ-GT, TBA, and ALP in serum, the key biochemical indicators relevant to liver damage, were also elevated by administration with ANIT (Figure 2). Accordingly, these results indicated that intrahepatic cholestatic liver damage had been successfully induced by ANIT. Notably, treatment with UDCA or arbutin visibly reduced the serum ALT and AST levels compared with ANIT treatment. Meanwhile, the levels of serum indicators in the UDCA- and arbutin-treated groups decreased significantly. Moreover, arbutin also reversed the liver injury induced by ANIT (10, 20, and 40 mg/kg arbutin) in an adaptive response way (p < 0.01 or <0.05) (Figure 2). Together, these data suggest that arbutin can alleviate the hepatotoxicity in ANIT-induced cholestasis in vivo.
Arbutin Reverses the Morphologic Changes Caused by ANIT in Mice
Morphological and histopathological data of liver were assessed to analyze the hepatoprotective effect of arbutin in vivo. The tissues acquired from the ANIT-treated mice displayed visible hepatic necrosis, inflammatory factor infiltration, and edema (Figure 3; Table 3). We also found that ANIT led to a gallbladder filling and a blackened color (data not shown). Congruously, treatment with UDCA and arbutin could significantly attenuate these pathological changes. Arbutin showed a hepatoprotective effect in an adaptive response way (Figure 3).
[image: Figure 3]FIGURE 3 | Effects of arbutin on histological or morphologic variations in ANIT-induced cholestasis mouse. (I) Liver tissues by H&E stained (×200).
TABLE 3 | Effect of arbutin on morphological changes of the liver after ANIT treatment. Data are expressed as the mean of six specimens for each group. −, negative; +, mild (<10 cells).
[image: Table 3]Arbutin Alters the Expression of Proteins Related With Bile Acid Homeostasis
In order to investigate the mechanism of arbutin in alleviating liver injury, the genes related to BA metabolism were measured by Western blot or real-time PCR. In our results, ANIT treatment attenuated the transcriptional levels of basolateral uptake transporters, Oatp1b2 as well as Ntcp, which was restored by UDCA or arbutin. The mRNA levels of BSEP and Mrp2, two canalicular efflux transporters, were decreased by ANIT, but arbutin could rescue Bsep, rather than Mrp2 (Figure 4B). For the BA transporters, the mRNA levels of Mrp3 and Mrp4 were reduced in ANIT-treated mice, which could not be affected by arbutin. Furthermore, arbutin reversed the reduced transcriptional levels of Cyp7a1 or Cyp8b1, bile acid synthesis enzymes, caused by ANIT. The levels of Cyp7a1 and Cyp8b1 also decreased when treated with UDCA. Meanwhile, UDCA and arbutin both could restore the expressions of bile acid detoxification enzymes, Sult2a1 as well as Ugt1a1, which are attenuated by ANIT (Figure 4). Altogether, arbutin can reverse the altered several genes expression related to BAs homeostasis.
[image: Figure 4]FIGURE 4 | Arbutin changed hepatic genes related to BA metabolism in mouse. Real-time PCR was performed to analyze the levels of genes related to BA metabolism including Oatp1b2, Ntcp, Bsep, Mrp2, Mrp3, Mrp4, Cyp7a1, Cyp8b1, Sult2a1, and Ugt1a1 (A–E). Data are expressed as mean ± SD (n = 3). p < 0.05; + p < 0.05 vs. control; *p < 0.05 vs. model.
Arbutin Activates the FXR-Associated Pathways
As the biosynthesis or transport of bile acid is controlled by the FXR signaling pathway, we analyzed the expression levels of FXR and downstream proteins, Cyp8b1, Bsep, and Ugt1a1 by Western blot. As expected, the suppressed expression of FXR in ANIT-treated mice was restored by UDCA and arbutin.
We also observed that the downstream biosynthetic enzymes (Cyp8b1, Cyp7a1, and Ugt1a1) and transporters (Bsep, Ntcp, and Oatp1b2) of bile acid could be reversed by arbutin treatment in a dose-dependent way (Figures 5A–C). To further validate whether arbutin could be a potential agonist for FXR, we transfected with siRNA to knockdown the FXR in L-02 cells; we then analyzed the levels of the FXR by Western blot and fluorescence absorbance (Figures 5D,E). Together, these results indicated that the FXR might have participated in arbutin regulated genes involved in BAs metabolism, suggesting arbutin may be a potential and efficient agonist for FXR to exert the hepatoprotection against cholestasis caused by ANIT.
[image: Figure 5]FIGURE 5 | Hepatoprotective effects of arbutin on the FXR signaling pathway in ANIT-induced cholestatic liver disease. (A) WB analysis was applied to shown protein levels of FXR, Ntcp, Bsep, and CYP7A1 with treatment indicated. (B) The analysis of the indicated proteins. (C) WB analysis was used to shown the levels of FXR in L-02 treated with different concentrates of arbutin. (D) WB analysis effects of arbutin on the expression of the FXR with or without FXR silence. (E) Immunoblotting analysis of FXR protein levels in cells after arbutin was added with or without FXR silence.
Molecular Docking Simulations Implicate That Arbutin May Be a Potential Agonist of FXR
To confirm that arbutin has potential to bind to the FXR, molecular docking analysis with arbutin and the residues from the NR1H4 3D structure (code: 4QE6) was performed. Obeticholic acid (OCA) is a well-known potent agonist of the FXR and docked with a score of −11.1 kJ/mol (Supplementary Figure S1B) (Zhang et al., 2020). Similar to the interaction between the FXR and OCA, the energy for binding between arbutin and FXR was −7.4 kJ/mol, implicating that the interaction was stable (Figure 6A). As shown in results, arbutin binds to a hydrophobic pocket consisting of amino acid residues (Met328, Ser332, Ile335, Arg331, His294, Met290, Ala291, Leu287, Phe336, Phe366, Met365, Ile362, Tyr369, Tyr361, and Ile352). Moreover, arbutin formed two essential hydrogen bonds with Met328 and Ser260, and π–π interaction with Tyr369 residues of FXR, which further enhanced the bonding affinity (Figure 6B). Together, the docking model demonstrated that arbutin could bind to the FXR, and arbutin might be a potential FXR agonist (Figure 7).
[image: Figure 6]FIGURE 6 | Optimized binding analysis with FXR and arbutin. (A) The 3D binding modes between the FXR (PDB code: 4QE6) and arbutin. Electrostatic potential on the FXR molecular surface around the binding site of arbutin and interactions between arbutin and main amino acids in the active site. Hydrogen bonds are shown as dotted lines; (B) 2D binding pattern diagram between arbutin and FXR.
[image: Figure 7]FIGURE 7 | Possible mechanism of arbutin alleviating hepatotoxicity associated with cholestasis induced by ANIT in this study.
DISCUSSION
Cholestatic disease is a common pathological phenomenon in clinics caused by disordered BA homeostasis, leading to toxic gall accumulation, hepatonecrosis, and cirrhosis. ANIT is commonly used to induce cholestatic liver injury in vivo and in vitro (Mariotti et al., 2018). Recent studies also suggested ANIT-induced effects on hepatocytes, though direct injury caused by ANIT to BECs, which has been demonstrated in many studies (Carino et al., 2020; López-Riera et al., 2020). Currently, UDCA and OCA are commonly used in clinical medicine, but these have a lot of constraints (Floreani and Mangini, 2018; Goldstein and Levy, 2018; Gao et al., 2020). Accordingly, development of appropriate therapeutic medicine for cholestasis is an urgent need. This study demonstrated that arbutin had a visible hepatoprotective effect in the cholestasis model. Consistently, ANIT caused elevated serum levels of ALP, AST, ALT, γ-GT, and TBIL related to cholestasis and hepatic function (Carpenter-Deyo et al., 1991; Santamaría et al., 2019; Li et al., 2020a). These disordered serum biochemical indicators conformed to the hepatic cells and structure pattern aberration in the cholestasis mice model. Intriguingly, both arbutin and UDCA could reduce the serum indicators mentioned before. Furthermore, the deterioration of hepatic histology and morphological changes were also alleviated while arbutin and UDCA were administered.
A lot of research studies suggested that maintaining or recovery of the homeostasis of bile acid metabolism via associated transporters and enzymes may be critical for the remission of hepatotoxicity associated with cholestasis. As the homeostasis of bile acids was mainly regulated by BA transporters and synthetic enzymes, ANIT altered the expression of metabolic enzymes for bile acids to aggravate hepatic injury. The expression of Bsep, Mrp2, Ntcp, and Oatp1b2 was remarkably suppressed by ANIT. Several canalicular efflux transporters, such as Mrp2 and Bsep, regulate transportation of bile acid from hepatocytes to bile canalicular domain for bile generation (Li et al., 2016). While Oatp2 and Ntcp play a key role in reabsorption of bile acid from blood to hepatocytes. Besides, the basolateral transporters like Mrp3 and Mrp4 transport BAs from liver cells to portal blood (Keitel et al., 2019). Additionally, a series of metabolizing enzymes like Cyp8b1 and Cyp7a1 are the limiting step enzymes in BA synthesis, while Sult2a1 and Ugt1a1 have also been demonstrated to play key roles in the detoxification of bile acid in the liver (Thakare et al., 2018). Our results suggested arbutin may restore the expression of Bsep, Ntcp, or Oatp1b2 by ANIT, while Mrp2 was slightly altered by arbutin, suggesting that Bsep, Ntcp, and Oatp1b2 may be used for bile acid transportation to protect the liver by arbutin. Mrp3 or Mrp4, as bile acid export transporter, was remarkably reduced in an adaptive responsive way caused by ANIT. While arbutin had a slight effect on Mrp4 or Mrp3, which suggested that these genes may not contribute to this process mediated by arbutin. In the recent studies, we found arbutin played at least three important roles on remission of hepatotoxicity. The first role is upregulaion of bile acid transporters via Bsep and Ntcp. The second is reduction of synthesis of bile acid through Cyp8b1 and Cyp7a1. The last role is regulation of bile acid metabolism by increasing Ugt1a1 and Sult2a1.
Recent evidence has been proved that FXR is a bile acid sensor, which could control series of molecules involved in BA transport, such as Bsep, Mrps, and Ntcp. Furthermore, FXR activation increases the detoxification of bile acid by increasing Sult2a1 as well as indirectly inhibiting the synthesis of bile acid through Cyp7a1 or Cyp8b1 (Xu et al., 2003; Pathak et al., 2017; Al-Aqil et al., 2018; Chambers et al., 2019; Yu et al., 2021). Similar to previous studies, we found that the ANIT significantly inhibited the FXR and its target genes, including Ntcp, Bsep, Cyp8b1, and Ugt1a1 (Jahan and Chiang, 2005; Bertaggia et al., 2017; Petrov et al., 2020). Our results have demonstrated arbutin could reverse the expression of the FXR and downstream genes in the cholestasis mice model, suggesting that arbutin could reduce the synthesis as well as increase transport or detoxification of bile acids by regulating the FXR. Together, we demonstrated that arbutin can attenuate the injury in ANIT-induced cholestasis and systematically investigated the possible involvement of the FXR pathway both in vitro and in vivo.
CONCLUSION
In summary, we demonstrate that arbutin can attenuate the hepatic injury in ANIT-induced cholestasis. The hepatoprotective effect of arbutin may depend on the regulation of bile acid synthetic enzymes and transporters by the activation of the FXR, suggesting that arbutin can be a potential drug to hepatic disease related to cholestasis.
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Stress granule (SG) formation is a well-known cellular mechanism for minimizing stress-related damage and increasing cell survival. In addition to playing a critical role in the stress response, SGs have emerged as critical mediators in human health. It seems logical that SGs play a key role in cancer cell formation, development, and metastasis. Recent studies have shown that many SG components contribute to the anti-cancer medications’ responses through tumor-associated signaling pathways and other mechanisms. SG proteins are known for their involvement in the translation process, control of mRNA stability, and capacity to function in both the cytoplasm and nucleus. The current systematic review aimed to include all research on the impact of SGs on the mechanism of action of anti-cancer medications and was conducted using a six-stage methodological framework and the PRISMA guideline. Prior to October 2021, a systematic search of seven databases for eligible articles was performed. Following the review of the publications, the collected data were subjected to quantitative and qualitative analysis. Notably, Bortezomib, Sorafenib, Oxaliplatin, 5-fluorouracil, Cisplatin, and Doxorubicin accounted for the majority of the medications examined in the studies. Overall, this systematic scoping review attempts to demonstrate and give a complete overview of the function of SGs in the mechanism of action of anti-cancer medications by evaluating all research.
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Introduction

Stress granules (SG) are, from a higher perspective, a subset of RNP granules. Cellular mRNAs appear in the messenger ribonucleoprotein (mRNP) structure within the cell by being coated with proteins (1). SGs are structured, ranging from 100 to 2000 nm, and present in cytoplasmic foci (2). The word stress in the title of these granules indicates the effect of stress on the formation of SGs. Types of stress can be divided into two categories: conditional such as heat shock, arsenite, and hypoxia (3) and other categories including genotoxic drugs and x-ray (4). Stress granules proteins component can be included in three subgroups of RNA binding proteins, non-RNA binding proteins, and transcription initiation factors (5). Proteomic studies and the study of interprotein interactions of this structural component of SGs indicate a large number of proteins that can be included in the structure of SGs (6, 7). Identification of this protein component is essential when more attention is paid to the mechanism of formation of SGs and their effect on the pathogenesis of various diseases. In general, the stress on the cell is followed by the cessation of one of the most critical cell processes called translation (8). Stopping translation accurately at the initiation stage provides the cell with a supply of resources like the RNA-binding proteins involved in this process to build SGs (5).

Interestingly, the major component of the protein component of SGs is RNA-binding proteins that have two specific domains that predispose to the formation of protein aggregates and the construction of SGs, including prion-like domains (PLDs) and intrinsically disordered domains (IDDs) (9). Among these, proteins such as TIA1, PABP, and G3BP have the most involvement in the structure of SGs (10). These proteins can participate in the formation of SGs in two ways. First, the core structure is formed before forming the outer shell structure, where proteins such as G3BP1 and TIA1 attach to the mRNA in the nucleus and form the mRNP structure. This mRNP is transported to the cytoplasm as a core for the SGs formation, although it can also follow the translation process (11, 12). Then, by increasing the core size and connecting other components, a structure of 200 nm is formed, and by continuing the same process, a liquid-like shell is created by relying on microtubules, and it completes the SG structure. Liquid–liquid phase separation (LLPS) is a thermodynamically driven, reversible event that involves the separation of a liquid into two separate liquid phases with differing solute concentrations (13). Alternatively, the structure of SGs can begin to form during the liquid-liquid phase separation process before the formation of the core structure (14) due to poorly binding untranslated mRNPs (15). Then, with the addition of more untranslated mRNPs and more proteins as SGs protein components, the formation of the structure of SGs follows (16).

It should be noted that the structure of SGs is temporary. Cells under stress use SGs as a strategy to protect the translation process, and as the stress is relieved, the structure of SGs moves toward disassembling (17). Disequilibrium between assembly and disassembly can create the conditions for the pathogenesis of various diseases, from neurodegenerative diseases (18, 19) to autoimmune diseases (20) and cancer (21). SGs are involved in various dimensions of cancer, from formation to progression, metastasis, and response to various forms of treatment (22). Cancer is identified by abnormal cell proliferation with the potential to invade and spread to other parts of the body (23).

SGs are present in many cancers, and their up-reg has been proven in many different tumors, including hepatocellular carcinoma (24), sarcoma (25), pancreatic cancer (26), prostate cancer (27, 28), breast cancer (29), malignant glioma (30). Cancer cells are subjected to various stresses due to overgrowth and overuse of nutrients and the effect of various therapies (31). Cancer cells take advantage of the structural ability of SGs under various stresses to survive (32). This research reviews all the studies in the field of cancer treatment in which traces of SGs have been seen in an attempt to review the progress made in targeting SGs in cancer therapy in order to be able to find ways and means of treating cancer.



Methods


The Overall Framework of the Review

The strategy in this article was established on the basis proposed by Arksey and O’Malley (2005) (33). Later versions of this strategy were developed by Levac et al. (2010) (34) and Colquhoun et al. (2014) (35). This review follows a 5-step framework, including the following steps: classification of the research question, search strategy, study selection, charting the data, Collating, summarizing, and reporting the results. Consultation is the sixth and final step, which is not covered in this article. During the article’s writing, the Preferred Reporting Items for Systematic Reviews and Meta-Analysis Extension for Scoping Reviews (PRISMA-ScR) Checklist (36) is used to consider and observe two critical aspects clarity and transparency.



Classification of the Research Question

The main research question that was developed is as follows:

‘What do studies on the involvement of stress granules in anti-cancer drugs and cancer treatments represent?’

‘What are these anti-cancer medications, and what is their functional mechanism?’

Critical studies are considered to be included in general and comprehensive questions.



Search Strategy

Researchers used PubMed, Scopus, Cochrane, Google Scholar, Embase, Web of Science, and ProQuest to find the articles. The search was not limited by date, language, subject, or type of publication. Review publications were also revised to ensure that related articles were not neglected. For our research on anti-cancer medications and Stress granules, we almost used the following search query: “cancer*” OR “neoplasm*” OR “cyst*” OR “carcinoma*” OR “adenocarcinoma*” OR “neurofibroma*” OR “tumor*” OR “tumour*” OR “malign*” AND “stress granule” OR “stress granules”. Keywords were selected according to background reading and subject headings in PubMed and Embase search engines to have the most coverage on cancer studies. Medical subject heading (MeSH) for the PubMed database and emtree for the Embase database are correctly used in the search. The most recent search was conducted on October 16, 2021. EndNote X8.1 was used to manage the references.



Study Selection

The publications found during the search were screened for Stress granules involving anti-cancer medications in humans, cell lines, and animal models. Journal articles, conference presentations, erratum, conference abstracts, and reports were among the publications screened. Two reviewers (MRA and MSM) independently completed the screening (first only title and abstract, second full-text). At this point, the article titles and abstracts were reviewed using the inclusion and exclusion criteria listed below.


Inclusion Criteria

	Stress granules involved in anti-cancer medications (any cancer) (all human studies, animal studies, cell culture studies)

	Articles in English only

	Original studies





Exclusion Criteria

	Research on stress granules in diseases other than cancer

	Languages different from English

	Non-original studies

	Stress granules have been studied using bioinformatics and impractical techniques.






Charting the Data

Following the completion of the final articles that address the research questions, the data-charting was created to organize the study variables using the following headings: author’s name, year of publication, country, type of study, human samples, animal models, cell lines, SG protein components, methods, major findings, and references. Separately, two reviewers (MRA and MSM) extracted data from articles using charts.



Collating, Summarizing, and Reporting the Results

A quantitative and qualitative analysis of the publications’ findings, presented in tables and charts, was performed. The quantitative analysis section reviewed a descriptive numerical summary of the studies’ scope, nature, and distribution. In the qualitative analysis section, the presented data were confirmed in light of the broader context proposed by Levac et al. in a narrative review.




Results

A total of ten hundred and seventy-nine items were returned from a keyword search across seven databases. Meanwhile, ten additional records were discovered through other sources, increasing the total number of articles. Endnote software identified and eliminated 522 duplicate records, bringing the total to 557. Following a review of the article titles and abstracts, 122 publications that addressed the research subject were chosen. Following a study of the entire texts of 122 publications, 44 articles for the charting data stage were included in Table 1. The procedure for discovering relevant articles and research is depicted in Figure 1. Eligible research was published between 2007 and 2021. The percentage of various research is depicted in Figure 1. Meanwhile, cell culture research accounts for the vast majority of studies, accounting for approximately 72.7 percent of all studies (24, 30, 37–43, 45, 47, 49, 50, 52, 53, 55, 57–59, 61–63, 65, 66, 68–73, 75, 76). Following that, cell culture, animal, and tissue specimen studies accounted for 13.6% of studies (26, 29, 48, 60, 64, 76), cell culture and tissue specimen studies accounted for 9.1% of studies (46, 51, 54, 67), and cell culture and animal studies accounted for 2% of the total studies (57, 74). Pancreatic cancer (26, 46), gastric cancer (67, 76), breast cancer (29), sarcoma (64), colorectal cancer samples (54, 60), primary malignant B cells (51), and osteosarcoma (48) were among the human cancer samples utilized in the research. Figure 2 depicts the quantity of each SGs protein component investigated in all investigations. G3BP1 has the greatest rate (16.9%), followed by eIF2α (13.4%), TIA-1 (9.2%), and eIF4G1 and FXR-1 (4.3%). Figure 3 is a schematic image of the proportion of anti-cancer medications utilized in studies in which bortezomib (26, 30, 39, 42, 59, 62, 63, 73) with 14% has the largest share and followed by 5-Fluorouracil (49, 54, 74), cisplatin (43, 48, 58), Oxaliplatin (26, 67, 76), and Sorafenib (24, 57, 62) with 5.3% of all anti-cancer medications used in studies. The number of studies is limited to twelve countries, with the United States accounting for the most with nine, followed by Canada with eight, China with six, South Korea with four, Switzerland, Germany, Brazil, Japan, and Australia with two each, and Italy, France, Poland, the United Kingdom, Argentina, Chile, and Russia with one each.


Table 1 | SGs in the mechanism of action of anti-Cancer medications.












Figure 1 | Search strategy flow chart based on the PRISMA flow diagram.






Figure 2 | The ratio of Stress Granules protein components and type of studies. (A). Other refers to proteins that have been considered only once in all studies, including CCAR1, DDX3, DDX6, eIF3b, eIF3c, eIF3f, eIF4A1, eIF4D, eIF4E, eIF4G1, FMR1, FMRP, G3BP1, hnRNPA1, hnRNPk, hnRNPA2B1, HSP90a, mTOR, PRMT1, RACK1, RAPTOR, Rbfox2, Sam68, SQSTM1/p62, SRSF1, TDRD3, TIAL1, TTP, USP9X, YWHAZ, ATXN2. (B). Cell culture studies were the most common kind of research, followed by cell culture, animal studies, and tissue specimen studies with the most significant number (13.6 percent in study design), cell culture and tissue specimen studies with 9.1 percent, and cell culture and animal studies with 2% of all studies.






Figure 3 | The proportion of anti-cancer medications utilized in studies. Other refers to anti-Cancer medications that have been considered only once in all studies, including Arsenic trioxide, boric acid, c108, camptothecin, Capecitabine, celecoxib, cis-diamminedichloroplatinum, Darinaparsin, docetaxel, fasnall, ibrutinib, Imatinib, lapatinib, Mitoxantrone, Mn3O4, MO-460, morusin, MS-275, nocodazole, Phenethyllisothiocyanate, Psammaplysin F, QLT0267, raloxifene, resveratrol, TAT-RasGAP317–326 (peptide), torkinib, tunicamycin, Verrucarin, Vinca Alkaloid.





Discussion


Stress Granules Branch Off From RNP Granules

RNP granules are non-membrane-bound cellular compartments with high protein and RNA concentrations. Nuclear granules like Cajal bodies, paraspeckles, the nucleolus, and cytoplasmic granules like stress granules and processing bodies fall into this category (77, 78). RNP granules are dynamic in nature and rely on RNA for assembly. As a result, the formation of dynamic RNP granules for the concentration of specific cellular components is a strategy that has been conserved across a wide range of organisms and cellular compartments (79). Among these, P-bodies (80) and SGs (81) are two types of cytoplasmic mRNP granules that form from pools of non-translating mRNA. The P-bodies were discovered during research into the localization of proteins associated with the 5′ to 3′ mRNA decay pathway, and the discovery of mRNA decay mediators in these structures led to the initial hypothesis that P-bodies are cellular sites of mRNA decay (82). SGs were named after dense cytoplasmic bodies formed in chicken embryonic fibroblasts when they were stressed in 1988 (83). SGs are dense bodies made up of RNA and proteins that are found in the cytosol when the cells are under stress (84). Ribonucleoproteins appear in response to various stresses, and their number decreases as the stress fades away and is restricted to SGs being disassembled (22).



SGs in Cancer Treatment

The most challenging aspect of the clinical picture is the use of SGs by cancer cells in response to treatment and chemotherapy. In cancer cells, the equilibrium between assembling and disassembling SGs versus chemotherapy is disrupted, and this imbalance tends to increase the number of SGs. Aside from pathophysiological conditions, numerous studies have linked cancer cell survival to the accumulation of SGs in response to chemotherapy drugs, which can aggravate cancer. EIF2α phosphorylation is the common denominator of the majority of chemotherapeutic agents (85). It is thought that four stress-related kinases phosphorylate eIF2α (17, 18).

Among these are the double-stranded RNA-dependent protein kinase (PKR), PKR-like endoplasmic reticulum kinase (PERK) (86), haem-regulated inhibitor (HRI), and general control nonderepressible 2 (GCN2) (86, 87). Chemotherapy drugs typically stimulate SG accumulation by activating these phosphorylating kinases. Simultaneously, studies show that targeting SGs as anti-stress granule therapy in combination with conventional chemotherapy could provide a new perspective on cancer treatment and has the potential to be recognized as a new treatment through further research.



Chemotherapy Drug Traces in the Induction of SG Assembly


Sorafenib

Sorafenib has shown anti-tumor efficacy in animal models of RCC (88), HCC (89), and DTC (90) by inhibiting tumor proliferation and angiogenicity and promoting tumor death. Although first identified as a Raf inhibitor, it was later shown that sorafenib has several targets, including many protein kinases in the Ras–Raf–MEK–ERK signaling cascade. Sorafenib has the potential to block a variety of oncogenic Ras and Raf mutations, including the BRAF V600E mutant, which is linked to tumor angiogenesis and invasion, as well as the silencing of tumor suppressor genes in a spectrum of cancer types and also inhibits VEGF receptors, platelet-derived growth factor receptor family proteins (PDGFR and Kit), and FMS-related tyrosine kinase 3 (FLT-3) (91), as well as the oncogenic RET kinase (92) and the degradation of the anti-apoptotic myeloid cell leukemia 1 (Mcl-1) protein (93). Sorafenib was approved for use in solid tumors based on these findings. It also reduces the severity of its side effects because it is a potent inhibitor of epoxide hydrolase solution due to the structure of its distributed 1,3-di urea (94).

Pathways can lead to sorafenib-treated cancer cells becoming resistant to the drug. The formation of SGs can be considered as a frontier in resistance to sorafenib treatment. It should be noted that sorafenib produces SGs in a variety of cancer cells, including HeLa (cervix), MCF-7 (breast), PC3, and LnCaP (prostate), with a high degree of potency (80%) (24). Resistance to sorafenib chemotherapy occurs through the pathway in which ATF4 and PERK are involved. Sorafenib induces eIF2α phosphorylation by PERK, and this phosphorylation leads to the formation of SGs. Phosphorylated eIF2α, on the other hand, induces preferential induction of ATF4 expression, which promotes cell death (95). Low ATF4 expression is required for resistance to chemotherapy due to its activity in promoting the expression of antioxidant and chaperone genes that contribute to cell survival and growth (96). On the other hand, under the influence of Sorafenib, PERK mediates the formation of SGs by phosphorylation eIF2α. By capturing ATF4 mRNA, SGs have been shown to minimize expression to the extent necessary for survival and resistance to chemotherapy and increase chemotherapy resistance (24). Sorafenib phosphorylates GCN2 to phosphorylate its downstream protein, eIF2α, promoting cell apoptosis (57). Meanwhile, cox2 protein, which is more expressed in sorafenib-treated cells, inhibits the apoptotic activity of cells with its anti-apoptotic function (97); Cox2 mRNA is localized in the structure of SGs. Combination therapy with sorafenib and celecoxib, which inhibits cox2, is better in chemotherapy-resistant cells than treatment with sorafenib alone (57). It was found that reducing the number of SGs could increase the effectiveness of chemotherapy. Psammaplysin F is a marine sponge-derived metabolite that has the ability to reduce the number of SGs and increase the effectiveness of chemotherapy drugs such as Sorafenib and Bortezomib (62).



Bortezomib

Bortezomib is an anti-cancer drug that was made for the first time in 1995, approved by the food and drug administration (FDA) in 2003 to treat multiple myeloma and mantle cell lymphoma (Velcade, PS-341; Millennium Pharmaceuticals, Inc., Cambridge, MA) (98–100). It is a 26S proteasome inhibitor, modified dipeptide boronic acid derived from leucine and phenylalanine. It could inhibit the proteasome reversibly in mammalian cells (101, 102). The proteasome controls protein production and function in normal cells by degrading ubiquitylated proteins and ridding the cell of aberrant or misfolded proteins (103). Clinical and preclinical evidence supports the proteasome’s role in sustaining myeloma cells’ eternal nature, and cell-culture and xenograft data suggest a similar function in solid tumor malignancies. While various processes are believed to be at work, proteasome inhibition may limit the degradation of pro-apoptotic proteins, prompting programmed cell death in cancer cells (99, 104). The 26S proteasome consists of a 20S core complex and 19S regulatory complex, and remarkably, the β-subunits of the 20S core complex have the catalytic function. bortezomib’s binding position is the threonine hydroxyl group in β1-subunit and β5-subunit of the 20S core in the proteasome structure (99, 102). Bortezomib inhibits the chymotrypsin-like activity of the proteasome through the boronic acid group in its binding to the threonine hydroxyl group in the β5-subunit (105, 106).

Bortezomib restraint more than 75% of proteasomes in whole blood samples up to one hour after the dose of bortezomib (99), and additionally, it binds 83% of human plasma proteins (101). Bortezomib has essential activities such as anti-tumor function, growth inhibition, and suppression of apoptosis. On the other hand, bortezomib prevents the progression of the cell cycle in the transition from the G2 phase to the M phase (107) and could influence the NF-κB signaling pathway, leading to anti-apoptotic target genes and expression of anti-apoptotic proteins (108). NOXA is a pro-apoptotic protein that bortezomib provokes in cancer cells (109, 110). Cytochrome P-450 enzymes 3A4, 2D6, 2C19, 2C9, and1A2 are responsible for metabolizing bortezomib through oxidative ways. According to the reports in this metabolization, two isomers from a single metabolite are generated due to bortezomib deboronation, and hydroxylation and deamination occur (101). The metabolization of bortezomib produces more than 30% inactive metabolites (111).

SGs are constituted by provoking bortezomib in cancer cells such as HeLa cells, Calu-I (lung cancer), and Caco (colon cancer) cells, but not all cancer cells like Hs578T breast cancer cells. Under long-term bortezomib (1 M, 10 h) therapy, the synthesis of SGs under stimulation by bortezomib is reversible; therefore, SGs disassemble and partially activate translation; this event occurs independently of eIF2α dephosphorylation. HRI and GCN2 are two kinases responsible for the phosphorylation of eIF2α caused by Bortezomib induction (39). The findings suggest that HRI may promote cancer cell resistance to bortezomib (39, 81). Following HRI reduction, SG formation decreases, and also IF2α phosphorylation is reduced through bortezomib (12). The efficiency of bortezomib was increased by knocking down the HRI in HeLa cells (62). RACK1 or TRAF2 is an apoptotic molecule inactivated by SGs cause to impede cancer cell resistance to bortezomib (39). Flow cytometry analysis shows that cells were treated with bortezomib, which raised the permeability of the plasma membrane. ​Angiogenesis increased in a conforming in vivo model, U87 cells conditioned culture media under bortezomib for 24 hours. Silencing G3BP1 as an SGs protein component might enhance bortezomib-induced apoptosis (59).

There is arginylated calreticulin in the structure of SGs, and it moves to the plasma membrane, where it can regulate cell death in cells treated with bortezomib. Arginylated calreticulin also acts as an apoptosis promoter (63). Bortezomib’s efficacy for solid tumors is inadequate due to resistance to cell death induction (30); nevertheless, insertion of arginylated calreticulin into the plasma membrane of glioma cells treated with bortezomib can initiate the apoptotic pathway (63). Bortezomib’s cytotoxicity would be increased by inhibiting the development of SGs. Chikungunya virus expressed non-structural protein 3 (nsP3), which might impede the development of SGs by inducing G3BP into cytoplasmic foci. Transfecting nsP3 into cancer cells and then treating them with bortezomib might pave the way for a novel strategy for cancer treatment (73). SGs regulate the production of the anti-apoptotic protein p21WAF1/CIP1; Bortezomib promotes the accumulation of p21 mRNA and its translation. p21WAF1/CIP1 and its regulatory protein CUGBP1 inhibit apoptosis in response to bortezomib therapy (42).



5-Fluorouracil

5-Fluorouracil (5-FU) is a uracil and thymine analog used as an antimetabolite and anti-cancer medicine. In the 1950s, researchers observed that rat hepatoma cells utilize pyrimidine uracil to the biosynthesis of nucleic acid, and this finding showed a clear horizon in cancer treatment (112–114). 5-FU is broadly used for treating solid tumors like breast, gastrointestinal system (colon, rectum, anus, esophagus, pancreas, and stomach), head and neck, and ovary (115). The fluorine atom is placed instead of hydrogen of uracil in the 5-FU structure (113). 5-FU inhibits thymidylate synthase (TS), and its metabolites incorporate into RNA and DNA, hence applying its antineoplastic effect (116). TS is the only enzyme that produces de novo thymidylate to DNA replication and repair (117). Increasing dUTP could result from TS inhibition and 5-FU metabolite FdUTP might become misincorporated into DNA (118, 119). As a result of these occurrences are DNA strand breaks and cell death (116). Thymidine kinase produces thymidylate from thymidine, so it is a potential salvage pathway TS deficit and provides a mechanism for resistance to 5-FU (120). Dihydropyrimidine dehydrogenase (DPD) is the rate-limiting enzyme in 5-FU catabolism that turns 5-FU to dihydro fluorouracil (DHFU). DHFU is expressed in the liver, and as well as more than 80% of consumed 5-FU is generally catabolized in the liver (121).

The enzymes responsible for metabolizing uracil and thymine could also metabolize 5-FU, and the mechanism of entering 5-FU into the cell is the same as for uracil. 5-FU undergoes intracellular transmutation to active metabolites such as fluorodeoxyuridine monophosphate (FdUMP), fluorodeoxyuridine triphosphate (FdUTP), and fluorouridine triphosphate (FUTP) (122). The 5-FU metabolite integrated into RNA then prevents pre-rRNA maturation into rRNA (123, 124), damages post-transcriptional modification of tRNAs (125, 126), and the assembly and activity of snRNA/protein complexes, resulting in pre-mRNA restraint splicing (127). The suppression of pre-rRNA maturation into rRNA by 5-FU therapy leads to a lack of synthesis of functional ribosomes (128). The incorporation of 5-FU metabolite into RNA is a factor in triggering SGs assembly (49).

There is a stemness gene in neuronal and epithelium cells, namely Musashi-1, which is an RNA-binding protein (129). A study indicated that Musashi-1 has a fundamental role in increasing the extension of CD44+ colorectal cancer stem cells and SG formation. Remarkably, when colorectal cancer cell lines are treated with 5-FU, Musashi-1 leads to SGs formation. Musashi-1 interacted with SGs through its C-terminal region. 5-FU stimulated SGs contained Musashi-1 along with G3BP. The C-terminal of Musashi-1 is critical for SGs formation under the induction of 5-FU. Furthermore, they realized that Musashi-1 causes colorectal cancer drug resistance by forming SGs during 5-FU treatment because Musashi-1 prevents apoptosis in colorectal carcinoma cells via the formation of SGs under 5-FU treatment (54). On the other hand, 5-FU could activate PRK (protein kinase RNA-activated), directing to eIF2α phosphorylation (79), thereby forming SG. Based on experiences, 5-FU influences on SGs formation under stress, and SGs become larger. By induction of 5-FU in HeLa cells, SGs include mediator protein RACK1, and disassembly of SGs was affected (49).



Cisplatin

Cisplatin is an anti-cancer medication that is useful in the treatment of a variety of malignancies (130). This compound has the chemical formula cl2H6N2pt, which is essentially insoluble in water but soluble in dimethylpropane and N-dimethylformamide (131). M. Peyron discovered and synthesized cisplatin in 1844. Years later, in 1960, Rosenberg demonstrated that platinum electrolytes might halt cell development (132). Despite its anti-cisplatin function, it produces side effects and difficulties in patients, including nephrotoxicity, ototoxicity, myelosuppression, gastrotoxicity, and allergies (133, 134). These cisplatin adverse effects are most likely caused by the substance’s interaction with the N7 position in purine molecules in DNA or by disrupting the fusion of double-stranded or single-stranded DNA molecules (135). Cisplatin is used to treat several malignancies, including ovarian, testicular, and cervical cancers. However, it is essential to note that in these cancers, tumor cells can develop resistance to cisplatin for a variety of reasons, including reduced cisplatin (DDP) levels in the cell, increased glutathione and glutathione S-transferase activity, accumulation of metallothionein’s in the cell, and improved DNA repair (136). There is widespread agreement that cisplatin enters the cell via passive transport, which lends credence to the idea that DDP cannot be absorbed completely (137).

One study discovered that Cisplatin therapy results in a lower rate of SG production than predicted. The fraction of cells containing SGs is modest, accounting for 5% of total cells. It is unknown what causes reduced SG production in cisplatin-treated cells; Cisplatin may interfere with SG formation. On the other hand, most cisplatin-induced SGs are likely to be undetectable under a microscope and are distinct from those generated with sodium azide or sodium arsenite (138). However, one study revealed that cisplatin had no effect on SG formation and had no effect on eIF2α. It does not cause ER stress and, when combined with other chemotherapeutic medicines such as ThapsiGargin or tunicamycin, can cause apoptosis in cancer cells (43). Remarkably, another study noted that a primary effect of cisplatin is to prevent the translation from progressing by increasing 4E-BP1 dephosphorylation and eIF2α phosphorylation, respectively. It inhibits the production of SGs in a concentration-and time-dependent way by targeting ribosomes. Cisplatin inhibits translation initiation and promotes cytosolic small ribosomal 40S subunit aggregation to impede ribosome interaction in translation complexes (139). Resistance to cisplatin can result in SGs containing caprin1, one of the components that may be integrated into their structure, and cause chemotherapy resistance, prevent cisplatin-induced apoptosis, and promote tumor development (48).



Gemcitabine

Chemotherapy is likely to give significant local control while also prolonging life. However, there is no practical or widely used therapy for advanced or metastatic pancreatic cancer. Gemcitabine, a deoxycytidine nucleoside analog (2′-deoxy-2′,2′-difluorocytidine; dFdC), has demonstrated anti-cancer efficacy against a wide range of malignancies, including pancreatic, lung, and breast cancers. GEM action is dependent on its entrance into cells, where it is immediately phosphorylated by deoxycytidine kinase (DCK), producing monophosphate and diphosphate (dFdCDP) (140, 141). Because of the inhibition of ribonucleotide reductase, diphosphate has an anti-cancer action. Another active GEM metabolite that may be integrated into DNA is the triphosphate metabolite (dFdCTP). The suppression of DNA synthesis is the most significant mode of action of gemcitabine. When dFdCTP is integrated into DNA, it incorporates a single deoxynucleotide, inhibiting chain elongation. This non-terminal location of gemcitabine prevents DNA polymerases from proceeding, a process known as “masked chain termination,” which also prevents gemcitabine removal by DNA repair enzymes (142).

On the other hand, gemcitabine mediates PERK- eIF2α phosphorylation and suppresses translation at the cellular level (1, 143). In response to various stress events, the eukaryotic initiation factor 2 (eIF2) subunit is phosphorylated at serine 51, triggering the Integrated Stress Response (ISR) (144). Resistance to gemcitabine chemotherapy is achieved in this way: Phosphorylated eIF2α (p-eIF2α) significantly reduces translation initiation and total protein synthesis, enabling cellular resources to be conserved. Furthermore, p-eIF2α promotes the preferential translation of specific mRNAs, most notably ATF4, whose overexpression increases the genes’ expression involved in oxidative stress (OS), metabolism, and nutrition absorption (145, 146). Thus, p-eIF2α gene reprogramming helps cells recover from stress-induced damage, increasing apoptosis in response to moderate stress and enabling survival in response to chronic stress (146, 147). In addition to inhibiting translation, phosphorylated eIF2α causes the cell to produce more SGs (15). In the sorafenib treatment, it was established that SGs promote chemotherapy resistance via suppressing ATF4 expression (24). Treatment with gemcitabine also maintains ATF4 preferred expression, which may contribute to chemotherapy resistance (26). After gemcitabine therapy, it was discovered in pancreatic epithelial cells that if eIF3f, a component of SGs, is knocked down, the gemcitabine-resistant cell becomes sensitive to this chemotherapeutic agent (46). On the other hand, gemcitabine can improve the sensitivity of other chemotherapy medicines by blocking glutamine metabolism (74).



Oxaliplatin

Oxaliplatin is a third-generation cisplatin analog that has demonstrated promising therapeutic results in colon cancer patients resistant to cisplatin. Oxaliplatin is used in combination with other medicines, such as 5-fluorouracil with leucovorin, to achieve response rates of up to 60%, and the inclusion of irinotecan to enhance pancreatic cancer therapy (148). Oxaliplatin has been linked to several different modes of action. Oxaliplatin, like other platinum-based compounds, causes cytotoxicity primarily through DNA damage. Apoptosis in cancer cells can be induced by the development of DNA lesions, the halt of DNA synthesis, the inhibition of RNA synthesis, and the activation of immunologic responses. Oxaliplatin also has synergistic effects with other cytotoxic medicines, although the underlying processes are less well known (149).

Oxaliplatin resistance, like cisplatin resistance, is obtained by a variety of mechanisms, including lower drug uptake and/or greater efflux of the drug, intracellular sequestration, decreased DNA adduct production, improved DNA repair, or increased adduct tolerance, and decreased sensitivity to platinum DNA adducts (150–152). The overall effect of oxaliplatin absorption and outflow is cellular accumulation. The human copper transporter hCTR1, as well as the organic cation transporters OCT1, 2, and 3, can all facilitate oxaliplatin absorption (SLC22A1-3) (153, 154). P-type ATPases, particularly ATP7A and ATP7B, appear to have a functional role in oxaliplatin efflux or sequestration (155, 156). The production of platinum-DNA adducts may be reduced as a result of decreased oxaliplatin transport. Differences in platinum DNA adducts and downstream signaling may explain the activity in colon tumors that are inherently resistant to cisplatin (157).

Resistance to Oxaliplatin may be connected to SGs. ATXN2L, as an SG component, contributed to the recurrence and development of Gastric Cancer (GC), even when treated with Oxaliplatin. ATXN2L expression was increased by EGF and its downstream PI3K/Akt signaling. On the one hand, ATXN2L overexpression aids migration and invasion through EMT. ATXN2L, on the other hand, aiding SGs assembly during oxaliplatin-induced stress. ATXN2L overexpression resulted in intrinsic and acquired oxaliplatin resistance. In turn, oxaliplatin-resistant cell lines expressed more ATXN2L as well as EGF and EGFR. These findings formed a positive feedback loop connecting EGF, ATXN2L, and oxaliplatin resistance because Oxaliplatin had previously been demonstrated to increase PI3K/Akt signaling in a compensatory way. ATXN2L might be utilized as a prognostic and therapeutic target in GC, primarily if oxaliplatin-based chemotherapy is applied (67).



Doxorubicin

Doxorubicin is a commonly used anti-cancer medication; typical indications include hematological (such as leukemia and lymphoma, including both Hodgkin’s and non-lymphoma) Hodgkin’s and solid organ malignancies (such as breast cancer, thyroid cancer, sarcoma, osteosarcoma, Kaposi’s sarcoma, and others) (158–160). It is regarded as one of the frontline medicines in many chemotherapy regimens since it is a time-tested anti-cancer agent. Chemotherapeutic regimens, including Doxorubicin (anthracyclines), are superior to regimens that do not contain anthracyclines in studies (161, 162). The two most widely hypothesized and effective mechanisms related to doxorubicin action are damage to cell membrane DNA and other cellular proteins caused by free radical production and intercalation into the cellular DNA, resulting in failure of DNA repair mediated primarily by topoisomerase IIa (163). Doxorubicin is transformed to the unstable intermediate metabolite semiquinone, which is unstable and is converted back to Doxorubicin throughout the process, generating reactive oxygen species (ROS). These free radicals cause extensive cellular damage, including lipid peroxidation, cell membrane degradation, DNA damage, and the induction of apoptosis (164).

One set of genes is responsible for free radical production (NADH dehydrogenase, NO synthase, and xanthine oxidase). In contrast, the other set is responsible for free radical deactivation (NADH dehydrogenase, NO synthase, and xanthine oxidase) (antioxidants, namely glutathione peroxidase, superoxide dismutase, and catalase) (165, 166). According to the second hypothesized mode of action, when Doxorubicin enters the target cell’s nucleus, it intercalates with the host DNA and targets TOP2A (167). TOP2A is in charge of separating entangled DNA, as well as temporarily generating and eventually repairing double-strand DNAs (double-strand breaks [DSB]) (72). Doxorubicin slows the repair process by interfering with the function of TOP2A, resulting in the formation of a significant number of DSBs (168). The presence of DSBs triggers the apoptotic pathway (caspase-dependent) by activating the p53 and FOXO3 genes. The ratio of anti-apoptotic to pro-apoptotic members of the Bcl2 protein family has changed (169). Other suggested modes of action for Doxorubicin include the inhibition of DNA and RNA synthesis as well as the promotion of mitochondrial ROS generation, which triggers the death cascade (163). Furthermore, Doxorubicin has the ability to activate p53, a tumor suppressor that tries to protect cells from specific tumorigenic changes (170).

Although a variety of stressors have been identified as happening in the tumor microenvironment, including local hyperthermia, UV, ionizing radiation exposure, ER stress, oxidative stress, genotoxic stress, and chemo-toxic and inflammatory stress, oxidative stress best depicts the prevalent phenomena surrounding the tumor tissues. Aside from the oxidative stress caused by hypoxia and ATO treatments, Doxorubicin significantly increases ER stress and pro-apoptotic processes that promote the development of SGs (1). In particular, Doxorubicin increases the number of SGs by directly affecting phosphorylation on eIF2α (53). In a study on the fission yeast Schizosaccharomyces pombe, the effect of Doxorubicin on SGs was further studied, and it was found that in this Schizosaccharomyces pombe, Doxorubicin, along with heat, causes the formation of SGs from a non- eIF2α -independent pathway but is targeted. The formation of SGs decreases the sensitivity of cells to Doxorubicin (171).





Conclusion

SGs have evolved into one of cancer cells’ primary stress-response mechanisms. SGs allow cancer cells to go through the most challenging phases of their development process on account of their structural capabilities. Many studies have shown that SGs have a role in cancer treatment and responsiveness to anti-cancer medications. A general point of agreement is that SGs are involved in and play a critical role in various pathways in various malignancies. On the other hand, the impact of SGs on cell cycle regulatory factors and critical elements implicated in cancer cell proliferation is utilized as a biased mechanism. Utilizing the capabilities of SGs in the process of chemotherapy resistance (Figure 4), as well as the existence of more SGs in cells receiving chemotherapeutic drugs, is associated with cancer at the following critical stages. Much research has been conducted on the effects of SGs on anti-cancer medications. The goal of this research was to offer a comprehensive review to conclude this subject. Overall, this research may pave the way for future investigations on SGs in treating malignancies and offer a roadmap to lead these studies.




Figure 4 | SGs involved in anti-cancer medications mechanism of actions. The impact of anti-cancer medications on the development of SGs through eIF2α phosphorylation is depicted in a schematic. Accumulation of SGs with particular features leads to chemoresistance, which may be anticipated by enhancing the sensitivity of specific medications by combining specific pharmaceuticals or knocking down a portion of the protein components of SGs.
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Background

Colorectal cancer (CRC) with brain metastases (BM) is uncommon and often diagnosed at a late stage. The aims of this study were to identify the clinical factors that can influence the incidence of CRC patients with BM (CRCBM) and to investigate the impact of clinical factors and therapies on the outcomes of CRCBM.



Methods

Between 2010 and 2018, patients with CRCBM were enrolled under the Surveillance, Epidemiology, and End Results (SEER) program. Multivariable logistic and Cox regression models were used to identify risk factors and prognostic factors of BM. Kaplan–Meier curve and log-rank test were used to evaluate overall survival (OS) and tumor-specific survival (CSS) of CRCBM patients.



Results

A total of 195 (0.34%) CRC patients initially diagnosed with BM were included for analysis. The positive level of CEA, pN2a-b, and additional organ metastases were positively associated with developing BM from the CRC cohort (p < 0.05). The median OS and CSS of the BM patients were both 4.0 months, while the corresponding survival time in CRC patients without BM was 14.0 and 16.0 months, respectively (HR = 2.621, 95% CI = 2.061–3.333 for CSS; HR = 2.556, 95% CI = 2.026–3.225 for OS; log rank p < 0.001, each). Only systematic treatment was independently associated with better survival (p < 0.05, each).



Conclusions

Although the overall prognosis of CRCBM patients was extremely poor, the positive level of CEA, pN2a-b, and distant metastases could be bad risk factors for the incidence of CRCBM. In addition, only systematic treatment was found to be a negative prognostic factor for CRCBM patients. These related factors can provide more valuable reference for clinical individualized treatments.
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Introduction

Colorectal cancer (CRC) is the third most common cancer with an incidence rate of 38.7 per 100,000, and the mortality rate was 13.9 per 100,000 persons based on the most recent record (1). Distant metastases occur frequently in CRC patients; however, brain metastasis (BM) with an incidence of 1%–4% in metastatic CRC (mCRC) is relatively rarer than other common carcinomas such as lung, liver, breast or kidney cancers (2–4). Unfortunately, some recent studies have found that the incidence of BM in CRC (CRCBM) has been increasing in recent decades (5). Indeed, some neural treatments can achieve prolonged intracranial tumor control in selected patients (6). However, brain or cerebral imaging is not routinely recommended in clinical guidelines for mCRC at risk, which means that BM is widely diagnosed only when symptomatic, hence often at a late stage. Mackenzie reported that the rate of BM from CRC with brain-related symptoms is 76%, and more than a half of them suffered from severe neurologic complications (7). Therefore, CRCBM cannot be regarded as a rare clinical problem with less attention; continuous efforts are thus warranted for the prediction of CRCBM.

According to previous studies, some researchers have worked on identifying risk factors for the prediction of CRCBM, which suggested that some risk factors including primary location of rectal cancer, lung metastasis, performance status, number of extracranial metastases, tumor stage, grade, and some gene mutations were associated with the occurrence of BM (2, 8–10). However, the clinical application of these conclusions is limited by a small sample size and lack of wide validation.

Compared to other solid malignancies, patients with CRCBM had remarkably poor prognosis, with a median survival of only about 5.0 months upon diagnosis (11–13). The treatment of mCRC has dramatically improved in recent years with additional radical surgery and targeted therapies, while effective therapies for CRCBM patients remain largely based on primary tumors, which include surgery, radiosurgery, whole brain radiotherapy, and systemic therapy (6, 14, 15). Moreover, some clinicopathological and molecular signatures were reported to be positively associated with longer survival in patients with CRCBM, but the retrospective nature of these studies limits the conclusions (8, 16, 17).

In this study, we collected data from CRCBM patients through a nationwide database and used the clinicopathological data aiming to determine the predictive risk factors for occurrence and the clinical factors and therapeutic effects on prognosis of CRCBM patients.



Materials and Methods


Data Source and Eligibility Criteria

The patients’ records were collected from the Surveillance, Epidemiology, and End Results (SEER) database, which was founded by the National Cancer Institute (NCI), providing clinicopathological data including incidence, therapy, and survival data of many tumors. The dataset contains more than 11,865,152 entries, including 839,695 patients of brain metastatic neoplasm with initial primary cancer up to 2018. The analysis data were downloaded from the SEER database containing information on cancer patients diagnosed from 1975 to 2018, released on April 2021, based on the November 2020 submission [Incidence - SEER Research Plus Data, 9 Registries, Nov 2020 Sub (1975–2018)].

Patients who were diagnosed with CRC from 2010 to 2018 were screened out from the database. Patients whom we selected met the following criteria: (I) patients who were initially diagnosed as CRC with no other sequent records of primary malignant cancers; (II) patients with unknown records of BM; (III) CRC patients with histological ICD-O-3 codes, including 8000–8152, 8154–8231, 8243–8245, 8250–8576, 8940–8950, and 8980–8981 (18) and (IV) The patients who were recorded death within 30 days after a confirmed diagnosis. The flowchart of this study is presented in Figure 1.




Figure 1 | Flowchart for selection and analysis procedure in the study. Initially, we derived CRC patients with exact records of BM from the SEER database, and then removed the patients that did not meet the criteria. Finally, univariable and multivariable logistic and Cox regression analysis were performed to obtain the individual variables that affect the incidence and prognosis of CRCBM, respectively.





Study Variables

The selected patients were divided into one group with BM and another group without BM. Clinical baseline variables including age, gender, race, location, grade, histology, pT, pN, bone metastases, liver metastases, lung metastases, CEA, perineural invasion, surgery, radiotherapy, and systematic therapy were used in the current study. The primary location on patients was further classified into three groups: right-sided colon (C18.0–18.4), left-sided colon (C18.5–18.7), and rectum (C19.9 or C20.9). The histology variable was classified as “Adenocarcinoma (AC, ICD-O-3: 8140 to 8147, 8210 to 8211, 8220 to 8221, 8260 to 8263)”, “Mucinous adenocarcinoma (MC, ICD-O-3: 8480, 8481)”, “Signet ring cell carcinoma (SRCC, ICD-O-3: 8490)”, and “Other”. Grade was defined by the following codes: well differentiated (Grade I), moderately differentiated (Grade II), poorly differentiated (Grade III), undifferentiated (Grade IV), and unknown grade. The pathological stage was determined referring to the 8th edition of the American Joint Committee on Cancer tumor-node-metastasis (TNM) staging system (19). In order to test the influence on patients with additional distant metastasis organs, we stratified the patients with BM by the number of additional distant metastasis organs according to the SEER Met records. We removed the cases who received systematic therapy both before and after surgery and surgery both before and after systematic therapy due to the small scale of numbers. Patients with unknown records of surgery were removed, and unknown records of chemotherapy, radiotherapy, and systematic treatments were defined as “None/Unknown”, as per SEER definition. Both OS and CSS were used to analyze the survival outcomes.



Statistical Analysis

Descriptive statistics were used to summarize demographics, and a chi-square test was performed to compare categorical variables between cases with and without BM as baseline clinical characteristics. Multivariable logistic regression analysis was used to assess the risk factors of BM from CRC.

The patients in this paper were adjusted using propensity score matching (PSM) in order to minimize the differences among study covariates, which could become confounding factors to evaluate the effect of risk factors and treatments in a nonrandomized level. We initially performed logistic regression to find out the significant influential factors and then identified a new set of unmatched patients according to these significant covariates (20, 21). By classifying the nearest neighbor propensity score into two groups (CRC patients with BM and those without BM) within a defined limit of caliper, we yielded two well-matched patient sets. After PSM, we compared the survival difference between patients with CRCBM and those with no BM.

According to the SEER cause-specific death classification, patients in this study who died due to this cancer were censored at the time of death for time-to-cancer analyses. Meanwhile, patients who died from any cause were also censored at the time of death for time-to-overall analyses. The cancer-specific survival (CSS) and overall survival (OS) were analyzed by Kaplan–Meier survival curves and compared by the log-rank test. Prognosis and the therapeutic effect were analyzed using Cox proportional hazards regression models.

The SEER Stat (National Cancer Institute, Bethesda, MD, USA; version 8.3.9) was used to download data in this study. PSM was performed by R MatchIt. Statistical analyses were performed using IBM SPSS Statistics version 22 (IBM Corporation, Armonk, NY, USA) and R software (version 4.0.3). p < 0.05 was considered statistically significant. The procedure in the study is shown in Figure 1.




Results


Characteristics of Study Patients

In this study, we have obtained 58,029 cases with initial primary CRC who were diagnosed from 2010 to 2018, of which 195 cases (0.34%) were diagnosed with BM. The clinical characteristics of CRC and the chi-square test for comparison among CRC patients with BM and those without BM are presented in Table 1. There were significant differences in grade, histology, pT, pN, bone metastases, liver metastases, lung metastases, CEA, surgery, and radiotherapy (p < 0.001, each). In pathological characteristics, CRC patients with BM were found to be with unknown grade (37.43% vs. 10.99%), pT (43.59% vs. 6.56%), and pN (36.92% vs. 4.95%), and much more often accompanied by metastases of bone (21.03% vs. 0.92%), liver (61.03% vs. 13.71%), and lung (51.79% vs. 4.56%). Meanwhile, there was a significantly higher positive level of CEA in patients with BM (60.00% vs. 28.37%). Compared with patients without BM in the difference in treatment, CRCBM patients were found to receive less surgery (28.72% vs. 86.78%) but more radiotherapy (66.15% vs. 13.31%). However, the variables age, race, gender, location, perineural invasion, and systematic therapy did not have a significant difference (Table 1, p > 0.05).


Table 1 | Demographic and clinical characteristics of the patients in the cohort.





The Risk Factors for Developing BM in CRC

We performed univariable and multivariable logistic regressions to predict the occurrence of CRCBM by clinical and pathological variables. Univariable logistic regression showed that CRC patients with moderately and poorly differentiated grades (Grades II and III) and undifferentiated grade (Grade IV), pN2a-b, other histology, higher positive level of CEA, bone metastases, liver metastases, and lung metastases were positively associated with BM (Supplementary Table 1, p < 0.05, each). Based on the results of multivariable logistic regression analysis, pN2a-b (p = 0.048), higher positive level of CEA (p < 0.001), bone metastases (p < 0.001), liver metastases (p = 0.005), and lung metastases (p < 0.001) were associated with significantly higher risk for BM from CRC, while the diagnosed age, race, gender, pT, and perineural invasion were found not to be significantly correlated with CRCBM (Table 2, p > 0.05).


Table 2 | Multivariable logistic regression for analyzing the risk factors for brain metastasis from CRC before PSM.





Survival Comparison Between CRC Patients With BM and Those Without BM

According to the results of univariable logistic regression (Supplementary Table 1, p < 0.05), we identified nine factors that could affect the outcomes of treatment, namely, grade, histology, pN, bone metastases, liver metastases, lung metastases, CEA, surgery, and radiotherapy, and used these factors to generate a propensity score. After PSM, we obtained 167 patients with BM and 321 patients with no BM in this study, and none of the above factors between the two groups was found to be significantly different (Supplementary Table 2, p > 0.05).

Furthermore, we compared the survival difference among patients after using PSM. The median CSS and OS of CRC patients without BM were significantly higher than that of patients with BM (16.0 months vs. 4.0 months for CSS, Figure 2A, p < 0.001; 14.0 months vs. 4.0 months for OS, Figure 2B, p < 0.001). Consistently, CRC patients with BM have worse CSS than those without BM after univariate Cox model (HR = 2.017; 95% CI = 1.626–2.503; p < 0.001, Supplementary Table 3). Meanwhile, after modeling all variables in multivariable Cox analysis, CRC patients with BM have worse CSS when compared with those without BM (HR = 2.621; 95% CI = 2.061–3.333; p < 0.001; Table 3). Similar results were also obtained when analyzed by OS (HR = 2.556; 95% CI = 2.026–3.225; p < 0.001; Table 3).




Figure 2 | Kaplan–Meier curves for CRC patients with BM and those with no BM. (A) Cancer-specific survival (CSS) for CRC patients with BM and those with no BM. (B) Overall survival (OS) for CRC patients with BM and those with no BM. HR = hazard ratio. 95% CI = 95% confidence interval. p-value was calculated by log-rank test.




Table 3 | Multivariable analyses using Cox models associated with CSS and OS for patients with CRC after PSM.





Survival Benefits of Clinical Factors and Therapies

We stratified the patients with BM by the number of additional distant metastasis organs and found that the median CSS for CRCBM patients with zero, one, two, and three or more additional distant metastasis organs were 9.0 months, 4.0 months, 3.0 months, and 2.0 months, respectively, with statistically significant differences (Figure 3A, p < 0.05). A similar result can also be found in OS (Figure 3B, p < 0.05).




Figure 3 | Kaplan–Meier curves for CRC patients with BM after stratified by the number of additional distant metastasis organs. (A) Comparison of cancer-specific survival (CSS). (B) Comparison of overall survival (OS). p-value was calculated by log-rank test.



By performing both univariable and multivariable Cox regression analyses, we predicted the survival benefits of clinical factors and effective therapies for CRC patients with BM. Interestingly, the results demonstrated that a younger age of diagnosis and having received systematic therapies could mean a longer CSS and OS (Figures 4A, B, Table 4 and Supplementary Table 4, p < 0.05, each). However, clinicopathological factors, the presence of additional distant metastasis organs, and receiving surgery or radiotherapy do not have an influence on both CSS and OS in CRCBM patients (Figures 4A, B, Table 4 and Supplementary Table 4, p > 0.05, each).




Figure 4 | Forest plot of multivariable Cox proportional hazard ratio (HR) and 95% CI for cancer-specific survival and overall survival of patients with BM after PSM. (A) Comparison of cancer-specific survival (CSS). (B) Comparison of overall survival (OS). p-value was calculated by multivariable Cox regression after adjusted by variables including age, gender, race, location, grade, histology, pT, pN, bone metastases, liver metastases, lung metastases, CEA, perineural invasion, surgery, radiotherapy, and systematic therapy.




Table 4 | Multivariable Cox analysis of prognostic factors associated with CSS and OS for CRCBM patients after PSM.






Discussion

As promoted in 2020, headways in the treatment of metastatic diseases, especially from liver and lung metastases, have increased the survival rate of CRC patients in recent decades (1, 22, 23). However, little is known about CRCBM due to its low incidence rate. Unfortunately, the prevalence of BM in patients with CRC is significantly increasing (24); however, magnetic resonance imaging (MRI) or computed tomography (CT) is not a routine brain examination for CRC patients during follow-up. Consequently, missed diagnosis of CRCBM may occur, and the reported incidence rate of CRCBM may be lower than the actual incidence rate (25). In addition, some studies with small samples reported a wide variation in incidence. These differences in incidence may be due to bias among the enrolled patients in different studies. Therefore, there is an urgent need to use the latest sufficiently large patient cohort to reevaluate rare BM in these CRC patients. In this nationwide population-based study, CRC patients with BM were identified in the SEER database and PSM was conducted to adjust for confounders for the first time. Considering that SEER is a large database, strict quality control is implemented and data are updated annually to ensure data accuracy (26), and our results proved to be very reliable.

Compared to other primary tumor sources such as lung cancer and breast cancer, which are prone to brain metastases, BM in CRC is relatively rare (25). Although precise incidence rates of CRCBM patients had been found in sporadic studies, they were based on a limited number of cases. Consequently, the incidence of CRCBM has been found to range from 0.1% to 4% (10, 27–30). This discrepancy may be due to the differences in the enrolled patients. Based on SEER data, CRCBM patients are relatively rare, with only 0.34% of CRC patients diagnosed with BM, which was consistent with other research cohorts (12, 27). However, the true incidence rate may be higher, as these assessments were often limited to patients with symptoms requiring treatment and because many studies reported only the presence or absence of BM at the time of initial diagnosis; further information on whether the patient developed BM during or after treatment was not provided.

The incidence risk factors for these patients were also reported at the time of initial diagnosis. Compared with non-BM patients, the proportion of BM patients with synchronous bone, liver, and lung metastasis was higher, and the proportion of only single-organ metastasis was also higher in CRCBM patients than in non-CRCBM patients. In addition, the positive level of CEA was also higher in BM patients, and these results suggest that CRCBM patients may suffer from a higher tumor burden. Due to the higher incidence of distant metastases, especially multiple unresectable distant metastases, CRCBM patients received local treatment with low surgical rate and high radiotherapy rate. Several risk factors were finally identified and required attention, including lymph node metastasis at pN2a-b, positive level of CEA, and additional distant metastases (lung, liver, or bone). These are important predictors to help clinicians determine the occurrence of BM when the above characteristics are present in CRC patients. Therefore, patients initially diagnosed with the above risk factors may need to pay more attention to the possibility of brain metastases, and brain examination, via MRI or CT, should be considered to avoid missed diagnosis of BM for CRC patients with high risk factors during follow-up (1).

CRCBM patients usually have a very poor prognosis, with a median survival of only about 5.0 months (11, 12). Our study is consistent with other studies in that CRCBM patients also had a significantly shorter median OS and CSS than BM-free CRC patients. We further confirmed that the survival of CRC patients with metastasis to BM only was better than that with synchronous metastasis to other organs. In addition, the number of metastatic organs is also a significant prognostic factor, wherein the greater the number of additional distant metastasis organs, the lower the chance of survival. However, the results demonstrated that a younger age of diagnosis and having received systematic therapies could mean a longer CSS and OS, while other factors, including surgery, radiotherapy, and pathological clinical factors, did not have a significant impact on survival of CRCBM patients. Interestingly, although pN2a-b, positive level of CEA, and several distant metastases can be used as significant predictors to predict the risk of BM, these factors could not be used as prognostic factors. Also, the presence of additional distant metastasis organs, surgery, and radiotherapy do not influence both CSS and OS in CRCBM patients.

Of all the treatments, only systematic treatment actually extended CSS and OS in CRCBM patients in our study. Consistent with our research, the recent studies reported that the interval between first CRC diagnosis and diagnosis of BM is increasing due to constantly improving systematic treatments (14, 31). Even more interesting, CRCBM exhibits elevated mutational signatures of homologous recombination deficiency and mismatch repair deficiency, which means a promising effective systematic treatment of target and immune therapy (32). It also means that more alternative multimodality systematic treatments may reduce the occurrence of BM and prolong the survival of CRCBM patients. According to the time sequence between systemic treatment and surgery, systematic treatment can be stratified into before and after surgery, which both promoted the survival of CRCBM patients in our study. Since most systematic treatments before surgery were considered as neoadjuvant treatments, we can assume that CRCBM patients can benefit from neoadjuvant treatment. In addition, systematic treatments after surgery included systematic treatment or adjuvant treatments for mCRC; hence, further studies are needed to determine which of the two treatments, if not both, could benefit patients with CRCBM.

The study has several limitations. Firstly, there are inevitable inherent biases in any retrospective study. Secondly, the SEER database includes only the US population, so the results of this study may not be appropriate for populations in other countries or regions and should be interpreted with caution. Thirdly, although SEER provides a large platform for depth and longitudinal analysis of cancer patients, it is still considered administrative data with limitations and some records are not detailed enough for clinical application such as information on clinicopathological factors (i.e., TN stage and pathological grade) and the detailed records of treatment methods (i.e., surgery, radiotherapy chemotherapy, systematic treatment methods, and sequence of treatments) for CRCBM patients, which are crucial for analysis. As an important example, it was found that the majority of CRCBM patients who received radiotherapy did not benefit from this treatment, and one of the possible reasons is that the site of radiotherapy (whether it was the primary tumor or the metastatic tumor, or both) was unclear.

In conclusion, the incidence rate of CRCBM patients is 0.34% according to the above analysis. Although there are some limitations, our study reported the positive level of CEA, pN2a-b, and distant metastases as risk factors, while only systematic treatment was reported as a prognostic factor for CRCBM patients based on the SEER database. These factors could be used as a reference in clinical decision-making for individualized treatment.
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Background

Chronic inflammation contributes to approximately 20% of cancers; the underlying mechanisms are still elusive. Here, using an animal model of colitis to colon-cancerous transformation, we demonstrated that endoplasmic reticulum (ER) stress couples with metabolic reprogramming to promote a malignant transformation of chronic inflammation.



Methods

The animal model for chronic colitis to colon-cancerous transformation was established in C57BL/6N mice by azoxymethane (AOM) and dextran sodium sulfate (DSS) treatments. The differential proteins in control and AOM/DSS-treated colon mucosa were determined using proteomic analysis; the kinetics of metabolic modifications were monitored by mitochondrial oxygen flux, extracellular acidification, and targeted metabolomics; the molecule linker between ER stress and metabolic modifications were identified by coimmunoprecipitation, KEGG pathway analysis, and the subcutaneous tumor model using gene-specific knockdown colon cancer cells. Tissue array analysis were used to evaluate the differential protein in cancer and cancer-adjacent tissues.



Results

AOM/DSS treatment induced 38 tumors in 10 mice at the 14th week with the mean tumor size 9.35 ± 3.87 mm2, which was significantly decreased to 5.85 ± 0.95 mm2 by the ER stress inhibitor 4-phenylbutyric acid (4PBA). Seven differential proteins were determined from control (1,067 ± 48) and AOM/DSS-treated mucosa (1,077 ± 59); the level of ER protein PDIA2 (protein disulfide isomerase-associated 2) was increased over 7-fold in response to AOM/DSS treatment. PDIA2 interacted with 420 proteins that were involved in 8 signaling pathways, in particular with 53 proteins in metabolic pathways. PDIA2 translocated from ER to mitochondria and interacted with the components of complexes I and II to inhibit oxophosphorylation but increase glycolysis. Knockdown PDIA2 in colon cancer cells restored the metabolic imbalance and significantly repressed tumor growth in the xenograft animal model. 4PBA therapy inhibited the AOM/DSS-mediated overexpression of PDIA2 and metabolic modifications and suppressed colon cancer growth. In clinic, PDIA2 was overexpressed in colon cancer tissues rather than cancer-adjacent tissues and was related with the late stages and lymph node metastasis of colon cancer.



Conclusions

Persistent ER stress reprograms the metabolism to promote the malignant transformation of chronic colitis; PDIA2 serves as a molecule linker between ER stress and metabolic reprogramming. The inhibition of ER stress restores metabolic homeostasis and attenuates the cancerous transformation of chronic inflammation.
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Introduction

Cancer has long been the worldwide cause of death secondary to ischemic heart disease before age 70 and is estimated to become the first in 2060 (1). Among all types of cancers, colorectal carcinoma (CRC) ranks the third high-incidence cancer and is a leading cause of cancer-related death in older adults. The standardized incidence of CRC in 2018 in China was 23.7/100,000, placing it second in China and accounting for 28.2% of the total number of cases and 28.1% of the total number of deaths worldwide that ranks first in the world due to the large population base (2). With the development of the socioeconomic status and the aggravating trend of aging population in recent years, the incidence and mortality of CRC continue to rise, which make cancer a worldwide public health challenge.

Cancer can be induced by a number of physical, chemical, and/or biological agents, of which the inflammatory etiology has been well established in clinic (3, 4). For instance, gastric carcinoma develops from chronic gastritis by Helicobacter pylori infection, hepatocellular carcinoma from chronic hepatitis by hepatitis B virus infection, cervicocarcinoma from chronic cervicitis by human papilloma virus infection, and so on, in addition to colon cancer from inflammatory bowel diseases. In general, chronic inflammatory diseases contribute up to 20% of all cancers (4). Indeed, inflammation and cancers share key natures of self-sufficient growth signals, insensitivity to antigrowth signals, active proinflammatory signals, the evasion of cell apoptosis, and persistent angiogenesis (5, 6). Such a prominent link suggests close connections between inflammation and cancer.

The knowledge about how inflammation processes into cancer is incomplete so far. The inflammatory process is basically a physiological response to immunometabolic stresses that aims to eliminate inflammatory stimuli and mediators and eventually resolve inflammation and restore physiological homeostasis (7). Inflammatory signals firstly trigger a nuclear stress response and tremendously increase gene transcription. The robust increase in mRNA transcription subsequently stresses the endoplasmic reticulum (ER) to vastly process the translation, folding, sorting, and secretion of proteins and the degradation of unfolded proteins. The stress responses of nucleus and ER collaboratively form a proinflammatory “cytokine storm.” The gene transcription and protein translation are anabolic processes that need energy support; thus, mitochondrial stress rationally ensues parallel to nuclear and ER stresses to upsurge energetics to meet the energy demand of a “cytokine storm” (8). A successful resolution of inflammation restores the homeostasis of nucleus, ER, and mitochondria. However, the triad stress responses of nucleus, ER, and mitochondria also induce oxidative damage, DNA mutations, angiogenesis, and metabolic changes, if sustained in chronic inflammation, conducive to cell malignant transformation and cancer growth (9–11). The inhibition of ER stress by chemical compounds has demonstrated effective in the preclinical and clinical trials of multiple tumors (12, 13).

The ER is a network of tubules and flattened sacs that function in the quality control of cellular client proteins. When increasing in the burdens of protein translation and misfolded proteins under pathophysiological conditions, such as inflammation, ER stress, also called unfolded protein response (UPR), is triggered to restore proteostasis. A typical nature of ER stress is to overexpress protein disulfide isomerase (PDI) family members, a group of highly abundant ER enzymes that act as a chaperone, the binding partner of other proteins, disulfide isomerase in the formation of disulfide bonds, and a redox sensor (14). Chronic cytokine storm response disturbs proteostatic mechanisms that are potentially cancerogenic (15) and persistently activates and overexpresses PDI members, which have been associated with numerous human disorders, particularly in neurodegenerative diseases and cancers (14, 16). For example, the upregulated expression of PDIA1 (also known as PDI) and PDIA3 (ERp57) have been reported in the cancers of brain, lymphoma, kidney, ovarian, prostate, lung, and colon and have been considered as diagnostic biomarkers and therapeutic targets for cancer treatment and chemoprevention (17, 18). Accordingly, several attempts have been made to develop PDI inhibitors as anticancer drugs (14, 19). In addition, other UPR-associated proteins, such as glucose-regulated protein 78 (GRP 78) and molecular chaperone heat shock protein (HSP) GRP94, and ER stress signaling proteins, such as the phosphorylation of inositol-requiring transmembrane kinase/endoribonuclease 1α (IRE1α), have been reported to be upregulated in various cancers and participated in the regulation of glycolysis, the microenvironment, and immune evasion of cancers (16, 20, 21).

Inflammatory ER stress usually informs mitochondria to reprogram energetics through different pathways such as the Ca2+ signal transmission from ER to mitochondria via the mitochondria-associated membrane (MAM) and the ER protein sensors (IRE1, PERK, and ATF6), which initiate a complex transcriptional cascade (22–24). The energetics reprogramming by ER stress usually interferes mitochondrial respiration to minimize adenosine-triphosphate (ATP) production, increase reactive oxygen species (ROS) production, and switch mitochondrial energetics to glycolysis, also known as the “Warburg effect” if it occurs under normoxia that favors cell transformation and cancer development (25).

In this report, we have identified ER protein PDIA2 (also called as PDIP or PDA2) for the first time as a new contributor of chronic bowel inflammation to cancerous transformation in an animal model of colon cancer. Colon inflammation stresses ER and stimulates the overexpression of PDIA2, which translocates into mitochondria and interacts with complex components of electron transport chain, leading to the inhibition of mitochondrial respiration and energetics switch to hyperglycolysis, thereby promoting malignant transformation. The downexpression of PDIA2 restored energetic homeostasis and inhibited tumor growth. Our study highlighted the metabolic role in promoting the malignant transformation of chronic colitis.



Materials and Methods


Cells and Reagents

HT29 colon cancer cells and CCD-18Co normal human colon cells were obtained from American Type Culture Collection (ATCC, Shanghai, China). Colon-specific carcinogens dextran sodium sulfate (DSS; molecular weight = 36,000–50,000) and azoxymethane (AOM) (26, 27) were purchased from ICN Biomedicals Inc. (Aurora, OH, USA) and Sigma-Aldrich Company (Steinheim, Germany), respectively. The reagents for proteomics were from General Electric Company (GE) (Fort Myers, FL, USA). The primary anti-PDIA2 antibodies for Western blot and Co-IP were from Abcam company (ab223520, Cambridge, UK) and LifeSpan BioSciences, Inc (LS-C2830, Seattle, WA, USA), respectively. The β-actin antibody was from Sigma-Aldrich Company (Steinheim, Germany), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody from TransGen Biotech (HC301, Beijing, China), IRE1α (14C10) Rabbit mAb from Santa Cruz (#3294, CA, USA), IRE1 alpha (phosphor Ser724) from Gen Tex (GTX132808, CA, USA), Total oxidative phosphorylation (OXPHOS) Rodent WB Antibody Cocktail from Abcam (ab110413, Cambridge, UK), Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody [Alexa Fluor 594 (A-11032)], Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody [Alexa Fluor 488 (A11008)] and Mito-Tracker probe (M22425) from Invitrogen company (CA, USA). 4-phenylbutyric acid (4-PBA) was from MedChemExpress Co. Ltd (Shanghai, China), transgen (AQ141) qPCR kit, peroxidase-labeled anti-rabbit IgG from Vector Laboratories (Burlingame, CA, USA), DAPI from Cell Signaling Technology (CST) (4083S, USA), and Annexin-FITC/PI from Shanghai Yisheng Biotechnology Co., Ltd (Shanghai, China). D (+)-glucose was from Wockhardt Ltd. (Maharashtra, India), and U-13C6–glucose (CLM-1396-1) from Cambridge Isotope Laboratories, Inc. (MA, USA). Succinic acid, lactic acid, aconitic acid, and fumaric acid were from MTAR Research Chemicals Inc (NJ, USA). L-malic acid was from Beijing Beina Chuanglian Biotechnology Research Institute (Beijing, China). D-fructose-6-phosphate disodium salt, 1,3-diphosphoglycerate, a-ketoglutaric acid, oxaloacetic acid, and phospho (enol) pyruvic acid cyclohexylammonium salt were from Beijing Bailingwei Technology Co., Ltd (Beijing, China). Pyruvate was from Sigma-Aldrich (SHBG2643V, USA), trisodium isocitric acid from Toronto Research Chemicals INC (Toronto, ON, Canada), and 6-phosphogluconic acid trisodium salt from Aladdin Industrial Corporation (Shanghai, China). Other analytical reagents were from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).



Clinical Sample Collection

Ninety-six pairs of surgical colon cancer tissues and their adjacent tissues were collected for a pathological exam; the left tissues from 90 pairs were used for a microarray and 6 pairs for Western blot analysis and real-time PCR analysis according to a protocol approved by the Ethics Committee of the Shanghai Public Health Clinical Center (No. 2019-S035-02). Informed consent was obtained from all participants. All cancers were confirmed by a pathologic examination and were clinically TNM (T: primary tumor; N: regional lymph nodes; M: distant metastasis) classified according to the standard of the 7th American Joint Committee on Cancer/International Union against cancer classification (28) (Supplement Table S1). There were 4, 17, 44, 21, and 8 individuals who were classified as T1, T2, T3, T4a, and T4b; 50, 13, 16, 10, and 7 as N0, N1a, N1b, N2a, and N1b; and 79, 8, and 9 as M0, M1a, and M1b, respectively. A total of 38 women and 59 men with a mean age of 63.5 (26–83) years were included. Tissues without TNM information and from patients with age less than 18, pregnancy and breastfeeding, HIV, and TB infection were excluded.



Animal Model for Malignant Transformation of Bowel Inflammation

A colon cancer animal model was established in C57BL/6N mice by the intraperitoneal injection of a colon-specific carcinogen azoxymethane (AOM), and the oral administration of a nongenotoxic sulfated polysaccharide dextran sodium sulfate (DSS) according to a protocol approved by the Ethics Committee of Shanghai Public Health Clinic Center (2014-A032-02). Six to 8-week-old male mice from the Shanghai Public Health Clinical Center were divided into AMO/DSS treatment and control groups (n=10/group). Mice were intraperitoneally injected one dose of AOM (12.5 mg/kg in saline) or saline (0.2 ml) and followed by feeding DSS (W/V = 2.5% in drinking water) or drinking water, respectively, as schemed in Figure 1A. In brief, after 1-week free access to water and food, all mice in the AOM/DSS group were given a single dose of AOM (12.5 mg/kg body weight) and were treated in cycles with 2.5% DSS for 7 days and drinking water for 2 weeks till the 6th or 9th week; animals were then free of drugs till 7 or 14 weeks. The control animals were given a single dose of saline injection in correspondence to AOM injection and were followed by drinking water all the time. In specified experiments, animals were treated with AOM/DSS drinking water or the combination of AOM/DSS drinking water and intraperitoneal injection of 4-phenylbutyric acid (4-PBA) (150 mg/kg) three times every week for 9 weeks (on the first day, 4-PBA was given before AOM for 1 h) as schemed in Figure 2D. Changes in body weight were recorded every other day, and tumors were counted and colon mucosa were collected for Western blot analysis at 14 weeks. Tumor development was monitored by colon capsule endoscopy (CCE) at the 7th and 14th weeks after the initiation of cancer induction. Animals were killed after each endoscopy, tumor sizes were measured using a vernier caliper, and tumor development was confirmed by pathological examination. Colon was collected for mucosa separation, proteomics, metabolomics, and Western blot analysis.




Figure 1 | Establishment of the animal model for the malignant transformation of chronic colitis. (A) and (B) Flow chart of experiment processes. AOM, DSS, and 4PBA represent azoxymethane, dextran sodium sulfate, and 4-phenylbutyric acid, respectively. (C) Colon cancer development at the 7th and the 14th weeks after AOM/DSS treatment. (D) Colon cancer detection by colon capsule endoscopy; tumors were specified by arrows. (E) Anatomical observation of colon cancer; the tumors and their associated bleeding were indicated by arrows. (F) Histology of colon tissues. Irregular submucosa arrangement and immune cell infiltration at the 7th week, and the cells with deep-stained large nucleus and adenocarcinoma of glandular epithelium at the 14th week after AOM/DSS treatment were specified by arrows.






Figure 2 | Identification of differentially expressed proteins by proteomics in response to AOM/DSS treatment. (A) Display of colon mucosa proteins on two-dimensional electrophoresis gels after saline or AOM/DSS treatment for 7 weeks; the differentially expressed proteins were specified by arrows. (B) Quantitative analysis of the 7 differentially expressed proteins by ImageMaster platinum 6.0 software (GE Healthcare, USA). S: saline, A/D: AOM/DSS. Proteins with greater than two-fold difference (p < 0.05) were selected; one presentative data of three individual experiments was shown. (C) Protein disulfide-isomerase A2 (PDIA2) overexpression in AOM/DSS-treated colon tissues was verified by Western blot. Densitometric analysis of PDIA2 expression was shown in the right panel. (D) Flow chart of 4-phenylbutyric acid (4-PBA) treatment was shown in the upper panel. The changes of the IRE1α phosphorylation status (p-IRE1α), PDIA2, and IRE1α by Western blot analysis were shown as the mean ± SD of individual band intensity in each group in the middle panel, and the counts and sizes of tumors after the treatment of AOM/DSS or the combination of AOM/DSS with 4-PBA were shown in the bottom panel. The upregulations of p-IRE1α and PDIA2 were inhibited by 4-PBA (upper-right panel). Tumors inside the images were indicated with orange arrows; data were shown as the mean ± SD of two individual experiments. *, **, and *** represent p <0.05, <0.01, and <0.001, respectively.





Mucosal Separation and Purification

Colorectum was collected at the first day of the 7th and 14th weeks after the initiation of AMO/DSS treatment; colon mucosa was separated according to a protocol described elsewhere (29). Briefly, colorectum was cut open longitudinally and was cleaned with saline for 3 times. Colon mucosa was scraped with a histological glass slide under a dissecting microscope and collected in 15 ml Eppendorf tube. One part of mucosa was immediately fixed in 10% formalin, embedded in paraffin, sectioned, and stained with hematoxylin–eosin staining for histology analysis using an Olympus BX40 light microscope equipped with a logenE PAS9000 (Olympus Corporation, Tokyo, Japan). Another part of the mucosa sample was stored at -80°C for proteomic analysis.



Two-Dimensional Gel Electrophoresis (2DE)

Colon mucosa tissues were collected at the 7th week after cancer induction and lysed by a RIPA lysis buffer. An equal amount of proteins was separated by 2DE as described elsewhere (30, 31). Briefly, 1.0 mg of proteins was resuspended in a buffer containing 8 M urea, 2 M thiourea, and 4% (w/v) 3-[(3-Cholamidopropyl)dimethylammonio]propanesulfonate (CHAPS), and were loaded in 18-cm, pH 3–10 non-linear immobilized pH gradient (IPG) dry strips [General Electric Company (GE), Chicago, USA). Isoelectric focusing (IEF) was performed in an IPGphor isoelectronic focusing system (GE) up to 52.1 KVh at 20°C. After being equilibrated in 1% (w/v) dithiothreitol (DTT) for 20 min and 2.5% (w/v) iodoacetamide (IAA) for another 20 min, the strips were separated on 12.5% polyacrylamide SDS-PAGE gel at 15°C with a constant current (40 mA) in a Bio-Rad Protein II electrophoresis apparatus (Bio-Rad Company, California, USA). Gels were stained with Coomassie blue. Protein patterns from three replicates were compared with the Imagemaster platinum 6.0 software (GE Healthcare, Chicago, USA). To correct for variability due to staining, and to reflect the quantitative variations of the protein spots, the individual spot volume was normalized by dividing the OD value with the total OD values of all the spots in the gel. For difference analysis, the threshold was defined as the significant change in the spot volume with at least a two-fold difference between control and AOM/DSS groups (p <0.05). Furthermore, a manual check followed to make sure that the differential spots were detected at least in two replicates.



Protein Identification by Mass Spectrometry

Differentially expressed spots in SDS-PAGE gels were excised, digested in 12.5 ng/μl of trypsin (Roche Molecular Biochemicals, Indiana, USA) in 25 mM ammonium bicarbonate (pH 8.5) at 37°C for overnight, and identified by liquid chromatography–mass spectrometry (LC-MS) (30). Ten microliters of the peptide mixture were analyzed by an esquire high-capacity ion trap (HCT) mass spectrometer (Bruker, Karlsruhe, Germany). After desalination by C18 μ-precolumn (300 μm id × 5 mm, 5 μm, PepMap™, LC Packings, Amsterdam, the Netherlands), the peptides were separated by C-18 reversed-phase nanocolumn (75 μm id × 15 cm length, 3 μm, PepMap™, LC Packings, Dionex, Sunnyvale, CA, USA) through a 3%–50% continuous acetonitrile gradient at 300 nl/min. The eluted peptides were on-line injected to a PicoTip emitter nanospray needle (New Objective, Woburn, MA, USA) for HCT mass spectrometer detection.

The MS/MS data were input to the Biotools 3.2 program (Bruker Daltonics, Billerica, MA, USA) to search against International Protein Index (IPI) database identification. Search parameters were set as follows: enzyme, trypsin; allowance for up to one missed cleavage peptide; mass tolerance, 1.2 Da and MS/MS mass tolerance, 0.6 Da; fixed modification parameter, carbamoylmethylation (C); variable modification parameters, oxidation (at Met); auto hits allowed (only significant hits were reported); and the result format as a peptide summary report. Proteins were identified on the basis of peptides whose ion scores exceeded the threshold (p < 0.05), which indicates identification at the 95% confidence level for these matched peptides. Proteins identified by more than 4 peptides were accepted without manual checking. For proteins identified with less peptides, manual checking was performed to make sure that at least one peptide has four or more continuing y-or b-series ions (e.g., y4, y5, y6, and y7).



Metabolite Quantification by Mass Spectrometry

Colon tissues (approximately 10 mg) were homogenized in normal saline (100 µl) with 60 Hertz for 60 s and cooled on ice for 60 s. After 3 homogenization–cooling cycles, the homogenates were precipitated with 30% (w/v) trichloroacetic acid containing the internal standard U-13C6 glucose (10 µg/ml, 300 µl), and were followed by incubation at 4°C for 30 min and centrifugation with 10,000 g for 10 min at 4°C. The supernatant (5 µl) was loaded onto an ultra-high-performance liquid chromatography/tandem mass spectrometry (UHPLC-MS) (Waters Acquity UPLC system (Waters Corporation, Milford, CT, USA) and an AB Sciex Triple Quad 5500 mass spectrometer (Applied Biosystems/AB SCIEX, Boston, MA, USA) for metabolite quantification. The analysts were separated by an Acquity UHPLC HSS T3 1.8-µm column (2.1 × 100 mm, Waters) with the mobile phase A of 10 mmol/L ammonium format and the mobile phase B of acetonitrile (ACN).

Mass spectrometry detection was performed using multiple reaction monitoring (MRM) in a negative-ion mode. The optimal MS-operating conditions were as follows: spray voltage, −4,500 V; temperature, 500°C; collision gas (CAD), medium; curtain gas pressure (CUR), 40 psi; ion source gas 1 and ion source gas 2, 60 psi; entrance potential, 10 eV; and collision cell exit potential, 10 eV. The analytes were quantified by the MRM mode using suitable MS conditions as shown in Supplement Table S2.



Western Blotting Analysis and Coimmunoprecipitation

Fifty micrograms of protein extracts from human and mouse colon tissues or cells were separated by electrophoresis in SDS-10% polyacrylamide gel and transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore Company, MA, USA) as described previously (30, 31). After blocking in 10% defatted milk for 30 min, blots were incubated overnight at 4°C with antibodies against PDIA2 (1:1,000), IRF1α (1:500), p-IRF1α (1:500), β-actin (1:1,000), or GAPDH (1:1,000) or total OXPHOS (1:250) primary antibodies. After three washes with TBS-Tween-20, blots were incubated for 1 h at 20°C with an HRP-conjugated secondary antibody (dilution at 1: 5,000). After further washes, the immune complexes were shown by enhanced chemiluminescence and detected by the chemiluminescence imaging system of ChemiScope 5300 X-rays (Clinx Science Instruments, Shanghai, China). Each experiment was repeated three times.

For the coimmunoprecipitation of PDIA2 with mitochondrial complex components, the total cell lysates of HT-29 colon cancer cells (containing 600 µg total proteins) were precleaned with protein A/G PLUS-agarose (Santacruz) and were followed by incubation with 4 µg of either a rabbit polyclonal antibody against human PDIA2 or rabbit IgG at 4°C overnight in a rotation platform. Protein A/G PLUS-agarose was added into precipitations and rotated at 4°C for 1 h. After 3 washes with a lysis buffer, the immune complexes were boiled to release them from agarose beads and were used for proteomic profiling or immune blotted with the total OXPHOS rodent WB antibody cocktail.



Tissue Array and Immunohistochemistry

A chip for a tissue array was made by Shanghai Outdo Biotech CO., LTD (Shanghai, China) using the above 90 pairs of colon cancer and adjacent tissues. Immunohistochemistry (IHC) analysis was performed using a commercial IHC kit (Shanghai Outdo Biotech CO., LTD, Shanghai, China) with the PDIA2 antibody at a dilution of 1:300 according to the manufacturer’s directions and developed with a liquid 3, 3’-diaminobenzidine (DAB; DAKO Company, Shanghai, China). Sections were counterstained with hematoxylin-exon, dehydrated, mounted in Permount (Thermo Fisher Scientific, Waltham, MA, USA), and scanned with Scanscope XT (Aperio Technologies, Inc, CA, USA). The antigen density was analyzed by Aperio ImageScope software (Aperio Technologies). Samples without visible colon mucous membranes were excluded from the analysis.



Real-Time PCR Analysis

The mRNA expression of PDI isoforms (PDIA1, 2, 3, 4, 5, and 6) from surgical colon cancer and their adjacent tissues (n = 6 pairs) were detected by real-time PCR. Total human colon tissue mRNA was extracted using a TRIzol reagent (Life Technologies, USA), and was subjected to reverse transcription using a Moloney murine leukemia virus reverse transcriptase (Promega). Real-time RT-PCR was carried out using a TransGen qPCR kit. The specific primers were shown in Supplement Table S3.



Protein Disulfide Isomerase–Associated 2 RNA Interference

The knockdown expression of the PDIA2 gene was conducted using shRNA interference strategy. Briefly, three shRNA oligonucleotides specific for the PDIA2 gene (named C1, C2, and C3) were designed based on the gene sequence from the Genebank accession number (Genebank: NM_006849) and chemically synthesized by Shanghai Genechem Co., Ltd. (Shanghai, China). The shRNA sequences and their targeted sequences were shown in Supplement Table S4. Infectious lentiviral particles were constructed by introducing gene- specific shRNAs into plasmid GV248 containing EGFP Flag and Ampr selection genes and were used for HT29 cell infection. GV248 plasmid–transfected cells (named C0) served as control. Stable transfection of lentivirus was established in a selection medium containing 100 μg/ml ampicillin. The cell viability was detected by a cell counting Kit-8 (CCK8) according to manufacturer’s instruction. Cell apoptosis was analyzed by flow cytometry using a flow cytometer (Beckman, Florida, USA).



Immunofluorescence Analysis

To detect the subcellular location of PDIA2, HT29 colon cancer cells and CCD-18Co normal human colon cells were seeded into Lab-Tek cell culture wells (155411, Thermo Scientific) for 12 h; the cell culture medium was removed, and prewarmed (37°C) staining solution containing the Mito-Tracker probe was added into wells. After 30-min incubation at 37°C, cells were washed three times with PBS, fixed with 4% paraformaldehyde, and incubated with a PDIA2 antibody overnight at 4°C. After 3 washes with PBS, cells were incubated with Alexa Fluor488 goat-anti-rabbit IgG (H+L) for 1 h and followed by nuclear counterstaining for 5 min with DAPI (5 μg/ml, Sigma). Slides were then mounted with glycerol and analyzed using a Leica TCS SP5 microscope (Leica) with LAS AF Lite 4.0 image browser software.



Subcutaneous Tumor Xenograft Animal Model

Four-to-five-week-old male nude mice were purchased from the Shanghai Public Health Clinical Center and maintained at a specific pathogen-free (SPF) room according to a protocol approved by the Ethics Committee of Shanghai Public Health Clinical Center (No. 2018-A025-01). Mice were grouped into HT29 [wild-type (Wt), n=6], C0 (scramble, n=6), and C3 (PDAI2 shRNA, n=7). Each mouse was subcutaneously injected in the flank with 106 cells in 100 μl of saline (32). Xenograft tumors in all groups became visible within 2 weeks after injection. Since then, the tumor size was measured once every 3 days till 28 days after subcutaneous cell injection. Mice were then anesthetized, weighted, and euthanized; tumors were scraped and weighed.



Energetic Assay

Mitochondrial respiration was assessed using a Mito stress kit. In brief, Wt or PDIA2-knockdown HT29 cells (2 × 105/well) were set for overnight in a 24-well microplate (Agilent Technologies, CA, USA) in a modified Mccoy’s 5A medium supplemented with 10% fetal bovine serum (FBS). Cells were washed with a basal assay medium (pH 7.4, Invitrogen, CA, USA) and preincubated in a basal assay medium for 1 h at 37°C in a CO2-free incubator. Then 10-fold concentrated compounds (Agilent Technologies) of oligomycin, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), or a mixture of rotenone and antimycin A were loaded into a sensor cartridge to produce the final concentrations of 1 μM, 1.5 μM, 100 nM, and 1 μM, respectively. After a 30-min calibration of the XFe sensor with the pre-incubated sensor cartridge, the cell plate was loaded into the XFe-24 Extracellular Flux Analyzer (Agilent Technologies); the mitochondrial oxygen consumption rate (OCR) was analyzed under basal conditions and followed by a sequential injection of the complex inhibitors oligomycin, FCCP, and the mixture of rotenone and antimycin A. Data were analyzed using XFe software (Agilent Technologies) and normalized with protein loaded in each well. Four replicates of each sample were analyzed.

The cellular glycolytic capacity was evaluated by the extracellular acidification rate (ECAR) with the glycolysis stress kit according to the manufacture's protocol. The background glycolysis was determined by incubating cells in an assay medium in the absence of glucose or pyruvate; the basal ECAR was measured after adding glucose (10 mM in final). the difference between the basal ECAR and the ECAR after the addition of oligomycin (1 µM in final) was determined as the glycolytic capacity, and the difference between oligomycin-induced ECAR and the hexokinase inhibitor 2-deoxy-D-glucose (2-DG, 50 mM in final)–conducted ECAR was defined as a glycolytic reserve.

For a metabolic assay on subcutaneous tumor cells, the subcutaneous tumor tissues from nude mice were cut into 1–3 mm3 pieces using a sterile scalpel scissor and were followed by enzymatic digestion for 5 min at room temperature in Eagle’s minimum essential medium containing collagenase type I (200 units/ml) and DNase (270 units/ml) (Sigma, St. Louis, MO, USA). Single-cell suspensions were prepared by passing the digestion mixture through a 4-layer sterile gauze. Cells were washed 3 times in a serum-free medium and resuspended in 24-well Seahorse XF cell culture plates for overnight in Eagle’s minimum essential medium with 10% fetal bovine serum and were subject to glycolysis stress and mitochondrial stress assays.



Statistical Analysis

A two-group t Test software packed in Imagemaster software was used for the analysis of protein spot density in 2DE. GraphPad Prism software (vision 5) was used for the analysis of mouse body weight, tumor size, WB, real-time PCR, metabolite quantification, and immunohistochemistry data. The difference between the two groups were analyzed by a two-tailed unpaired t- test except the comparisons of WB and real-time PCR from 6 pairs of clinical colon tissues by the two-tailed paired t-test. Significant differences among multiple groups were determined by one-way ANOVA analysis. P-values less than 0.05 were considered as statistically significant.




Results


Animal Model of Malignant Transformation of Chronic Bowel Inflammation

To explore the molecular mechanisms of inflammation to cancerous transformation, an animal model for chronic bowel inflammation to colon cancer transformation has been generated and cancer development has been verified as schemed in Figures 1A, B. Under endoscopy, in contrast to the pink-look and smooth colon mucosa at the 7th and 14th weeks in saline control mice, spotting or seriously spread bleeding, edema with mild erosion, and the protuberances of colon mucosa were observed in the descending colon segment in AOM/DSS-treated mice. Of them, 5 of 10 mice have developed a total of 5 tumors with the mean tumor size of 6.99 ± 1.62 mm2 at the 7th week, and all 10 mice have developed a total of 38 tumors with the mean tumor size of 9.35 ± 3.87 mm2 that were large enough to occupy more than half colon cavity at the 14th week (Figure 1C; Supplement Table S5). The center area of protuberance appeared pale due to anemia but red in the peripheral area due to hyperemia (Figure 1D). An anatomical exam found protuberances not only in descending but also in transverse and ascending colon segments in all AOM/DSS-treated animals (Figure 1E). Cancer development was confirmed by histological changes typical to colon cancer characterized by irregular submucosa arrangement, mucosa epithelial dysplasia, immune cell infiltration, lymphatic follicle formation, and cells with a deep-stained large nucleus (Figure 1F).

AOM/DSS treatment caused hyporexia, leading to the body weight loss of animals approximately 4% at the 2nd week, 11% at the 7th week, and 20% at the 14th week in comparison with that of the saline control group (Supplementary Figure S1).



Identification of Differentially Expressed Proteins in Response to AOM/DSS Treatment

To explore the key molecules in promoting chronic colitis to cancerous transformation, we explored the differential protein expression of colon epithelia between saline and AOM/DSS-treated animals using a two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) assay. Colon mucosa were collected at the 7th week after treatment and were confirmed to exclude any muscle and film layer by a histology exam (Supplementary Figure S2). The lysates of mucosa tissues were loaded and electrophoresed on the 2D-PAGE gel, and the protein display was analyzed using the Imagemaster software (Figure 2A). In total, 1,067 ± 48 and 1,077 ± 59 protein spots were displayed in gels from saline and AOM/DSS-treated animals, respectively, and six spots were upregulated and one spot was downregulated for more than twofold in the AOM/DSS group in comparison with those in the saline-treated group (Figure 2B). Their corresponding proteins were identified based on the protein database of the MS/MS spectrum and were shown in Table 1 and Supplementary Table S6 (confidence ≥95%). The increased proteins were the PDI-associated 2 (PDIA2, an ER chaperone protein family member), heterogeneous nuclear ribonucleoprotein A/B (HNRNPAB, ssRNA-binding protein), beta-globin (a subunit of hemoglobin), keratin 8 (KRT8), pyrroline-5-carboxylate reductase 2 (PYCR2, proline synthase), and Vault structure regulator (Mvp). Among them, PDIA2 stood out of others and expressed approximately 7-fold more in AOM/DSS-treated than that in saline-treated colon mucosa (Figure 2B). The increased PDIA2 protein was further confirmed by Western blot analysis (Figure 2C).


Table 1 | The differentially expressed proteins between saline and azoxymethane/dextran sodium sulfate–treated colon mucosa.



As PDIA2 is one of the ER chaperone protein family members that are usually upregulated in response to ER stress, we further confirmed if AOM/DSS treatment induces ER stress by analyzing the phosphorylation status of inositol-requiring transmembrane kinase/endoribonuclease 1α (IRE1α) (another biomarker of ER stress) in colon mucosa. AOM/DSS treatment significantly increased the level of IRE1α phosphorylation, which was significantly attenuated by the administration of the ER stress inhibitor 4-phenylbutyric acid (4-PBA). Consistent with the change of IRE1α phosphorylation,  AOM/DSS administration also increased the PDIA2 protein level that was restored to the basal level by 4-PBA treatment (Figure 2D). To determine if the inhibition of ER stress can impede the malignant transformation of chronic colitis, we found that animals treated with the combination of AOM/DSS plus 4-PBA developed a total of 4 tumors in 4 animals with the tumor size 5.85 ± 0.95 mm2, in contrast to the total of 13 tumors in 6 animals with the tumor size 9.66 ± 5.65 mm2 (p = 0.0367, Figure 2D). These data collectively suggested a role of ER stress and its associated PDIA2 overexpression in inflammation to cancerous transformation.



Communications of Overexpressed Protein Disulfide Isomerase–Associated 2 With Metabolic Pathways in Response to AOM/DSS Treatment

ER stress broadly communicates with multiple cellular activities. To explore the association of PDIA2 overexpression with the changes of cellular signaling pathways in response to AOM/DSS treatment, PDIA2-interacting proteins in HT29 colon cancer cells were detected by PDIA2 coimmunoprecipitation (CO-IP)–mass spectrum analysis. PDIA2 was efficiently immunoprecipitated by the anti-PDIA2 antibody (Figure 3A insert) and a total of 420 proteins were coimmunoprecipitated with PDIA2 (Supplement Table S7). KEGG pathway enrichment analysis showed the interactions of PDIA2 with proteins in 8 signaling pathways (p < 0.05), including insulin signaling, Epstein–Barr virus infection, cell cycle, viral carcinogenesis, cellular senescence, protein processing in ER, RNA transport, and metabolism. In particular, PDIA2 coimmunoprecipitated with 53 proteins in metabolic pathways in contrast with approximately 10 proteins in the other 7 pathways (Figure 3A; Supplement Table S8), emphasizing the role of PDIA2 in regulating metabolic modifications during inflammation to cancerous transformation.




Figure 3 | Coimmunoprecipitation–mass spectrum (Co-IP/MS) analysis of PDIA2-interacting proteins from the HT-29 cell lysate. PDIA2 coimmunoprecipitated with 420 proteins, and the KEGG enrichment was analyzed by STRING software (version 11.0). (A) The overall pathways that were networked by PDIA2. The metabolic pathways were mostly enriched, in which 53 proteins interact with PDIA2. The inset showed the efficient immunoprecipitation of PDIA2 by a gene-specific antibody. IP, immunoprecipitation. (B) Part of protein–interaction network in metabolic pathways; proteins involved in mitochondrial functions were specified in red. (C) The protein–interaction network in endoplasmic reticulum. (D) Western blot analysis of the interaction between PDIA2 and electron transport complexes; labels on the right indicate the subunit of each complex. (E) Confocal microscopy analysis of mitochondrial translocation of PDIA2 in HT-29 colon cancer cells and CCD-18Co human normal colon cells.



To support the role of PDIA2 in metabolic pathways, further analysis on the protein–protein network revealed that PDIA2 coprecipitated with metabolic proteins key for the glycolytic pathway (HK2, PGK1, and GAPDHS), pentose phosphate pathway (PGLS), Krebs cycle (SDHB, OGDH, FH), and electron transport chain (NDUFS1, NDUFV1, MT-ND2, SDHB, MT-CO2, and ATP5O) (Figure 3B; Supplement Table S8). Remarkably, the AOM/DSS-induced ER stress appeared to predominantly affect mitochondrial respiration. Six key proteins from complex I to complex V across electron transport chain were networked together; three of them (NDUFS1, NDUFV1, and MT-ND2) are the subunits of complex I. In addition, probably as a consequence of metabolism remodeling, key proteins for cellular acidification (ATP6V1B1 and ATP6V1E1) were also networked together with metabolic proteins, indicating an increase in glycolysis. Other PDIA2-interacting proteins included 14 ER stress–associated proteins functioning in protein folding [P4HB, DNAJC3, HSPBP1, DNAJB1, DNAJA2, and HSPA4L), protein secretion processing (LMAN1, SAR1B), misfolding protein degradation (DERL1), antioxidant (TXNDC5), and calcium homeostasis (CANX) (Figure 3C; Supplement Table S8)], demonstrating a typical unfolded protein response (UPR) in response to AOM/DSS stimulation.

To confirm the interaction of PDIA2 with any component of the mitochondrial oxidative phosphorylation complexes in colon cancer cells, HT-29 cell lysates were immunoprecipitated with an anti-PDIA2 antibody or control IgG. The immunoprecipitates were probed with an antibody cocktail against proteins representing the five mitochondrial respiratory complexes, i.e., CI-20kDa subunit NDUFB8, CII-30kDa SDHB, CIII-48kDa Core protein 2 (UQCRC2), CIV-40kDa subunit I (MTCO1), and CV-55kDa alpha subunit ATP5A. The coimmunoprecipitation assay demonstrated that PDIA2 interacts with the component of complexes I and II, respectively (Figure 3D). Furthermore, immunofluorescence staining in colon cancer cells indicated PDIA2 translocation into perinuclear mitochondria by showing the merging of its staining fluorescence with that of mitochondrial probe Mito-Tracker Deep Red FM. However, the colocalization of PDIA2 with Mito-Tracker was not observed in CCD-18Co human fibroblast cells isolated from normal colon tissue (Figure 3E). These data collectively suggested a role of PDIA2-associated metabolic reprogramming by modifying the functions of the electron transport chain during inflammation to cancerous transformation.



Downexpression of Protein Disulfide Isomerase–Associated 2 Restores Metabolic Homeostasis in Colon Cancer Cells

To confirm the results of KEGG analysis that highly indicated the association of AOM/DSS-induced PDIA2 overexpression with metabolism modifications, particularly the modification of mitochondrial respiration, PDIA2 expression was partially inhibited in HT-29 colon cancer cells by gene-specific shRNA nucleotide sequences. Three subclones (C1, C2, and C3) were established and respectively expressed over 50%, 30%, and 80% less of PDIA2 protein in comparison with that in control shRNA subclone (C0) cells (Figure 4A); thus, subclone C3 cells were selected for subsequent studies. To determine if PDIA2 knockdown affects the levels of ER stress and electron transport complex expression, the protein levels of IRE1α and p-IRE1α were detected by Western blot and found that they were reduced, whereas the level of complex II was increased in C3 cells in comparison with that in Wt HT29 cells (Supplementary Figure S3).




Figure 4 | Knockdown expression of PDIA2 restored metabolic homeostasis in colon cancer cells. (A) The efficiency of PDIA2 knockdown by shRNA strategy. C0 represents control knockdown cells; C1, C2, and C3 indicate the subclone cells with PDIA2 knockdown. C3 was selected for subsequent studies. (B) Glycolysis stress assay of control and PDIA2-knockdown cells using Seahorse extracellular flux (XFe-24) analyzer. 2-DG: 2-Deoxy-D-glucose. (C) Comparison of basal glycolysis (extracellular acidification rate, ECAR), glycolytic capacity, and reserve between control and PDIA2-knockdown cells. (D) Mitochondrial stress assay of control and PDIA2-knockdown cells using a Seahorse extracellular flux (XFe-24) analyzer. FCCP: carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone. (E) Comparison of basal mitochondrial respiration (oxygen consumption rate, OCR) and respiratory reserve between control and PDIA2-knockdown cells. (F) Comparison of proton leak (oxophosphorylation uncoupling) and ATP production between control and PDIA2-knockdown cells. ** and *** represent P < 0.01 and 0.001, respectively.



Hyperglycolysis is a typical signature of both inflammatory and cancer cells; we then firstly compared the real-time kinetics of glycolysis by measuring the extracellular acidification rate (ECAR) in control and PDIA2-knockdown cells using the glycolytic stress assay. Although both control and PDIA2- knockdown cells showed a comparable basal glycolysis, PDIA2 knockdown significantly repressed the glycolytic stress response by reducing the glycolytic capacity (the maximum rate of conversion of glucose to pyruvate or lactate) and glycolytic reserve (the difference between the glycolytic capacity and basal glycolysis in the presence of glucose) in comparison with those in control cells (Figures 4B, C).

The hyperglycolytic activity in cancer cells usually results from the dysfunction of mitochondrial respiration. We thus tested the effect of PDIA2-knockdown expression on mitochondrial respiration by measuring the mitochondrial oxygen consumption rate (OCR) in control and PDIA2-knockdown cells using the mitochondrial stress assay. In contrast to the repression of glycolysis, PDIA2 knockdown surprisingly doubled the basal OCR of the control cells and significantly increased the respiratory reserve (the difference between the maximum OCR and basal OCR) (Figures 4D, E). As a consequence of the increase in mitochondrial OCR, the coupling of oxidative phosphorylation (proton leak) and ATP production were also parallelly enhanced in PDIA2-knockdown cells (Figure 4F). These observations collectively indicated that the overexpression of PDIA2, a typical indicator of ER stress, plays a role in modifying mitochondrial respiration, leading to an energetic switch from mitochondrial respiration to cytosolic glycolysis that favors cancer development.



Repression of Endoplasmic Reticulum Stress Restores Metabolic Homeostasis in AOM/DSS-Induced Colon Cancer Cells

To translate the cell model data into in vivo animal models, we compared the changes of the metabolites of energy-producing pathways (glycolysis and the citric acid cycle) in response to AOM/DSS and the combination of AOM/DSS and 4PBA by UHPLC-MS/MS. As shown in Figure 5 and Supplement Table S9, AOM/DSS treatment significantly increased the levels of the compounds of the glycolysis pathway, including glucose, glucose-6-phosphorate, fructose-6-phosphotate, 1,3-bisphosphoglycerate, and lactate, but did not change the levels of phosphoenolpyruvate and pyruvate. 4PBA therapy restored the AOM/DSS-mediated increases of glucose and lactate and furthermore increased the levels of 1,3-bisphosphoglycerate and phosphoenolpyruvate but significantly reduced the level of pyruvate. These changes of glycolytic compounds suggested that AOM/DSS activates the glycolytic activity, which is potentially restored by 4PBA therapy. Remarkably, the increases in 1,3-bisphosphoglycerate and phosphoenolpyruvate by 4PBA implicate the activation of gluconeogenesis, and the reduction of pyruvate by 4PBA suggests the homeostasis restoration of glycolysis and oxidative response.




Figure 5 | Metabolite changes induced by AOM/DSS and 4PBA treatments in a mice model. Mice were treated with saline, AOM/DSS, or AOM/DSS plus 4PBA for 7 weeks. Colon tissues were collected, and the metabolites involved in glycolysis and the TCA cycle were quantified by LC-MS/MS. The levels of metabolites were expressed as relative signal intensity (analyst to internal standard)/mg tissue. C: saline treatment; AD: AOM/DSS; 4P: AOM/DSS and 4PBA treatment. Data were shown as mean ± SD, n=8 in each group. * p < 0.05, ** p < 0.01, *** p < 0.001. ns, not significant.



To support the switch of oxidative metabolism to glycolysis by AOM/DSS treatment, all the detected metabolites of the tricarboxylic acid cycle (TCA) were significantly reduced, including aconitic acid, isocitric acid, α-ketoglutarate, succinic acid, fumaric acid, malic acid, and oxaloacetic acid. 4PBA therapy restored the levels of succinic acid and oxaloacetic acid; however, it did not change the levels of others (Figure 5), highlighting the complexity of the TCA cycle as an exchange hub of metabolites from different metabolic pathways.



Downexpression of Protein Disulfide Isomerase–Associated 2 Inhibits Subcutaneous Tumor Growth

To determine if PDIA2 overexpression affects the proliferation of cancer cells, we compared the cell growth rate of Wt, control shRNA (C0)- and PDIA2 shRNA (C3)-transfected HT-29 cells by the CCK8 assay. Both Wt and control shRNA cells quickly entered the logarithmic growth phase at day 2 and turned into the plateau growth phase at day 6 after the initiation of the cell culture. In contrast, PDIA2-knockdown cells displayed a significantly sluggish growth rate since day 2, peaked at day 6, and declined at day 8. the peak growth rate of PDIA2-knockdown cells was over 40% lower than that in Wt and control shRNA-transfected cells (Figure 6A). The reduction of the growth rate was not resulted from apoptosis by PDIA2 gene-specific shRNA (Figure 6B and Supplementary Figure S4).




Figure 6 | Knockdown expression of PDIA2 inhibited the growth of the subcutaneous xenograft colon cancer. (A) Cell growth analysis of wild-type (Wt), control knockdown and PDIA2-knockdown HT-29 colon cancer cells by Cell Counting Kit-8 assay. (B) Apoptotic cells were costained with annexin-FITC and propidium iodide, and were analyzed by flow cytometry. (C) The follow-up of the xenograft tumor size by a vernier caliper; data were presented as mean ± SD. (D) The xenograft tumors at 27 days after cell transplantation. *, **, and *** represent p < 0.05, 0.01, and 0.001, respectively. ns, not significant.



To confirm the role of PDIA2 overexpression in cancer development, we next generated a subcutaneous cancer model in immunocompromised nude mice by transplanting Wt, control shRNA (C0)- and PDIA2 shRNA-transfected (C3) HT-29 colon cancer cells. Subcutaneous cancers became visible at 2 weeks after the transplantation of all types of cells; the tumor sizes developed from Wt (77.0 ± 14.7 mm2) and control RNAi cells (65.9 ± 6.7 mm2) were comparable but were over 2-fold larger than those developed from PDIA2-knockdown cells (33.3 ± 2.9 mm2). Since then, tumors from both Wt and control RNAi cells continued to grow fast in parallel, the tumor size reached 181.4 ± 23.9 mm2 and 164.8 ± 6.9 mm2, respectively, at day 27 after cell transplantation, in contrast to the tumor size 101.6 ± 11.5 mm2 from the PDIA2-knockdown cells (Figures 6C, D).

As the cancer growth rate largely depends on glycolysis, we reasoned that the metabolism reprogramming during the continuous cell replications is responsible for the change of PDIA2-knockdown cells from sluggish growth at the early stage to logarithmic growth at the late stage in both the in vitro and in vivo models due to the incomplete knockdown expression of PDIA2. To confirm this possibility, we compared the differences in mitochondrial respiration and glycolysis between Wt and PDIA2-knockdown tumor cells using Seahorse analysis. Although the maximal OCR of PDIA2- knockdown tumor cells was still higher than that of Wt tumor cells, their ECAR became comparable (Supplementary Figure S5). Thus, the knockdown expression of PDIA2 and its associated metabolic reprogramming inhibit cancer cell growth and defer fast cancer development, particularly in the early stage, highlighting a prompting role of PDIA2 in inflammation to cancerous transformation.



Protein Disulfide Isomerase–Associated 2 Is Overexpressed in Colon Cancer Tissues Rather Than Cancer-Adjacent Tissues

To translate the findings of animal and cell model studies to clinic, PDIA2 expression was compared between 74 pairs of qualified tissues from 90 pairs of human colon cancer and cancer-adjacent tissues by gene array analysis (Supplementary Table S1). Cancer tissues expressed approximately 2.8-fold more PDIA2 protein than adjacent colon tissues in 61 of 74 pairs of tissues (Figure 7A; Supplementary Figure S6).




Figure 7 | PDIA 2 expression in human colon cancer and cancer-adjacent tissues. (A) A representative microarray data of 74 pairs of colon cancer and adjacent tissues (left panel) and PDIA2-positive cell counts by Scanscope XT scanning (right panel). (B) The association of PDIA2 overexpression with colon cancer staging and metastasis by a stratified analysis of the microarray results. (C) Western blot analysis of PDIA2 expression in human colon cancer and adjacent colon tissues. T: human colon cancer, A: adjacent tissues. * p < 0.05, ** p < 0.01, *** p < 0.001.



To further reveal the association of PDIA2 over-expression with cancer development stages, cancer tissues were grouped as early stage (T1, T2, and N0) and late stage (T3 and T4, N1 and N2) based on tumor TNM (T: primary tumor; N: regional lymph nodes; M: distant metastasis) classification standard (28). Over-expression of PDIA2 was highly related with late stages (T3 and T4) and lymph node metastasis (N1 and N2) (Figure 7B). To confirm the tissue array data, we randomly collected another 6 pairs of colon cancer and their adjacent tissues for Western blot analysis. Both cancer and adjacent tissues expressed PDIA2 protein, and cancer tissues expressed approximately 2.8-fold more PDIA2 protein than their adjacent tissues (Figure 7C).

To determine if other isoforms of PDI were overexpressed in colon cancer tissues, the mRNA levels of PDIA1, PDIA2, PDIA3, PDIA4, PDIA5, and PDIA6 in human colon cancer and their adjacent tissues were compared by real-time PCR. Consistent with previous reports (17, 18), PDIA1 and PDIA3 were overexpressed in colon cancer tissues in comparison with that in their adjacent tissues, in addition to the overexpressed PDIA2; however, no statistic changes were detected for PDIA4, PDIA5, and PDIA6 expression (Supplementary Figure S7).




Discussion

The current study revealed that the the ER stress–associated overexpression of PDIA2 interacts with the components of electron transport complexes during the inflammatory process of chronic colitis and causes energetics modifications, leading to the switch of mitochondrial respiration to cytosolic glycolysis that favors colon cancer development. These findings collectively highlighted the roles of the ER–mitochondria axis in promoting the malignant transformation of chronic inflammation.

The ER not only functions in proteostasis, lipid biogenesis, calcium, and redox homeostasis but also coordinates energetic fluctuations with metabolic reprogramming processes. Conditions such as an acute proinflammatory cytokine storm produces ER stress that activates an adaptive mechanism of UPR including an increase in the expression of PDIs to cope with the stress by repressing protein translation, degrading unfolded/misfolded proteins, and increasing the capacity of ER to fold proteins; homeostasis is restored upon stress resolution (33). However, chronic inflammation sustains the overexpression of PDIs and accumulates ER stress that fundamentally modifies cellular activities through the physical contacts of ER with mitochondria, plasma membrane, endosomes, and lysosomes and even promotes cancer transformation (34, 35). Our study confirmed the role of ER stress in the malignant transformation of chronic inflammation by showing that the inhibition of ER stress significantly impeded colon cancer development.

PDIs are a group of thiol oxidoreductase chaperones from thioredoxin superfamily and consist of 21 family members with similarities in the amino acid sequence and domain organization but different sets of substrates (14). For example, PDIA1, usually referred to as PDI, is the prototype of this family and functions as a central chaperone for protein folding and a redox regulator via isomerization reactions (36); much less is known about the functions of other PDI members. The persistent overexpression of PDIs has been associated with multiple type of cancers and has also been correlated with cancer metastasis, invasion, chemoresistance, and survival rate (17, 36); however, the underlying mechanisms have not been clarified yet. Remarkably, in addition to the ER residents, substantial evidence have indicated that PDIs translocate to extra ER locations such as the cell surface and possibly cytosol and participate in cellular activities such as agonist-triggered NADPH oxidase (Nox) activation, cell migration in vascular cells and macrophages, expansive caliber remodeling during injury repair, and the induction of HIV infection (37); however, how the subcellular PDIs translocation occurs and if these external ER PDIs play roles in cancer development remain unclear.

PDIA2 was originally isolated and characterized as pancreas-specific PDI (PDIp) with amino acid sequence 46% identity and 66% similarity to that of human PDIA1 (38), It plays a similar chaperone role as PDIA1 but has different substrate specificity and is less effective in oxidation/reduction regulation (39, 40), In addition, PDIA2 regulates tissue factor (TF) [a cellular receptor for plasma protease factor VIIa (FVIIa)] polarization in human vascular smooth muscle cells during migration and atherosclerotic remodeling (41). PDIA2 expression was upregulated in cancer cells in response to ER stress (42). In our chronic bowel inflammation to the CRC animal model, PDIA2, standing out of other PDIs, significantly upregulated from a chronic inflammation status to cancer development. In addition, PDIA2 overexpression is positively related to primary tumor grading. These findings are complementary to the functions of PDIA2 in colon cancer development.

An interesting finding of this study is the translocation of overexpressed PDIA2 into mitochondria, where the PDIA2 communicates with complexes I, II, IV, and V of the electron transport chain (ETC) that functions as the transport of electrons from the reduced forms of nicotinamide adenine dinucleotide (NADH) or flavin adenine dinucleotide (FADH2) to ubiquinone and protons across the inner membrane of mitochondria and generates a proton gradient to drive ATP production. Among the complexes, complex I, the first and largest protein component of electron transport chain, is particularly often affected by different regulators, and its dysfunction has often been discussed as a mechanism of cancer development (43–45). Although all complexes can be targeted during energetic modification in order to meet the energy demand of physiological or pathological conditions, three of 6 PDIA2-networked mitochondrial proteins are the core subunits of complex I. As a consequence, the interaction of PDIA2 and complexes of ETC represses oxygen consumption and ATP production through oxophosphorylation coupling, resulting in cellular energetic switches from mitochondrial respiration to cytosolic glycolysis.

Glycolysis, also known as the Warburg effect if it occurs under normoxia conditions, is a common signature of both inflammation and cancer (5, 46) and is one of the two energetic pathways in addition to mitochondrial respiration; between them, cells oscillate freely to meet the energy demand of physiological and pathophysiological activities. Acute inflammation temporarily mutes mitochondrial respiration, resulting in compensatory increases in glycolysis to support stress-mediated anabolism; the flexibility of metabolic oscillation is then restored upon the elimination of the stress stimuli (47, 48). In contrast, chronic inflammation, like aging, causes mitochondrial defects and sustains compensatory hyperglycolysis that promotes cell transformation (49, 50). Although the Warburg effect can be conducted by many other factors such as hypoxia-inducible factor-1 (HIF-1) overexpression, oncogene activation, the loss of function of tumor suppressors, activated or deactivated signaling pathways, and the components of the tumor microenvironment, the hyperglycolysis compensatory to mitochondrial defects is an essential part of the “selfish” metabolic reprogramming in cancer development, as glycolysis and its associated branch metabolic pathways perfectly support cell proliferation not only by producing energy but also by providing building materials like pentose, amino acids, one carbon unit, and anti-oxidant products. Thus, the energetic switch from mitochondrial respiration to glycolysis becomes a critical checkpoint where the chronic inflammation accumulates to trigger a cascade response of cancer development (51). To favor metabolic switch by inflammation, mitochondrial energetics can be subdued by targeting mitochondrial membrane proteins, Kreb’s cycle, and the inhibition of the respiratory complexes of the electron transport chain. Our study revealed the overexpression of PDIA2 in response to the chronic stress of colon mucosa linked to the inhibition of respiratory complexes. The dysfunction of ETC complexes by PDIA2 overexpression minimized the mitochondrial oxygen consumption rate and increased the glycolytic capacity; the knockdown expression of PDIA2 reversed the imbalance of mitochondrial respiration and glycolysis. These observations suggested a key role of ER stress–mitochondrial respiration axis in promoting inflammation to cancer transformation, and PDIA2 acts as a molecular link. Our findings promised a clue to targeted cancer therapies.



Conclusion

This study highlighted the role of ER stress−mitochondrial respiration axis in prompting chronic colitis to colon cancer transformation. The inflammatory ER stress promotes metabolic modification, and PDIA2 serves as a molecule link between ER stress and energetic reprogramming. Our study also suggested PDIA2 as a potential diagnostic biomarker of colon cancer. However, we deem that PDIA2, even though important, is not the only factor of ER stress in promoting a cancerous transformation of inflammation; this is evidenced by the fact that the repression of PDIA2 only abates but does not prevent tumor development from inflammatory ER stress. In addition, several questions need to be clarified in future to linearize the underlying mechanisms of PDIA2 actions: 1: what is the underlying mechanism of PDIA2 translocation to mitochondria? 2: Why does PDIA2 overwhelm other PDI family members in inducing a mitochondrial defect and prompting colitis to colon cancer transformation? 3: How does the chronic ER stress signaling appropriately modify mitochondrial respiration but eschew apoptosis to develop cancer? 4: Do other ER stress molecules participate in the malignant transformation of chronic colitis? 5: Does the PDIA2-asociated mechanism in the malignant transformation of chronic colitis apply to other types of inflammation to cancerous transformation? Answering these questions should help to prevent chronic inflammation to cancer transformation and design molecularly targeted cancer therapies.
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Supplementary Figure S4 | Cell apoptosis detection by flow cytometry. Wild type HT29 cells, control knockdown C0 cells, and PDIA2 gene specific knockdown C3 cells were co-stained with annexin-FITC and propidium iodide (PI), followed by flow cytometry analysis using Flow cytometer (Beckman, USA).

Supplementary Figure S5 | Subcutaneous tumor generated from the incomplete PDIA2 knockdown cells restored glycolysis. Single cell suspensions were prepared from subcutaneous tumors and were assessed for metabolic changes using mitochondrial stress and glycolysis stress kits. (A) mitochondrial stress assay of subcutaneous tumor cells generated from wild-type and PDIA2 knockdown cells. FCCP: Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone. (B) Comparison of basal mitochondrial respiration (oxygen consumption rate, OCR) and respiratory reserve between wilt-type and PDIA2 knockdown cell-generated tumor cells. (C) Comparison of proton leak (oxophosphorylation uncoupling) and ATP production between wilt-type and PDIA2 knockdown cell-generated tumor cells. (D) Glycolysis stress assay of wild-type and PDIA2 knockdown cell-generated tumor cells. 2-DG: 2-Deoxy-D-glucose. (E) Comparison of basal glycolysis (extracellular acidification rate, ECAR), glycolytic capacity and reserve between wild-type and PDIA2 knockdown cell-generated subcutaneous tumor cells.

Supplementary Figure S6 | Microarray analysis of PDIA2 expression in paired human colon cancer and adjacent tissues. (A) The tissue microarray of 90 pairs of colon cancer and their adjacent colon tissues, of which 16 pairs were removed from quantification of PDIA2 expression due to tissue drop-off. (B) Magnification of a representative microarray data. T: cancer tissue, A: adjacent tissue.

Supplementary Figure S7 | The expression of PDI isoforms in human colon cancer and cancer adjacent tissues detected by real-time qPCR technology.
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Primers 5-3
INcBCAS1-4_1 F GGTAAGGGTGGGCTGGATTT

R TGGAGTTGATGCTAGTGAATCCC
IncZNF599-3_6 F CCTCCGCTGACTTCAACCAA

R CACTTCAAAACTGCAAAAAGGGC
INcMBOAT1-4_2 F GGAGAGTCACAGCTGGTCAA

R GATGAGATGGCTCTGGGATGG
IncRWDD4-5_1 F GGACTTTGCTGTCGTGGGAC

R CCGTAAAAGCACTGGCCGTAA
IncKRT7-2_2 F TGAAGTAGGAAGGAACGCAGC

R CAGCTCACTTGTTCAGGGGT
CYP24A1 F CGCATCTTCCATTTGGCGTT

R GCCTGGATGTCGTATTTGCG
E-cadherin F CCCACCACGTACAAGGGTC

R CTGGGGTATTGGGGGCATC
N-cadherin F TGGCTCCACTGCTGGGTCCT

R GCCAAAGCCTCCAGCAAGCA
Vimentin F TACAGGAAGCTGCTGGAAGG

R ACCAGAGGGAGTGAATCCAG
Twist1 F GCAAGATTCAGACCCTCAAGC

R TCCATCCTCCAGACCGACAA
ZEB1 F TTCAAACCCATAGTGGTTGCT

R TGGGGAGATACCAAACCAACTG
Slug F CGAACCCACACATTGCCTTG

R GTGAGGGCAAGAGAAAGGCT
GAPDH F AGCCACATCGCTCAGACAC

R GCCCAATACGACCAAATCC
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siRNA Sense 5'- 3’

si-h-Lnc-BCAS1-4_001 GCTAAATGAACGGTCTGTA
si-h-Lnc-BCAS1-4_002 GCTGCGGTGGAAACGGTAA
si-h-Lnc-BCAS1-4_003 GGATTCACTAGCATCAACT
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GENNE_ID

5988
200523
8787
285973
6566
10316
3290
5309
51696
3684
1645
284656
3576
2091
1388
375298
266743
23704
23072

Fold change

17.80
16.87
16.83
16.01
14.49
14.18
14.04
14.00
12.04
9.37
8.66
8.43
8.37
7.76
6.41
6.40
5.87
3.98
3.35

GENE_NAME

RFPL1
TEX37
RGS9
ATG9B
SLC16A1
NMUR1
HSD11B1
PITX3
CUTA
ITGAM
AKR1C1
EPHA10
CXCL8
FBL
ATFEB
CERKL
NPAS4
KCNE4
HECW1

UP_dOWN

Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
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GENE_ID Fold change GENE_NAME Up_Down
5549 0.50 PRELP Down
8908 0.50 GYG2 Down
58538 0.49 MPP4 Down
3892 0.49 KRT86 Down
445577 0.49 C9orf129 Down
7052 0.49 TGM2 Down
731220 0.48 RFX8 Down
10231 0.48 RCAN2 Down
94274 0.48 PPP1R14A Down
117248 0.47 GALNT15 Down
102725009 0.47 LOC102725009 Down
54102 0.46 CLIC6 Down
2166 0.46 FAAH Down
5155 0.46 PDGFB Down
127707 0.46 KLHDC7A Down
11082 0.45 ESM1 Down
10297 0.44 APC2 Down
10815 0.44 CPLX1 Down
285148 0.44 IAH1 Down
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HR 95% CI p* HR 95% CI p*
Age (years) 0.002 <0.001
<50 1 1
50-59 1.876 1.009-3.485 1.860 1.016-3.409
60-69 2.025 1.043-3.930 2114 1.111-4.025
70-79 2.634 1.290-56.375 2.565 1.274-5.164
>80 5.011 2.285-10.989 5.673 2.642-12.184
Race 0.527 0.134
White 1 1
Black 1.397 0.776-2.515 1.520 0.867-2.664
Other' 0.984 0.507-1.909 0.929 0.481-1.792
Gender 0.278 0.231
Male 1 1
Female 0.802 0.539-1.195 0.787 0.532-1.165
Location 0.864 0.959
Right side 1 1
Left side 0.865 0.508-1.473 0.937 0.561-1.566
Rectum 0.934 0.578-1.510 0.945 0.588-1.519
Grade 0.104 0.116
Grade | 1 1
Grade Il 0.064 0.005-0.797 0.066 0.005-0.817
Grade lll 0.095 0.007-1.206 0.099 0.008-1.248
Grade IV 0.004 0.007-1.355 0.095 0.007-1.361
Unknown 0.058 0.004-0.760 0.063 0.005-0.814
Histology 0.154 0.285
AC 1 1
MC 0.640 0.170-2.418 0.656 0.175-2.465
SRCC 2.344 0.727-7.563 2.363 0.736-7.588
Other 0.493 0.204-1.189 0.662 0.297-1.476
pT 0.092 0.084
T1-2 1 1
T34 1.304 0.678-2.507 1.297 0.684-2.460
Unknown 1.826 1.050-3.175 1.820 1.060-3.127
pN 0.341 0.285
NO-N1b 1 1
N2a-N2b 1.529 0.806-2.899 1.606 0.855-3.015
Unknown 1.216 0.737-2.005 1.190 0.728-1.944
Bone metastasis 0.104 0.117
No/Unknown 1 1
Yes 1.529 0.916-2.550 1.495 0.905-2.472
Liver metastasis 0.048 0.051
No/Unknown 1 1
Yes 1.543 1.003-2.374 1.520 1.998-2.316
Lung metastasis 0.339 0.443
No/Unknown 1 1
Yes 1.232 0.803-1.888 1.179 0.774-1.795
CEA 0.135 0.096
Negative/Unknown 1 1
Positive 0.735 0.491-1.100 0.716 0.483-1.061
Perineural Invasion 0.916 0.976
Not present/Unknown 1 1
Present 0.956 0.410-2.226 0.987 0.434-2.247
Surgery 0.525 0.333
None/unknown 1 1
Performed 0.762 0.329-1.763 0.665 0.291-1.519
Radiotherapy 0.355 0.460
None/unknown 1 1
Performed 1.207 0.811-1.796 1.168 0.785-1.709
Systematic therapy 0.007 0.015
None 1 1
Before surgery 0.119 0.023-0.916 0.131 0.026-0.674
After surgery 0.456 0.247-0.840 0.526 0.293-0.946

AC, adenocarcinoma; MC, Mucinous adenocarcinoma; SRCC, Signet ring cell carcinoma.

*p-values were calculated by multivariable Cox regression after adjusted by brain metastasis, age, gender, race, location, grade, histology, pT, pN, bone metastasis, liver metastasis, lung
metastasis, CEA, and perineural invasion.

'Other = American Indian/AK Native, and Asian/Pacific Islander.
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HR 95% CI p* HR 95% Cl p*
Brain metastasis <0.001 <0.001
None 1 1
Yes 2.621 2.061-3.333 2.556 2.026-3.225
Age(years) <0.001 <0.001
<560 1 1,
50-59 1.449 1.020-2.058 1.464 1.038-2.065
60-69 1.462 1.035-2.066 1.470 1.049-2.059
70-79 1.803 1.224-2.656 1.963 1.852-2.850
>80 3.933 2.588-5.975 4.231 2.827-6.332
Race 0.123 0.028
White 1 1
Black 1.314 0.959-1.799 1.479 1.101-1.986
Othert 1.310 0.901-1.905 1.225 0.843-1.782
Gender 0.345 0.121
Male 1 1
Female 0.900 0.724-1.120 0.846 0.685-1.045
Location 0.31 0.039
Right side 1 1
Left side 0.680 0.495-0.934 0.752 0.557-1.016
Rectum 0.755 0.570-1.000 0.723 0.550-0.951
Grade 0.006 0.023
Grade | 1 1
Grade Il 0.554 0.249-1.233 0.506 0.239-1.070
Grade lll 0.962 0.425-2.179 0.797 0.370-1.718
Grade IV 0.628 0.227-1.742 0.480 0.180-1.278
Unknown 0.569 0.255-1.268 0.538 0.254-1.142
Histology 0.107 0.403
AC 1 1
MC 0.893 0.511-1.558 0.865 0.509-1.468
SRCC 0.862 0.352-2.109 0.772 0.319-1.868
Other 0.526 0.313-0.882 0.693 0.437-1.098
pT 0.143 0.144
T1-2 1 5}
T3-4 0.939 0.651-1.354 1.022 0.716-1.458
Unknown 1.229 0.885-1.709 1.288 0.933-1.778
N 0.149 0.114
NO-N1b 1 1
N2a-N2b 1.446 0.968-2.160 1.470 1.002-2.157
Unknown 1141 0.891-1.460 1.130 0.890-1.436
Bone metastasis 0.013 0.018
No/Unknown 1 1
Yes 1.459 1.083-1.965 1.419 1.062-1.898
Liver metastasis <0.001 <0.001
No/Unknown 1 1
Yes 2.054 1.670-2.687 1.872 1.446-2.422
Lung metastasis 0.033 0.076
No/Unknown 1 1
Yes 1.297 1.021-1.647 1.233 0.979-1.553
CEA 0.316 0.261
Negative/Unknown 1 1
Positive 0.883 0.693-1.126 0.874 0.692-1.105
Perineural Invasion 0.846 0.865
Not present/Unknown 1 1
Present 1.050 0.641-1.721 1.042 0.648-1.676
Surgery 0.023 0.018
None/unknown 1 1
Performed 0.591 0.376-0.929 0.593 0.384-0.914
Radiotherapy 0.123 0.224
None/unknown 1 1
Performed 1.218 0.949-1.552 1.167 0.915-1.463
Systematic therapy 0.034 0.019
None 1 1
Before surgery 0.461 0.237-0.896 0.460 0.239-0.887
After surgery 0.686 0.472-0.998 0.658 0.460-0.940

AC, adenocarcinoma; MC, Mucinous adenocarcinoma; SRCC, Signet ring cell carcinoma.

*p-values were calculated by multivariable Cox regression after adjusted by brain metastasis, age, gender, race, location, grade, histology, pT, pN, bone metastasis, liver metastasis, lung
metastasis, CEA, and perineural invasion.

tOther = American Indian/AK Native, and Asian/Pacific Islander.
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OR 95% CI p*

Age (years) 0.495
<50 1
50-59 1.330 0.621-2.850
60-69 0.927 0.421-2.042
70-79 0.671 0.273-1.650
>80 1.100 0.459-2.637

Race 0.170
White 1
Black 0.857 0.440-1.671
Other" 0.377 0.135-1.051

Gender 0.598
Male 1
Female 1.138 0.705-1.837

Location 0.135
Right side 1
Left side 1.085 0.630-1.867
Rectum 0.553 0.280-1.094

Grade 0.076
Grade | 1
Grade Il 1.546 0.368-6.495
Grade Il 3425 0.779-15.059
Grade IV 2.624 0.422-16.331
Unknown 2.321 0.494-10.895

Histology 0.293
AC 1
MC 0.202 0.028-1.475
SRCC 1.607 0.367-7.024
Other 0.4056 0.054-3.018

pT 0.238
T1-2 1
T3-4 0.690 0.373-1.278
Unknown = =

pN 0.048
NO-N1b 1
N2a-N2b 1.760 1.006-3.077
Unknown = =

Bone metastasis <0.001
No/Unknown 1
Yes 4.855 2.213-10.654

Liver metastasis 0.005
No/Unknown 1
Yes 2412 1.304-4.462

Lung metastasis <0.001
No/Unknown 1
Yes 8.786 4.868-15.857

CEA <0.001
Negative/Unknown 1
Positive 3.037 1.746-5.284

Perineural Invasion 0.519
Not present/Unknown 1
Present 0.803 0.412-1.566

AC, adenocarcinoma; MC, Mucinous adenocarcinoma; SRCC, Signet ring cell carcinoma.
*p-values were calculated by multivariable logistic regression after adjusted by age,
gender, race, location, grade, histology, pT, pN, bone metastases, liver metastases,
lung metastases, CEA, and perineural invasion.

tOther = American Indian/AK Native, and Asian/Pacific Islander.
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BM (%) Non-BM (%) p*
Age (years) 0.127
<50 31 (15.90%) 7,602 (13.14%)
50-59 54 (27.69%) 13,076 (22.61%)
60-69 51 (26.16%) 14,704 (25.42%)
70-79 33 (16.92%) 11,981 (20.72%)
>80 26 (13.33%) 10,471 (18.11%)
Race 0.252
White 156 (80.00%) 43,692 (75.55%)
Black 22 (11.28%) 6,955 (12.02%)
Other' 17 (8.72%) 7,187 (12.43%)
Gender 0.160
Male 91 (46.67%) 29,902 (51.70%)
Female 104 (53.33%) 27,932 (48.30%)
Location 0.057
Right side 83 (42.56%) 25,340 (43.82%)
Left side 46 (23.59%) 16,942 (29.29%)
Rectum 66 (33.85%) 15,562 (26.89%)
Grade <0.001
Grade | 2(1.03%) 4,479 (7.75%)
Grade Il 76 (38.97%) 37,371 (64.62%)
Grade Il 38 (19.49%) 8,093 (13.99%)
Grade IV 6 (3.08%) 1,634 (2.65%)
Unknown 73 (37.43%) 6,357 (10.99%)
Histology <0.001
AC 172 (88.21%) 51,579 (89.18%)
MC 4 (2.05%) 3,833 (6.63%)
SRCC 4 (2.05%) 615 (1.07%)
Other 15 (7.69%) 1,807 (3.12%)
pT <0.001
T1-2 34 (17.44%) 17,519 (30.29%)
T3-4 76 (38.97%) 36,520 (63.15%)
Unknown 85 (43.59%) 3,795 (6.56%)
pN <0.001
NO-N1b 95 (48.72%) 46,957 (81.19%)
N2a—2b 28 (14.36%) 8,014 (13.86%)
Unknown 72 (36.92%) 2,863 (4.95%)
Bone metastases <0.001
No/Unknown 154 (78.97%) 57,302 (99.08%)
Yes 41 (21.03%) 532 (0.92%)
Liver metastases <0.001
No/Unknown 76 (38.97%) 49,905 (86.29%)
Yes 119 (61.03%) 7,929 (13.71%)
Lung metastases <0.001
No/Unknown 94 (48.21%) 55,196 (95.44%)
Yes 101 (51.79%) 2,638 (4.56%)
CEA <0.001
Negative/Unknown 78 (40.00%) 41,425 (71.63%)
Positive 117 (60.00%) 16,409 (28.37%)
Perineural Invasion 0.174
None/Unknown 182 (93.33%) 52,322 (90.47%)
Present 13 (6.67%) 5,512 (9.53%)
Surgery <0.001
None/unknown 139 (71.28%) 7,648 (13.22%)
Performed 56 (28.72%) 50,186 (86.78%)
Radiotherapy <0.001
None/unknown 66 (33.85%) 50,133 (86.68%)
Performed 129 (66.15%) 7,701 (13.32%)
Systematic therapy 0.096

None
Before surgery
After surgery

127 (65.13%)
7 (3.60%)
61 (31.27%)

36,560 (63.22%)
4,449 (7.69%)
16,825 (29.09%)

AC, adenocarcinoma; MC, Mucinous adenocarcinoma; SRCC, Signet ring cell carcinoma.
“p-values were made by chi-square test.
tOther = American Indian/AK Native, and Asian/Pacific Islander.
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sample DSF1 DSF2 DSF3 CON1 CON2 CON3

Total reads 50752306 50949912 50636994 50764826 50930874 51119398
Uniquely mapped 47344433 (93.29%) 47602512 (93.43%) 47744965 (94.29%) 47472378 (93.51%) 47619526 (93.50%) 47892040 (93.69%)
% of mitochontrial reads 7.53% 6.41% 6.45% 7.12% % 5%
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Spot  Accession Protein name Score Pl Matched MW Fold Molecular function Biological process
number peptides change*
1 IPI00347894  Protein disulfide-isomerase A2 109 4.7 6 58565 17.37  Enzyme; binding Cell redox homeostasis; apoptotic
signaling pathway
2 IPI00762198  Beta-globin 47 941 3 16280 |2.05  Binding; enzyme Oxygen transport
3 IPI00117288  Heterogeneous nuclear 1156 87 6 30926 12.19  Binding Epithelial-to- mesenchymal
ribonucleoprotein A/B transition
4 IPI00762198  Beta-globin 55 941 3 16280 12.22
5 IPI00322209  Keratin, type Il cytoskeletal 8 203 5.6 12 54531 +o0 Binding; structural Cell differentiation
molecular activity
6 IPI00123278  Pyrroline-5-carboxylate 50 7.7 1 33980 +00 Binding; transporter Oxygen transport
reductase 2
7 IPI00111258  Mvp major vault protein 49 54 3 97083  12.07  Binding Erythroblastic oncogene B (ERBB)

signaling pathway

Pl, propidium iodide. 1, up-regulated in AOM/DSS treated group compared with the control; |, down-regulated in AOM/DSS treated group compared with the control; +ee, only detected
in AOM/DSS treated group.
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Cell Group DO N Dq SER
SW1990 CON 1.58 2.36 1.35

DSF 1.10 5.19 1.82 1.43
PANC-1 CON 1.47 4.47 1.89

DSF 1.29 5.43 218 1.13

DSF/Cu?* 1.21 4.60 1.85 1.21
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IC50 DSF (24 h) 25.38 25.45
(uM) Cu?*(24 h) 81.40 202.40
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HLA-DPA1 ATCCAGCGTTCCAACCACACTC CGTTGAGCACTGGTGGGAAGAA
HLA-DRB5 GACTTCACCCAACAGGACTC  AAGAATAAGAGCCAAGCAGGAA
NLGN1 ATGTGCAAGACCAGAGCGAAG TAGTTCCCCTTTGCAGCCTG
PECAM1  ATGCCAGTGGAAATGTCC TCAGAAGTGGTACTGGTG

H TGGAGAAAC AG






OPS/images/fonc.2021.708263/table2.jpg
Category

NRF2
mediator

HIF-1a
inhibitor

NF-xB
inhibitor

ROS-modulating
treatments

Curcumin

Bis [2-
hydroxybenzylidene]
acetone (BHBA) (an
curcumin-derivative)
Resveratrol (RSV)

Curcumin
miR-130a

miR-200c
miR-199a

RSV

MK-2206
rapamycin

Torin-1

PX-478
Chloramphenicol
alteration of oxygen
exposure

Bortezomib

Vitamin D

Calcitriol (a Vitamin D
analog)

miR-21 inhibitor

NF-KappaB Interacting
LncRNA (NKILA)
Flavonoid

Suggested
target
disease

COVID-19 &
Lung cancer
Lung cancer

COVID-19 &
Lung cancer
COVID-19

COVID-19 &
Lung cancer
Lung cancer
Lung cancer
COVID-19
COVID-19
COVID-19
COVID-19
COVID-19
Lung cancer
COVID-19 &
Lung cancer

Lung cancer
COVID-19
COVID-19

COVID-19 &
Lung cancer
Lung cancer

COVID-19 &
Lung cancer

Effect in treating COVID-19

Decreases immune cell infiltration, suppresses proinflammatory responses, decreases oxidative stress,
inhibits tumor progression
Decreases oxidative stress, represses inflammation and tumor progression

In COVID-19: Activates NRF2 pathways and decreases ROS levels and cell apoptosisin lung cancer:
inactivates NRF2 pathways, inhibits tumor proliferation and metastasis
Decreases immune cell infiltration, suppresses proinflammatory responses, decreases oxidative stress

In COVID-19: probably regulates glucose and energy metabolism, alleviating the negative effect of
ischemia and hypoxialn lung cancer: suppresses the Warburg effect, NSCLC cell metastasis

Inhibits lung carcinoma cell metastasis

Suppresses NSCLC cell proliferation

Inhibits HIF-10. translation

Akt inhibitor

mTORCH inhibitor

mTORC182 inhibitor

HIF-10t inhibitor

Induces mitophagy, destabilizes HIF-1o.

In COVID-19: intermittent hypoxia/normoxia or hypoxia/hyperoxia training, which promotes mitochondria
biogenesis, prevents apoptosis, reduces oxidative stressin lung cancer: hyperoxia or hypoxia treatment,
which increases ROS activity, promotes tumor cell apoptosis, increases blood oxygen

Prevents IxB protein degradation, inhibits tumor progression
Facilitates kB expression, causes the death of infected cells
Facilitates 1B expression, causes the death of infected cells, reduces ROS level

In COVID-19: decreases the expression of ACE2In lung cancer: suppresses tumor migration and invasion
and promotes cell apoptosis
inhibits IxB phosphorylation and NF-kB activation, suppresses tumor metastasis in NSCLC

In COVID-19: blocks the binding site of SARS-CoV-2Induces apoptosis, inhibits proliferation and
metastasis, reduces ROS level
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ROS
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hypoxia

NF-kB

Relevant
factors

PIBK/Akt

KEAP1

NRF2

HO-1

mTOR

4E-BP1/ELF-4

HIF-1

metalloprotease
17 (ADAM17)
sIL-6Ra

CBM
signalosome

IL-6
STAT3

IKK

kB

NF-xB

Expression
patterns

Upregulated
in both
diseases

Decreased in
both
diseases
Activated in
COVID-19,
while
inactivated in
lung cancer

Inactivated in
COVID-19

Activated in
both
diseases
Over-
expressed in
both
diseases
Over-
activated in
both
diseases.

Activated in
COVID-19
Accumulated
in COVID-19
Activated in
COVID-19

Accumulated
in COVID-19
Activated in
COVID-19
Repressed in
both
diseases
Repressed in
both
diseases
Over-
activated in
both
diseases

Molecular function

PIBK phosphorylate and transfer Phosphatidyl-
inositol4,5-bisphosphate (PIP2) into Phosphatidyl-
inositol3,4,5-bisphosphate (PIP3), which plays critical
role in Akt activation.

Negative regulator of NRF2, binds to NRF2 and
facilitates its ubiquitylation.

As a transcription factor, it regulates the expression of
multiple antioxidant genes and viral entry sites.

HO-1 degrades heme into biliverdin, iron, and carbon
monoxide. Biliverdin is then converted into bilirubin,
which has anti-inflammatory, anti-apoptotic, anti-
thrombotic, anti-fibrotic, and anti-edema effects.
Activate 4E-BP1

4E-BP1 is an mTOR-sensitive protein, which binds to
ELF-4 to inhibit the translation initiation of HIF-1c..

HIF-1 is a transcriptional regulator, controlling the
expression of glycolytic genes and faciltates
glycolysis

Mediate the splicing of TNFo. and slL-6Ra

A combination of TNFa. and IL-6Ro.

A combination of CARD and membrane-associated
guanylate kinase-like protein, B-cell lymphoma 10,
and mucosa-associated lymphoid tissue lymphoma
translocation protein 1. It is activated by the binding
of Angll to AT1R, and activates IkB kinase complex.
Binds to and activates STAT3.

Promote IL-6 transcription.

Phosphorylate, ubiquitylate, and degrade IxB.

Inhibit NF-xB activation.

Regulate downstream antioxidant and pro-oxidant
targets to affect intracellular ROS amounts.

Potential roles in both diseases

An upstream regulator of NRF2, probably inactivates NRF2
in COVID-19, and promotes SARS-CoV-2 entry into the
host cell, while activates NRF2 in lung cancer and
promotes tumor cell proliferation.

It facilitates NRF2 upregulation in lung cancer, and
promotes the tumor cell resistance to oxidative stress,
while its role in COVID-19 still requires further clarification.
In COVID-19: the inactivated NRF2 pathways
downregulate HO-1 pathway, increase ACE2R expression
and decrease anti-oxidase expression.In lung cancer:
promotes aggressive proliferation, metastasis of tumors,
and tumor resistance to oxidative stress, chemo- and
radiotherapy.

Increases oxidative stress and magnifies the harmful effect
of ROS.

Promote viral replication, angiogenesis, tumor cell
proliferation, inhibit apoptosis

Promote tumor cell proliferation and repress protein
expression

Promote ROS production and increase oxidative stress.
Trigger cytokine storm and excessive immune response.
Regulate key adaptive mechanisms including glycolysis
and angiogenesis, and that drive pro-survival signaling, cell
proliferation and metastasis in cancers

Triggers cytokine storm.

Transduces signal.

Transduces signal.

Triggers cytokine storm and inflammation. Amplifies NF-xB
signaling.

Triggers cytokine storm and inflammation. Amplifies NF-xB
signaling.

Transduces signal.

Transduces signal.

In COVID-19: increases oxidative stress, triggers cytokine
storm, promotes inflammation.In lung cancer: promotes
tumor cell proliferation, metastasis, and inflammation.
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Subjects Dose Metabolic products Sources Effects Reference

C57BL/6 mice (male & 9.2 Propionate and Lachnospiraceae and Alleviate acute radiation syndrome (133)

female) Gy tryptophan Enterococcaceae

C57BL/6 mice (male & 21 Gy Butyrate Butyrate-producing bacteria Reduce cell radiosensitivity (134)

female)

C57BL/6 mice (male & 12 Gy Indole 3-propionic acid Tryptophan related gut microbiota Alleviate acute radiation syndrome (135)

female) product

C57BL/6 mice (male) 9 Gy Urolithin A Metabolite of ellagitannin Alleviate ionizing radiation-induced intestinal (136)

damage

C57BL/6 mice (male) 16 Gy Phosphatidylcholines Alistipes Related to radiation enteritis (137)
(36:0e)

C57BL/6 mice (male) 15 Gy Diglyceride (18:0/20:4) Bacteroides Related to radiation enteritis (137)

C57BL/6 mice (male) 15 Gy Phosphatidylcholines Dubosiella Related to radiation enteritis (137)
(35:2)

C57BL/6 mice (male) 15 Gy Phosphatidylcholines Eggerthellaceae Related to radiation enteritis (137)
(35:6)

C57BL/6 mice (male) 15 Gy Triglyceride (18:2/18:2/ Escherichia-Shigella Related to radiation enteritis (137)

20:4)
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Molecule Name

1,2,5,6-tetrahydrotanshinone

Poriferasterol

poriferast-5-en-3beta-ol

isoimperatorin

sugiol

Dehydrotanshinone Il A

Baicalin

digallate

luteolin

a-amyrin
5,6-dihydroxy-7-isopropyl-1,1-dimethyl-2,3-dihydrophenanthren-4-one
2-isopropyl-8-methylphenanthrene-3,4-dione

Bo-hydroxytanshinone Il a
(B)-3-[2-(3,4-dihydroxyphenyl)-7-hydroxy-benzofuran-4-yllacrylic acid
4-methylenemittirone
2-(4-hydroxy-3-methoxyphenyl)-5-(3-hydroxypropyl)-7-methoxy-3-benzofurancarboxaldehyde
6-0-syringyl-8-0-acetyl shanzhiside methyl ester

formyltanshinone

3-beta-Hydroxymethyllenetanshiquinone

Methylenetanshinquinone

przewalskin a

przewalskin b

Przewaquinone B

przewaquinone ¢
(6S,7R)-6,7-dihydroxy-1,6-dimethyl-8,9-dihydro-7H-naphtho[8, 7-g]benzofuran-10,11-dione
przewaquinone f

sclareol

tanshinaldehyde

Danshenol B

Danshenol A

Salvilenone

cryptotanshinone

dan-shexinkum d

danshenspiroketallactone

deoxyneocryptotanshinone

dihydrotanshinlactone

dihydrotanshinone |

epidanshenspiroketallactone

C09092

isocryptotanshi-none

Isotanshinone Il

manool

microstegiol

miltionone |

mittionone Il

miltipolone

Miltirone

miltirone I

neocryptotanshinone ii

neocryptotanshinone
1-methyl-8,9-dihydro-7H-naphtho(5,6-g]benzofuran-6,10,11-trione
prolithospermic acid
(2R)-3-(3,4-dihydroxyphenyl)-2-[(2)-3-(3,4-dihydroxyphenyl)acryloylloxy-propionic acid
(2)-3-[2-[(F)-2-(3,4-dihydroxyphenyl)vinyl]-3,4-dihydroxy-phenyllacrylic acid
salvianolic acid g

salvianolic acid j

salvilenone |

salviolone

NSC 122421
(6S)-6-hydroxy-1-methyl-6-methylol-8,9-dihydro-7H-naphtho([8,7-g]benzofuran-10,11-quinone
Tanshindiol B

Przewaquinone E

tanshinone iia
(6S)-6-(hydroxymethyl)-1,6-dimethyl-8,9-dihydro-7H-naphtho[8,7-g]benzofuran-10,11-dione
tanshinone VI

oB

38.75
43.83
36.91
45.46
36.11
43.76
40.12
61.85
36.16
39.51
33.77
40.86
44.93
48.24
34.35
62.78
46.69
73.44
32.16
37.07
37.11
110.32
62.24
55.74
41.31
40.31
43.67
52.47
57.95
56.97
30.38
52.34
38.88
50.43
49.4
38.68
45.04
68.27
36.07
54.98
49.92
45.04
39.61
49.68
71.03
36.56
38.76
44.95
39.46
52.49
34.72
64.37
109.38
88.54
45.56
43.38
32.43
31.72
34.49
75.39
42.67
42.85
49.89
66.26
45.64

DL

0.36
0.76
075
0.23
0.28
04

075
0.26
0.25
0.76
0.29
0.23
0.44
031
0.23
04

0.71
0.42
0.41
0.36
065
0.44
0.41
0.4

0.45
0.46
0.21
0.45
056
052
0.38
0.4

055
031
0.29
0.32
0.36
031
0.25
0.39
04

02

0.28
0.32
0.44
0.37
0.25
0.24
0.23
0.32
037
031
0.35
0.26
061
0.72
0.23
0.24
0.28
0.46
0.45
0.45
0.4

0.45
03

OB, Oral Bioavailability: DL, Drug-likeness.
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