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Energy metabolism reprogramming is the characteristic feature of tumors. The tumorigenesis, metastasis, and drug resistance of ovarian cancer (OC) is dependent on energy metabolism. Even under adequate oxygen conditions, OC cells tend to convert glucose to lactate, and glycolysis can rapidly produce ATP to meet their metabolic energy needs. Non-coding RNAs (ncRNAs) interact directly with DNA, RNA, and proteins to function as an essential regulatory in gene expression and tumor pathology. Studies have shown that ncRNAs regulate the process of glycolysis by interacting with the predominant glycolysis enzyme and cellular signaling pathway, participating in tumorigenesis and progression. This review summarizes the mechanism of ncRNAs regulation in glycolysis in OC and investigates potential therapeutic targets.
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1 INTRODUCTION
Ovarian cancer (OC) is currently the most deadly gynecologic malignancy with insidious and rapidly progressive onset. Most patients have advanced pelvic and abdominal metastases by the time of diagnosis, and the 5-years survival rate is only 20–30% worldwide (Vafadar et al., 2020; DiSilvestro et al., 2021; Vergote et al., 2021). OC account for 5% of all cancer deaths in women (Yang et al., 2021; Youssef et al., 2021) due to the low survival rates resulting from late diagnosis. The standard treatment for OC is tumor resection combined with platinum-based chemotherapy. However, the majority with advanced disease will replase or even develop drug resistance, leading to curative failure and ultimately mortality (Giudice et al., 2021; Xie H et al., 2021; Xu et al., 2021). Therefore, it is essential to investigate new treatment options to improve the outcome of OC.
Tumorigenesis is considered an energy metabolic disease. Compared with metabolism of healthy and neoplastic cells, researchers found the oxidative phosphorylation pathway is dominant to provide ATP in normal cells, while the glycolytic pathway is the primary energy supply in tumor cells (Nakagawa et al., 2020; Tyagi et al., 2021). Even in the presence of sufficient oxygen, the glycolytic pathway, an alteration known as the Warburg effect, or aerobic glycolysis, accounts for over 95% of energy supply (Sun et al., 2018; Harris and Fenton 2019; Lu 2019). The altered glycolytic pathway is a characteristic difference between neoplastic and healthy cells (Icard et al., 2018). Tumor cells can produce more nucleotides, fatty acids, proteins, and ATP through enhanced aerobic glycolysis as the material basis for rapid proliferation and invasiveness (Poff et al., 2019). Meanwhile, the Warburg effect reduces reactive oxygen species production, improves cellular antioxidant capacity, and reduces apoptosis (Yue et al., 2016; Shulman and Rothman 2017; Yue et al., 2019). In addition, aerobic glycolysis can produce large amounts of lactic acid, which creates an acidic microenvironment to facilitate invasion and metastasis of the tumor cells (Schwartz et al., 2017; Tekade and Sun 2017; Chen et al., 2018).
Noncoding RNAs (ncRNAs) primarily include microRNAs (miRNAs), long noncoding RNAs (lncRNAs), and circular RNAs (circRNAs) (Jusic et al., 2020; Deogharia and Gurha 2021; Rahimian et al., 2021). The ncRNAs bind to multiple molecular targets to form regulatory networks in various biological activities, including initiating specific cellular biological responses, regulating gene expression, intracellular signaling, and epigenetic modifications (Ding et al., 2021; Ducoli and Detmar 2021). NcRNAs are involved in a variety of life activities such as regulation of gene expression, intracellular signaling and epigenetic modifications. Apart from participation in tumorigenesis, ncRNAs also account paramount role in the glycolytic process of tumors (Li Q et al., 2021; Lu et al., 2021; Park et al., 2021; Razavi et al., 2021; Wang et al., 2021). This review summarizes the possible molecular mechanisms of ncRNAs in the process of glycolysis and potentially effective targeted therapies for OC.
2 GLUCOSE METABOLISM IN NEOPLASTIC CELLS
Reprogramming of energy metabolism is the hallmark of cancer. Healthy cells generally undergo glycolysis to produce lactate only under anaerobic conditions with limited energy production, while the glycolysis of tumor cells in aerobic conditions (Chandel 2021; Reinfeld et al., 2021). Although glycolysis produces low levels of ATP compared to oxidative phosphorylation, cancer cells can rapidly uptake the available ATP and intermediates from glycolysis for the transduction of the biosynthetic pathway (Bacigalupa and Rathmell 2020; Cao et al., 2020). The reprogrammed metabolism contributes to tumor cell metastasis, preventing apoptosis and promoting other malignant features.
2.1 Warburg Effect
Warburg effect is mainly a compensatory activity of tumor to adapt to the external environment (Lu et al., 2015; Cassim et al., 2020) (Figure 1) Efficient aerobic glycolysis facilitates tumor cell proliferation allowing tumor cells to produce abundant ATP from extracellular nutrients. Although the total energy produced per glucose during the Warburg effect is less than that by oxidative phosphorylation, ATP production by aerobic glycolysis can exceed that of oxidative phosphorylation with glucose available (Linehan and Rouault 2013; Hitosugi and Chen 2014). On the other hand, the Warburg effect provides tumor cells with intermediates for biosynthetic pathways, including ribose for nucleotide synthesis, glycerol, citrate, and nonessential amino acids for lipid synthesis (Ward and Thompson 2012; Upadhyay et al., 2013). Glucose can also produce nicotinamide adenine dinucleotide phosphate via the pentose phosphate pathway. Therefore, the Warburg effect is vital for facilitating tumor cell bioenergetics and biosynthesis.
[image: Figure 1]FIGURE 1 | The mechanism diagram of Warburg effect. The Warburg effect states that in the presence of sufficient oxygen supply, tumor cells still prefer glycolysis for energy to the more efficient oxidative phosphorylation, a phenomenon known as the Warburg effect.
2.2 Factors Affecting Aerobic Glycolysis
2.2.1 GLUTs
Compared with healthy cells, tumor cells exhibit an efficient aerobic glycolysis rate, which requires increased glucose flux to improve the efficiency of glucose uptake (Yang et al., 2020). Therefore, the expression and activity of Glucose Transporters (GLUTs) and glycolytic rate-limiting enzymes, such as HK, PFK and PK were significantly upregulated in tumor cells to facilitate the inevitably increased glucose consumption (Foltynie 2019; Bommer et al., 2020; Faustman 2020). Oncogenes regulate GLUT1 to intervene the glucose intake and tumor cell metabolism. The c-myc induces GLUT1 overexpression leading to increased glucose uptake (Leen et al., 2013; Huang L et al., 2021; Su et al., 2021). P53 can inhibit GLUT1 expression in cells, resulting in decreased glucose uptake and thus inhibiting tumor development (Feng et al., 2018). GLUT3 is expressed in most cancer cells but rarely in normal cells, facilitating glucose consumption (Cazzato et al., 2021; Libby et al., 2021). Targeting GLUT can inhibit the degree of aerobic glycolysis, affecting tumorigenesis (Fu et al., 2021; Kim E et al., 2021).
2.2.2 HK Isoforms
Glycolysis is a complex process that starts with glucose catalyzation by various non-rate limiting and rate-limiting enzymes to form lactate (Ganapathy-Kanniappan 2018; Fan et al., 2019). The classical glycolysis involves three rate-limiting enzymes, HK, PFK, and PK, mediating different processes and playing essential roles in glucose metabolism (Shakespear et al., 2018; Yellen 2018), HK has four isoforms, HKI, HKII, HKIII, and HKIV, catalyzing glucose to glucose-6-phosphate (G6P) (Zuo et al., 2021). HKI and HKII present high affinity for mitochondria, and HK1 expression is present in most mammalian tissues (Zhong and Zhou 2017; Garcia et al., 2019). HKII is abundantly present in fat, heart, and skeletal muscle (Mathupala et al., 2009; Tan and Miyamoto 2015). with a higher glycolytic rate than HKI(Tan and Miyamoto 2015). HKIV, also known as glucokinase, is present in hepatocytes with the lowest affinity for glucose and no inhibition by G6P (Xu and Herschman 2019; Kasprzak 2021). HKII is essential for tumor metabolism. Increased expression of HKII promotes proliferation and is associated with poor prognosis in tumor patients (Roberts and Miyamoto 2015; Tan and Miyamoto 2015).
2.2.3 PFK and PK
Fructose 2, 6-bisphosphate (F26BP) can diminish the inhibition of ATP and increase glucose uptake by interacting with PFK1(Kalezic et al., 2021; Zuo et al., 2021). The substrate can abnormally inhibit PFK, and ATP has a dual effect on PFK (PK is an evolutionarily conserved metabolic enzyme that catalyzes pyruvate production from phosphoenolpyruvate) (Shen et al., 2020; Zhao et al., 2020). Almost all mammalian genomes, including humans, encode two PK genes, PKLR and PKM, which express four PK isoforms (L, R, M1, and M2) (Jyoti et al., 2020; Yang et al., 2021). PKL and PKR are encoded by the PKLR gene and are expressed in hepatocytes and erythrocytes, respectively (Park et al., 2020; Storkus et al., 2021). The PKM gene encodes PKM1 and PKM2 through selective splicing (Chen k et al., 2021; Itoyama et al., 2021). PKM1 is expressed in normal differentiated tissues (Zhong et al., 2021), while PKM2 is expressed in highly proliferative cells such as embryonic cells, stem cells and tumor cells (Wang et al., 2021). Physiologically, PKM1 exists as a tetramer, while PKM2 can exist as a tetramer or a dimer (Hu et al., 2020; Rai et al., 2020). Fructose 1,6-2 phosphate is a transactivator of PKM2 but has little effect on PKM1 (Xu et al., 2019; Angiari et al., 2020).
3 TUMOR AEROBIC GLYCOLYTIC SIGNALING PATHWAY
C-myc can regulate the transcriptional process of various glycolytic genes (Gu et al., 2017). C-myc can bind to the regulatory region of hexokinase 2 (HK2) and thus play an essential role in tumor aerobic glycolysis (Huang WL et al., 2021; Su et al., 2021). PK catalyzes the final step of glycolysis, PKM2, which is only found in self-renewable groups such as stem cells and tumors (Li et al., 2017; van Niekerk and Engelbrecht 2018). C-myc can directly activate the PKM2 promoter region and upregulate PKM2 expression, thus promoting tumor aerobic glycolysis (Li et al., 2017; Yin et al., 2019). In addition, c-myc can induce PKM2 splicing by indirectly regulating hnRNP protein, thus promoting aerobic glycolysis (Gu et al., 2017). Glucose-6-phosphate dehydrogenase is a key enzyme in the glucose metabolism pathway. C-myc binds to the promoter region of glucose-6-phosphate dehydrogenase to promote its expression and thus the pentose phosphate pathway (Tang et al., 2021).
Ras-mediated metabolic reprogramming provides vital functions in tumorigenesis (Lin et al., 2021). The Ras signaling pathway can promote aerobic glycolysis and provide lactate and α-ketoglutarate through various enzymes (Campbell and Philips 2021; Chen B et al., 2021). Ras can promote glucose uptake by upregulating the expression of GLUT1 on the cell membrane surface, which in turn increases aerobic glycolysis efficiency (Healy et al., 2021). In addition, PI3K-Akt-mTOR signaling is also a significant regulator of glucose uptake, promoting GLUT1 expression and protein translocation from the inner membrane to the cell surface (Krencz et al., 2021; Sanaei et al., 2021). P53 is the most critical oncogene, affecting the cell cycle by encoding transcription factors (Liu et al., 2019; Alvarado-Ortiz et al., 2020). P53 can inhibit aerobic glycolysis by regulating TP53-mediated glycolysis and apoptosis-inducing factor expression (Strycharz et al., 2017; Itahana and Itahana 2018; Smiles and Camera 2018), regulating mitochondrial respiratory function, pentose phosphate pathway, and glycolysis-related enzymes (Kruiswijk et al., 2015; Werner et al., 2016). PTEN proteins exert their tumor-suppressive effects through three predominant signaling pathways, PI3K/AKT, local adherens spot kinase and mitogen-activated protein kinase (Mendes et al., 2016). PTEN inhibits tumorigenesis by activating PI3K/AKT pathway (Ortega-Molina and Serrano 2013). Phosphoglycerate kinase 1 (PGK1) can function as a glycolytic enzyme or phosphorylated as a protein kinase (He et al., 2019; Zhang et al., 2019). PTEN directly interacts with PGK1 to control aerobic glycolysis in tumors, and PTEN encodes a protein with phosphatase activity that inhibits phosphorylated PGK1, which ultimately inhibits aerobic glycolysis and tumor cell proliferation (Nie et al., 2020; Chu et al., 2021).
4 THE REGULATORY MECHANISM OF NCRNAS IN THE GLYCOLYSIS OF OVARIAN CANCER
The ncRNAs can regulate the expression of criticalgenes or enzymes of glycolytic pathway through different cellular signaling pathways, which promote the malignant development by regulating glucose metabolism in OC. Here, we summarize the mechanisms of miRNAs, lncRNAs and circRNAs in the regulation of glycolysis in OC (Figure 2).
[image: Figure 2]FIGURE 2 | ncRNAs may play a vital role in regulating glycolysis of ovarian cancer through different signal pathways and mechanisms.
4.1 MicorRNAs in the Glycolysis of Ovarian Cancer
The miRNAs are a group of 18–24 nucleotide noncoding RNAs that bind to the 3-terminal noncoding region of the target mRNA, altering gene expression (Sakshi et al., 2021; Yang et al., 2021) (Figure 3). The aberrant expression of miRNA in tumor cells revealed that miRNAs play an essential role in tumor development by regulating the expression and function of their associated target genes and participating in a variety of physiological and pathological processes (Barrera-Rojas et al., 2021; Pidikova and Herichova 2021; Roy et al., 2021). Abundant miRNAs have been proved to regulate tumor metabolism and function as an essential role in the process of glycolysis in OC (Table 1).
[image: Figure 3]FIGURE 3 | Biogenesis of micro RNAs (miRNAs). RNA polymerase II regulates the transcription of miRNAs. As pri-miRNAs are transcribed, pri-miRNAs are processed by several sequential cleavages to produce mature miRNAs. Finally, mature miRNAs are integrated into Argonaute to form the miRNA-induced silencing complex (RISC).
TABLE 1 | miRNAs involved in glycolysis in ovarian cancer.
[image: Table 1]Studies have shown that miRNAs control the expression of several key enzymes of glycolysis to regulate the glycolytic process. As the critical rate-limiting enzymes of glycolysis, HK2 catalyzes the first irreversible step of glycolysis, which increases at significantly elevated levels in a variety of tumor cells. HK2 can significantly inhibit the function of mitochondria from regulating tumor growth, survival, and metastasis (Huang L et al., 2021; Yu et al., 2021). PKM2 becomes an essential component of tumorigenesis by providing a metabolic advantage that tumor cells can utilize the upstream lipids of glycolytic intermediates as precursors for lipid, amino acid, and nucleic acid synthesis (Xia et al., 2021; Yuan et al., 2021). Zhou et al., found that 20(S)-Rg3 significantly attenuated DNA methyltransferase 3 alpha (DNMT3A)-mediated methylation and promoted the inhibition of HK2 and PKM2 by miR-532–3p, thereby antagonizing the Warburg effect in OC cells (Zhou et al., 2018). Zhang et al., found that miR-145 could target DNMT3A to reduce methylation of the pre-miR-145 promoter region. The feedback loop between these two miRNA was a characteristic feature of the Warburg effect, promising a potential therapeutic target for OC(Mirzaei et al., 2016; Zhang et al., 2018). Lu et al., reported a similar regulatory machanism between miR-603 and DNMT3A, and the DNMT3A-miR-603-HK2 regulatory axis may be the critical molecular mechanism in the glycolytic pathway of OC(Lu et al., 2019; Pourhanifeh et al., 2020).
Lactate dehydrogenase A (LDHA) is an important metabolic enzyme belonging to the 2-hydroxy acid oxidoreductase family that plays a crucialrole in intracellular anaerobic sugar metabolism (Guan H et al., 2021; Huo et al., 2021). Hypoxic conditions induced the overexpression of LDHA, which shifts the metabolic pathway of ATP synthesis from oxidative phosphorylation to aerobic glycolysis. Therefore, the inhibition of LDHA is considered a promising strategy for tumor therapy (Jiang et al., 2021; Martinez-Ordonez et al., 2021). Han et al., demonstrated that miR-383 regulates LDHA expression in OC cells, impeding glycolysis, cell proliferation and invasion (Han et al., 2017). Tumor glycolytic activity is enhanced to adapt to ischemic and hypoxic environment by inducing an energy metabolic switch as the metabolic basis of its hypoxia tolerance (Wang et al., 2021). This process activateshypoxia-inducible factor-1 (HIF-1), a widely present dominant oxygen regulator in mammals, triggers various biological events, including glycolytic activation and tumorigenesis (Favier et al., 2015; Moldogazieva et al., 2020). Lu et al., reported that 20(S)-Rg3 upregulates miR-519a-5p expression by reducing DNMT3A-mediated DNA methylation of miR-519a-5p, thereby inhibiting HIF-1α and promoting the Warburg effect, leading to malignant progression of OC(Lu et al., 2020).
Aberrant activation and inactivation of oncogenes regulate abnormal energy metabolism to adapt to tumor growth demands (Yeung et al., 2008; Meijer et al., 2012). Teng et al., demonstrated that inhibition of miR-29b promotes the expression of AKT2/3, pakt2/3, HK2, and PKM2 and regulates pyruvate and NAD+/NADH levels (Teng et al., 2015). The miR-29b regulates the Warburg effect in OC by modulating AKT2/AKT3, which is a potential therapeutic target for OC. Moreover, miR-21 could promote AKT phosphorylation and glycolysis enzymes expression in OC(Guo et al., 2017). The miR-1180 could activate the Wnt signaling pathway and regulate the glycolysis progression of OC(Gu et al., 2019). Rao et al., demonstrated that miR-195 significantly inhibited tumor growth, increased tumor proliferation time, and improved overall survival by targeting MICU1 to inhibite glycolysis and chemoresistance (Rao et al., 2020).
4.2 LncRNAs in the Glycolysis of Ovarian Cancer
LncRNAs are a category of noncoding RNAs with over 200 nucleotides in length, tissue specificity and low species conservation (Jalaiei et al., 2021; Zhao et al., 2021). LncRNAs bind to proteins through their unique secondary structure to form RNA-protein complexes (Dashti et al., 2021; Janaththani et al., 2021; Mardani et al., 2021) and interact with multiple RNAs to form complex gene expression regulatory networks (Sun and Feinberg 2021; Wu et al., 2021). LncRNAs also target miRNAs through their 3′UTR region to regulate the effective concentration and activity, which affects the repressive effect on the target mRNAs(Sun and Feinberg 2021; Wu et al., 2021). (Figure 4). Above all, lncRNAs are the critical regulators in the process of glycolysis in OC (Table 2).
[image: Figure 4]FIGURE 4 | The competing endogenous RNA mechanism of Long noncoding RNAs (lncRNAs). LncRNAs can inhibit the degradation of downstream mRNAs by binding different miRNAs, which in turn regulates the expression of pro- or oncogenes, ultimately leading to malignant progression of tumors.
TABLE 2 | lncRNAs involved in glycolysis in ovarian cancer.
[image: Table 2]Small nucleolar RNA host gene 3 (SNHG3) promotes glycolysis and oxidative phosphorylation to induce OC drug resistance by binding to miR-186–5p and upregulating EIF4AIII expression (Li et al., 2018). H19 promotes glycolysis and malignant progression of OC by binding miR-324–5p to promote PKM2 expression (Zheng et al., 2018). LINC00857 acts as a pro-oncogene by binding miR-486–5p to promote Yes1 associated transcriptional regulator (YAP1) expression, promoting OC cell proliferation, migration, invasion, and glycolytic progression (Lin et al., 2020). Nuclear paraspeckle assembly transcript 1 (NEAT1) can play an essential role in OC malignant growth, metastasis and glycolysis by binding to miR-4500 and thus promoting basic leucine zipper and W2 domains 1 (BZW1) expression (Xu et al., 2020). HOXB-AS3 regulates both LDHA and ECAR expression by binding to miR-378a-3p in the glycolytic process of OC(Xu et al., 2021). OIP5-AS1 binds miR-128–3p to promote the expression of CCNG1, which leads to the malignant progression of OCthrough the glycolytic process (Liu et al., 2021). Moreover, LINC00504 is involved in the glycolytic process of OC by binding miR-1244. However, the specific downstream genes need more elaboration (Liu et al., 2020).
HIF is a nuclear transcription factor that facilitates cells to adapt to the hypoxic environment (Knutson et al., 2021; Cowman and Koh 2022). Liu et al., found that upregulation of gastric carcinoma proliferation enhancing transcript 1 (GHET1) positively correlated with tumor size, metastasis, proliferation, and colony formation in OC patients (Liu and Li 2019). Further studies confirmed that GHET1 interacted with von Hippel-Lindau (VHL) to prevent VHL-mediated hypoxia-inducible factor-1α (HIF-1α) degradation and increased HIF1α protein levels in OC cells. The up-regulated HIF-1α promoted glucose uptake and lactate production in OC cells. Tao et al., reported that LINC00662 was highly expressed in OC cells and was strongly associated with overall survival of OC patients (Tao et al., 2020). Mechanistic studies confirmed that LINC00662 act as a competitive RNA to regulate HIF-1α expression by directly binding to miR-375, which in turn regulates the proliferation and glycolysis of OC cells. Guan et al., found that SP1 and HIF1-α can promote SNHG22 expression and promote the glycolytic process and malignant progression of OC(Guan H et al., 2021).
In addition, there are lncRNAs that can directly regulate the expression of genes involved in the glycolytic process of OC. LINC00092 binds 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 (PFKFB2) and thus promotes malignant metastasis of OC by altering glycolysis and maintaining the local support function of cancer-associated fibroblasts (CAF) (Zhao et al., 2017; Hashemipour et al., 2021). Li et al., revealed that CTSLP8 expression increases in chemoresistant tumor tissues, which promotes c-Myc expression and thus upregulates glycolysis by facilitating the binding of PKM2 to the c-Myc promoter region (Li Q et al., 2021). Yang et al., demonstrated that LINC00035 promotes malignant progression of OC by regulating glycolysis and apoptosis through CEBPB-mediated SLC16A3 transcription (Yang et al., 2021).
4.3 circRNAs in the Glycolysis of Ovarian Cancer
Most circRNAs are expressed from known protein-coding genes and consist of exons forming a covalently closed loop structure by aberrant reverse splicing (Figure 5). CircRNA formation mechanisms included intron pairing-driven circularization, RNA-binding protein (RBP)-driven circularization, and lasso-driven circularization. The circRNAs play critical biological functions in eukaryotic organisms, which compete for miRNAs. By base-complementary pairing with the target mRNA 3-UTR, miRNAs can block the translation and stability of target RNA-binding Proteins (RBPs) can interact with circRNAs and regulate circRNA splicing, replication, folding, stabilization and localization (Huang and Zhu 2021; Zeng et al., 2021). In summary, the circRNAs act as miRNA sponges and interact with RBPs to perform transcriptional functions in organisms. The open reading frames in circRNAs enrich exosomes and can be translated into polypeptides for early diagnosis and prognosis (Kim H et al., 2021; Sinha et al., 2021; Wang et al., 2021). The circRNAs are critical in regulating the process of glycolysis in OC (Table 3).
[image: Figure 5]FIGURE 5 | Biogenesis of circular RNAs (circRNAs). Most circRNAs are derived from pre-mRNA. Due to their composition, circRNAs are classified into several types, including exonic circRNAs, exon-intron circRNAs and intronic circRNAs. CircRNAs can perform biological functions by binding miRNAs, binding proteins or translating into polypeptides. In addition, circRNAs are also enriched in exosomes and are good markers for disease diagnosis.
TABLE 3 | circRNAs involved in glycolysis in ovarian cancer.
[image: Table 3]Circ-ITCH was downregulated in OC and positively correlated with 5-years overall survival in OC patients (Lin et al., 2020) while the overexpression significantly inhibited proliferation, invasion, glycolysis and promoted apoptosis in OC cells. Sun et al., demonstrated the downregulation of circ-RHOBTB3 in OC tissues and cells, and overexpression significantly inhibited cell proliferation, metastasis, and glycolysis (Yalan et al., 2020). Circ-RHOBTB3 inhibited OC progression by inactivating the PI3K/AKT signaling pathway. The expression of hsa_circ_0025033 was found to be upregulated in OC, and downregulation of hsa_circ_0025033 significantly inhibited OC cell colony formation, migration/invasion and glycolytic metabolism (Hou and Zhang 2021). Hsa_circ_0025033 promotes LSM4 expression by binding miR-184. Xie et al., demonstrated that the hsa_circ_0002711/miR-1244/ROCK1 regulatory axis promotes malignant progression of OC in vivo by regulating Warburg effect and tumor growth (Xie W et al., 2021). Hsa_circ_MUC16 promotes OC cell proliferation, glycolytic metabolism, migration and invasion by targeting the miR-1182/S100B regulatory axis (Yang et al., 2021).
5 FUTURE PERSPECTIVESAND CONCLUSION
The development and progression of OC is a complex physiological process. The invasion and metastasis of OC is a complicated process, which poses difficulties for early detection, intervention, and treatment (Tymon-Rosario et al., 2021; Wang et al., 2021). The Warburg effect is one of the recognized metabolic features of tumor cells (Abi Zamer et al., 2021; Nakagawa et al., 2021). Active glycolysis remains a common feature of cancer metabolism, and metabolic reprogramming increases the expression of critical enzymes and, ultimately, lactate secretion. Lactate in the tumor microenvironment can promote malignant progression and tumor immune escape (Hashemian et al., 2020; Mirzaei and Hamblin 2020; Holloway and Marignani 2021; Nakagawa et al., 2021). Various oncogenes and signaling pathways regulate the glycolytic enzymes to affect the rate of glycolysis (Almeida et al., 2021; Chandel 2021). Although the glycolytic process has drawn attention in the control of oncogenic features, the mechanisms of critical enzymes and complex interactions with signaling are not well studied in OC, considering the high heterogeneity of tumors.
Findings have confirmed the regulatory role of ncRNAs on the Warburg effect of tumor cells and highlight their significance in tumor biology research. The expression of specific ncRNAs in tumors predicts tumors’ biological properties and their possible outcomes and prognosis. On the other hand, ncRNAs may also become target sites for tumor treatment. However, there are still relatively few discoveries lacking systematic content and reliable clinical evidence. In summary, ncRNAs play an essential role in OC aerobic glycolysis, regulating the activity and content of specific enzymes and acting as transcriptional activators to regulate the expression of metabolism-related genes. In addition, these ncRNAs interact with other critical factors related to glucose metabolism and initiate various oncogenic processes. In the future, it is vital to confirm and elucidate the role of ncRNAs in OC aerobic glycolysis and their poGM-CSF-miRNA-Jak2/Stat3 Signaling Mediates Chemotherapy-Induced Cancer Cell Stemness in Gastric Cancer
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Chemotherapy serves as the first choice in clinic to treat advanced gastric cancer. However, emerging evidence indicated the induction of drug resistance and cancer stem cells occasionally by chemotherapy, which seriously limit the therapeutic effects, but the regulatory mechanism remains unclear. Here we treated two human gastric cancer cell lines SGC7901 and BGC823 with 5-Fluorouracil (5-Fu) or Cisplatin (DDP) in vitro. The survived cells showed significant increase of drug resistance, cell stemness and cytokine GM-CSF expression and secretion. As such, GM-CSF was applied to stimulate gastric cancer cells, followed by the subpopulation of CD133+ CSC analysis, sphere formation assay and stemness genes expression analysis. As a result, CSCs showed induction by GM-CSF treatment. A gastric cancer animal model further indicated that the gastric cancer cells significantly promoted tumor growth after GM-CSF treatment in vivo. High-throughput miRNA and mRNA sequencing analyses identified a subset of miRNAs and mRNAs under regulation of both 5-Fu and GM-CSF in gastric cancer cells, including upregulation of miR-877-3p and downregulation of SOCS2. Targeted overexpression or knockdown of miR-877-3p in gastric cancer cells revealed the oncogenic function of miR-877-3p in regulating gastric cancer by suppressing target gene SOCS2. Jak2/Stat3 signaling pathway, as a downstream target of SOCS2, showed activation in vitro and in vivo after treatment with miR-877-3p or GM-CSF. Our findings not only revealed a novel mechanism through which chemotherapy induced CSCs in gastric cancer via GM-CSF-miRNA-Jak2/Stat3 signaling, but also provided an experimental evidence for appropriate dose reduction of adjuvant chemotherapy in treatment of cancer patients.
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INTRODUCTION
Gastric cancer (GC), as the fourth leading cause of cancer death all over the world (Sung et al., 2021), shows good clinical outcomes to chemotherapy including 5-Fluoride (5-FU) and Cisplatin (DDP) (Seo et al., 2019). However, chemo-resistance is commonly observed in patients with GC after chemotherapy (Choi et al., 2002). Chemotherapy-induced resistance was reported to be related to the acquisition of stem cell-like properties in cancer cells (Li and Clevers, 2010; Xu et al., 2015). This type of cell is called cancer stem cells (CSCs), which are characterized by self-renewal, differentiation, strong tumor-regenerative ability and resistance to therapy. CSCs are believed to play important roles in tumor invasion, cancer metastasis and cancer recurrence (Alison et al., 2012; Schulenburg et al., 2015). Since the first identification of CSCs in myeloid leukemia in 1997, numerous studies have identified CSCs in multiple types of solid cancer tumors including breast cancer, brain cancer, prostate cancer and GC (Bonnet and Dick, 1997; Al-Hajj et al., 2003; Ricci-Vitiani et al., 2007; Takaishi et al., 2009). Although the regulation of chemo-resistance and cancer relapse by CSCs has been well demonstrated, the molecular mechanisms remain unclear.
Tissue damage and inflammatory response caused by chemotherapy are believed as one of the main causes of chemo-resistance. In addition to kill cancer cells, chemotherapy causes the abundance changes of a variety of inflammatory factors in the microenvironment, affecting the chemotherapeutic outcomes (Edwardson et al., 2019). For example, granulocyte-macrophage colony-stimulating factor (GM-CSF), as a monomeric cytokine involving in the immune modulation and hematopoiesis, can be induced by chemotherapy (Hong, 2016; O'Shaughnessy et al., 1994). GM-CSF is mostly secreted by activated monocytes, macrophages, T cells, B cells, fibroblasts, mast cells, vascular endothelial cells, and a variety of cancer cells (Shi et al., 2006), regulating proliferation and maturation of immune cells including dendritic cells, granulocytes and macrophages (McLeish et al., 1998; Pei et al., 1999; Ju et al., 2016). Emerging evidence indicates GM-CSF acting as a tumor-driver in some cases by promoting tumor growth and progression in multiple cancer types, such as meningiomas, gliomas, skin cancer, head and neck cancer, lung cancer, and so on (Pei et al., 1999; Obermueller et al., 2004; Gutschalk et al., 2006; Uemura et al., 2006; Hong, 2016; Sielska et al., 2020).
MicroRNAs (miRNAs) are a class of highly conserved small non-coding RNA with 18–24 nucleotides in length. Typically, miRNAs bind to the 3′-untranslated region (3′-UTR) of target mRNAs, directing the formation of miRNA-mRNA silencing complexes and leading to degradation or translational inhibition of the targeted mRNAs (Bartel, 2009; Su et al., 2015). MiRNAs play an important role in regulating cancer cell stemness, tumor regeneration, metastasis and chemo-resistance during the development and progression of cancer (Sun et al., 2014; Rupaimoole and Slack, 2017) via targeting various signaling pathways including Wnt, Akt, Jak/Stat, et al. (Gomes et al., 2016; Matsui, 2016; Mihanfar et al., 2019). For example, miR-106a-3p induced apatinib resistance in gastric cancer cells by targeting the Cytokine signaling (SOCS) system and activating Jak2/Stat3 signaling (Guo et al., 2019). Activation of the Jak2/Stat3 signaling promotes cell proliferation and cell stemness in cancer (Yu et al., 2014; Park et al., 2019). SOCS proteins function as negative regulators of cytokine-triggered cell signaling. In gastric cancer, Jak/Stat signal pathway is frequently deregulated by the SOCS family and miRNAs (Zhou et al., 2015; Guo et al., 2019).
In the current study, we demonstrated the increased level of GM-CSF both inside and outside of the survived gastric cancer cells after treatment with 5-FU or DDP, which was associated with promoted drug resistance and cell stemness. In order to determine the relationship between the increased GM-CSF level and promoted cell stemness after chemotherapy in GC, exogenous GM-CSF was applied to the culture medium of GC cells, followed by the analysis of CD133+ CSC subpopulation, indicating positive regulation of cancer cell stemness by GM-CSF stimulation in vitro. A GC animal model further demonstrated increased growth of tumors derived from the GM-CSF-treated GC cells in vivo. To further reveal the regulatory mechanism, high-throughput miRNA and mRNA sequencing analyses were applied to the GC cells before and after chemotherapy or GM-CSF treatment. As a result, a subset of miRNAs was identified with deregulation upon treatment with 5-FU or GM-CSF, including upregulation of miR-877-3p and downregulation of SOCS2. Functional assays demonstrated that miR-877-3p is capable to promote GC cell proliferation and cell stemness. SOCS2 was identified as a key direct target gene of miR-877-3p in GC, where miR-877-3p suppressed the expression of SOCS2 and promoted cancer cell stemness and chemoresistance subsequently by activating Jak2/Stat3 signaling. The current study is the first to demonstrate a mechanism through which GM-CSF-miRNA-Jak/Stat signaling mediates chemotherapy-induced cell stemness and drug resistance in gastric cancer.
MATERIALS AND METHODS
Animals. Six-week-old immune-deficient female nude mice were purchased from the SiPeiFu Animal Company (Beijing, China) for in vivo assays. 2×106 SGC7901 cells with or without GM-CSF stimulation were transplanted per mouse by subcutaneous injection to establish the animal model with gastric cancer. All animal studies were performed following the relevant guidelines, regulations and protocols approved by our Institutional Animal Care and Use Committee.
Cells. Human gastric cancer cell lines SGC7901 and BGC823 were purchased from the cell bank of the Chinese Academy of Sciences at Shanghai, China, maintained in our lab, and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 1% penicillin-streptomycin and 10% fetal bovine serum (Gibco, United States). All of these cells were cultured at 37°C with 5% CO2 in a humidified environment.
RNA Extraction, miRNA and mRNA sequencing, Bioinformatics analysis. Total RNA was extracted using Trizol reagent (Invitrogen, Thermo Fisher Scientific) following the manufacturer’s instructions. The quantity of the total RNA was accessed by NanoDrop One spectrophotometer (Thermo Fisher Scientific), and the integrity of the RNA was assessed by Bioanalyzer 2,100 (Agilent, CA, United States) with RIN number >7.0, and confirmed by electrophoresis with denaturing agarose gel. After quality check, approximately 1 μg of total RNA was used to prepare small RNA library according to protocol of TruSeq Small RNA Sample Prep Kits (Illumina, San Diego, United States), and approximately 1 μg of total RNA was used for mRNA library. In two libraries, we performed the single-end sequencing (1 × 50 bp) on an Illumina Hiseq2500 and paired-end sequencing (2 × 150 bp) on an illumine Novaseq™ 6000 LC-Bio Technology Company, Ltd., (Hangzhou, China) following the vendor’s recommended protocol. Differentially expressed miRNAs based on normalized deep-sequencing counts were analyzed using Student’s t-test. The screening criteria were a fold change >−2 and p < 0.01. The differentially expressed mRNAs were selected with log2 (fold change) > 1 or log2 (fold change) <−1 and with statistical significance (p-value < 0.05) by the edgeR package. After quality control, bioinformatics analyses (Heatmaps and Venn diagram) were performed with the online OmicStudio tools at http://www.omicstudio.cn/tool.
Plasmids, oligos, and transfection. miR-877-3p mimics, anti-miR-877-3p inhibitors, and corresponding negative controls were synthesized by RiboBio Co., Ltd. (Guangzhou, China). Firefly luciferase reporter plasmids carrying either wild type or mutated SOCS2 3′UTR were constructed by Genomeditech company (Shanghai, China). Oligo transfection was performed using lipofectamine 2000 (Invitrogen, United States) following the manufacturer’s instructions. A final concentration of 30 nM of miRNA mimic or negative control was used in all in vitro assays.
First strand cDNA preparation and Real-Time PCR. Total RNAs were extracted by using Trizol reagent (Invitrogen, Thermo Fisher Scientific). The method of adding a poly A tail to small RNAs was used for reverse transcription of miRNAs. Prime script™ RT Reagent kit with gDNA Eraser (Takara, Japan) was used for reverse transcription of mRNAs. Power Up SYBR Green Master Mix (Applied Biosystem, Thermo Fisher Scientific) and Applied Biosystems QuantStudio 6 (Applied Biosystem, Thermo Fisher Scientific) were used for real-time PCR assays. GAPDH and 5s rRNA were used for mRNA and miRNA normalization. GAPDH forward: 5’-GGAGCGAGATCCCTCCAAAAT-3’; reverse: 5’-GGCTGTTGTCATACTTCTCATGG-3’; 5s forward: 5’-AGTACTTGGATGGGAGACCG-3’; miR-877-3p forward: 5’-UCCUCUUCUCCCUCCUCCCAG-3’.
Quantitative analysis of GM-CSF. Secreted GM-CSF in the supernatant of SGC7901 or BGC823 cells before or after treatment with 5-FU or DDP was quantified using sandwich ELISA following the manufacturer’s instructions (Multi Sciences, Hangzhou, China).
Western Blot. Cells were lysed in RIPA buffer (Beyotime, China), and protein concentration was measured using a BCA Assay Kit (Beyotime, China). 50μg protein lysates were prepared and resolved by 8–12.5% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS/PAGE) and transferred onto an Immuno-Blot Polyvinylidene difluoride (PVDF) membrane (Millipore, United States). The membranes were then blocked with 5% non-fat milk in TBST for 1 h at room temperature and subsequently incubated with the primary antibodies in 1:1,000 dilution overnight at 4°C. After washing with TBST three times, then the membrane was incubated with the secondary antibody for 1 h at room temperature. Protein bands were visualized using the Minichemi chemiluminescence Imaging System (Beijing Sage Creation Science Co., Ltd., China). The following antibodies were used for Western blot: anti-SOCS2 (2779T, Cell Signaling Technology), anti-JAK2 (3230T, Cell Signaling Technology), anti-p-JAK2 (4406T, Cell Signaling Technology), anti-STAT3 (9139T, Cell Signaling Technology), anti-p-STAT3 (9145T, Cell Signaling Technology), anti-OCT4 (2750S, Cell Signaling Technology), anti-NANOG (4903S, Cell Signaling Technology), anti-GAPDH (sc-47724, Santa Cruz), anti-KLF4 (sc-393462, Santa Cruz), anti-h-TERT (sc-377511, Santa Cruz), anti-GM-CSF (sc-32753, Santa Cruz) and anti-β-tubulin (ab18207, Abcam). Secondary antibodies (1:10,000) were HRP-linked anti-rabbit IgG (7074S, Cell Signaling Technology) and HRP-linked anti-mouse IgG (7076S, Cell Signaling Technology).
Cell proliferation assay. For proliferation assay, 3,000 cells per well were seeded into 96-well culture plates in triplicate. and incubated for 2 days at 37°C in a humidified incubator with 5% CO2. Every 24 h interval, each well was added with 10 μL CCK-8 solution (SB-CCK8, Sharebio, Shanghai, China), then cultured for 3 h at cell culturing condition followed by measurement of OD value at 450 nm wavelength (SpectraMax M5, MolecularDevices, United States).
Colony formation assay. Cancer cells were plated into a 6-well plate at a density of 2,000 cells/well, and after 7-14 days culture until visible colonies were formed. Then, colonies were washed with PBS and fixed with 4% paraformaldehyde. Finally, the visible colonies were stained with 0.5% crystal violet for 20 min. All experiments have three repetitions.
Sphere formation assay. After GC cells were transfected with miRNA-877-3p (mimic, negative control and inhibitor) for 24h, 2,000 GC cells per well were seeded into a 6-well ultra-low attachment cell culture plate (Corning, United States), and cultured with 20 ng/ml of bFGF (R&D Systems, United States), 20 ng/mL EGF (Sigma, United States), and 1×B27 supplement (Invitrogen, United States) in stem cell medium DMEM/F12. The number and sizes of tumorsphere in each well were determined after incubation for 10 days.
Luciferase reporter assay. pGL-3 luciferase reporter plasmids carrying either wild type or mutated SOCS2 3’UTR and Renilla luciferase plasmid (pRL-TK) were co-transfected into 293T cells with miR-877-3p mimic or negative control in a 24-well plate. After 18-h transfection. Luciferase activities were determined with the Dual-Luciferase Reporter Assay kit (Promega, USA).
Statistical analysis. Quantitative data are expressed as mean ±SEM unless otherwise stated. Statistical significance was determined using Student’s t-test followed by least-significant difference (LSD). The data were considered to be significant when the P < 0.05.
RESULTS
Induction of drug resistance and GM-CSF expression/secretion by chemotherapy in gastric cancer. In view of observation GM-CSF is overexpressed in tumor cells after radiotherapy and induced tumor migration (Vilalta et al., 2014; Vilalta et al., 2018). GM-CSF combined with chemoradiation could trigger abscopal effect (Benna et al., 2020). Highly expressed granulocyte colony-stimulating factor (G-CSF) and granulocyte colony-stimulating factor receptor (G-CSFR) leads to poor survival in gastric cancer (Fan et al., 2018). Tumor-derived GM-CSF promotes gastrointestinal tumorigenesis (Wang et al., 2014), we herein applied in vitro and in vivo assays to validate the phenotypes and determine the regulatory mechanism. Human gastric cancer cells SGC7901 and BGC823 were treated with a low concentration of 5-FU or DDP for 72 h in vitro. Survived cells were collected for further analysis including IC50, cell stemness, as well as GM-CSF levels. As shown in Figure 1A, both survived SGC7901 and BGC823 cells showed increased IC50 and drug resistance, associated with increased GM-CSF levels at both mRNA and protein levels in cells (Figures 1B,C) and in secretion in the supernatant (Figure 1D).
[image: Figure 1]FIGURE 1 | Induction of drug resistance and GM-CSF expression/secretion in the survived gastric cancer cells after chemotherapy. (A): IC50 analysis of the survived SGC7901 and BGC823 cells after treatment with 5-FU or DDP for 72 h. (B): QRT-PCR analysis of the GM-CSF mRNA levels in the survived SGC7901 and BGC823 cells. (C): Western blot analysis of the GM-CSF protein levels in the survived SGC7901 and BGC823 cells. (D): ELISA analysis of the GM-CSF levels in supernatants of the survived SGC7901 and BGC823 cells. Data are presented as the mean ± SEM (N = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
GM-CSF treatment promoted cancer cell stemness in vitro and tumorigenesis in vivo. SGC7901 and BGC823 cells were stimulated with exogenous GM-CSF by adding into the cell culture medium, followed by the CD133+ CSC subpopulation analysis. As a result, The CD133+ CSC subpopulation increased from 2.69% to 9.09% in SGC7901 cells (Figures 2A,B), and from 2.72% to 12.52.% in BGC823 cells (Figures 2C,D) after stimulation, respectively. In addition, a group of well-defined stemness genes including h-Tert, Klf4, Nanog and Oct4 was examined by quantitative RT-PCR and western blot analyses in the 2 GC cell lines before or after treatment with GM-CSF. In consistent with the results in Figures 2A–D, these stemness genes showed induction in expression at both mRNA and protein levels by GM-CSF stimulation (Figures 2E–G).
[image: Figure 2]FIGURE 2 | GM-CSF treatment promoted cancer cell stemness in vitro and tumorigenesis in vivo. (A,C): Flow cytometry analysis of CD133+ CSCs in SGC7901 (A) and BGC823 (C) cells before and after stimulation with exogenous GM-CSF in the cell culture medium. B and D: Quantitative analysis of A (B) and C (D). (E,F): QRT-PCR analysis of the stemness genes expression (h-Tert, Klf4, Nanog and Oct4) in SGC7901 (E) and BGC823 (F) cells with or without treatment with GM-CSF. (G): Western blot analysis of the stemness genes expression in SGC7901 and BGC823 cells with or without treatment with GM-CSF. (H): A gastric cancer xenograft model by transplantation of SGC7901 cells with or without stimulation with GM-CSF into nude mice (n = 10 in each group). (I): Tumor growth curves in (H). (J): Tumor images in (H). (K): Tumor weight in (H). Data are presented as the mean ± SEM (N = 3 for in vitro assays, and N = 10 for in vivo assay). *p < 0.05, **p < 0.01, ***p < 0.001.
In order to further determine the effects of GM-CSF on tumorigenesis in vivo, a gastric cancer xenograft model was established by transplantation of SGC7901 cells with or without stimulation with GM-CSF into immunodeficient female nude mice through via subcutaneous injection, followed by continuous tracking of the tumor growth (Figure 2H). The tumor growth curves (Figure 2I), tumor images (Figure 2J) and tumor weight (Figure 2K) indicated significant promotion of tumor growth by GM-CSF stimulation.
miR-877-3p mediated chemotherapy and GM-CSF induced tumor progression in gastric cancer. To identify the key genes regulating chemotherapy-induced or GM-CSF-induced tumor progression in gastric cancer, SGC7901 cells with or without stimulation with 5-FU or GM-CSF were applied for a high-throughput miRNA sequencing analysis. As a result, a subset of miRNAs was identified with a differential expression upon treatment with 5-FU and GM-CSF, respectively (Figure 3A). Some miRNAs, such as miR-9-5p, miR-196a and miR-422a, have been well documented to regulate tumorigenesis and cancer stem cells in gastric cancer (Pan et al., 2017; He et al., 2018; Liu et al., 2020), while the function of miR-877-3p remains unclear in GC. As shown in Supplementary Figure S1, quantitative real-time PCR analysis validated of miR-877-3p overexpression in both SGC7901 and BGC823 cells were treated with 5-FU and DDP respectively. Therefore, we focused on miR-877-3p to determine the relationship between upregulation of miR-877-3p and chemotherapy-induced drug resistance and cell stemness. Overexpression or knockdown of miR-877-3p was applied to gastric cancer cells (Supplementary Figures S2, S3), followed by CCK8 cell proliferation and colony formation assay. As shown in Figures 3B–E, knockdown of miR-877-3p suppressed cell proliferation and colony formation in both SGC7901 and BGC823 cells, respectively. Whereas overexpression of miR-877-3p dramatically increased cell proliferation and colony formation in both SGC7901 and BGC823 cells (Supplementary Figure S6).
[image: Figure 3]FIGURE 3 | Knockdown of miR-877-3p suppressed gastric cancer cell proliferation. (A): High-throughput miRNA sequencing analyses on SGC7901 cells with or without stimulation with 5-FU or GM-CSF identified a group of deregulated miRNAs, including miR-877-3p. (B,C): Knockdown of miR-877-3p in SGC7901 (B) and BGC823 (C) cells suppressed cell proliferation assayed by CCK8. (D,E): Knockdown of miR-877-3p in SGC7901 (D) and BGC823 (E) cells suppressed the cellular colony formation. Data are presented as the mean ± SEM (N = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
Overexpression of miR-877-3p promoted the cell stemness in both SGC7901 and BGC823 cells. After overexpression or knockdown of miR-877-3p in both SGC7901 and BGC823 cells, the changes of the CD133+ CSC percentage were determined by flow cytometry analysis. As shown in Figure 4A, knockdown of miR-877-3p in SGC7901 cells decreased CD133+ CSC subpopulation. Similar results were obtained from BGC823cells (Figure 4B). In addition, As shown in Figures 4C,D, sphere formation assays were performed to further determine the stemness changes after knockdown of miR-877-3p in both SGC7901 and BGC823 cells. Quantitative analysis indicated that knockdown of miR-877-3p decreased both sphere number and sphere size. Whereas overexpression of miR-877-3p dramatically increased CD133+ CSC subpopulation and sphere formation in both SGC7901 and BGC823 cells (Supplementary Figure S7). Moreover, a group of well-defined stemness genes including h-Tert, Klf4, Nanog and Oct4 was examined in both SGC7901 and BGC823 cells by quantitative RT-PCR and western blot analyses. The results showed that overexpression or knockdown of miR-877-3p remarkably increased or decreased the expression of h-Tert, Klf4, Nanog and Oct4 at both mRNA (Figures 4E,G) and protein levels (Figures 4F, 4H).
[image: Figure 4]FIGURE 4 | Knockdown of miR-877-3p suppressed gastric cancer cell stemness. (A,B): Knockdown of miR-877-3p in SGC7901 and BGC823 cells suppressed the subpopulation of CD133+ CSCs. (C,D): Knockdown of miR-877-3p in SGC7901 and BGC823 cells suppressed the sphere formation ability in the serum-free culture condition. (E,F): QRT-PCR (E) and western blot (F) analyses of the stemness genes including h-Tert, Klf4, Nanog and Oct4 in SGC7901 cells with or without overexpression or knockdown of miR-877-3p. (G,H): QRT-PCR (G) and western blot (H) analyses of the stemness genes in BGC823 cells with or without overexpression or knockdown of miR-877-3p. Data are presented as the mean ± SEM (N = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
miR-877-3p activated Jak2/Stat3 signaling through targeting SOCS2. In order to determine the molecular mechanism(s) by which miR-877-3p promotes gastric cancer development and progression, RNA-seq was applied to the SGC7901 cells with or without stimulation with 5-FU or GM-CSF, deriving 176 downregulated genes by 5-FU treatment and 207 downregulated genes by GM-CSF treatment (Figures 5A,B). Bioinformatic analysis was using TargetScan Human8.0 (http://www.targetscan.org/vert_80/) predicted 5,091 potential target genes of miR-877-3p. From these three groups of genes, 32 genes were overlapped including SOCS2 (Figure 5C). Quantitative real-time PCR analysis validated downregulation of SOCS2 at the mRNA levels by overexpression of miR-877-3p in both SGC7901 and BGC823 cells (Supplementary Figure S4). Upregulation of SOCS2 was shown after knockdown of miR-877–3p in both SGC7901 and BGC823 cells (Supplementary Figure S5). Western blot analysis further demonstrated downregulation or upregulation of SOCS2 at the protein levels by overexpression or knockdown of miR-877-3p in both SGC7901 and BGC823 cells (Figures 5D,E). In order to demonstrate the direct interaction between SOCS2 and miR-877-3p, luciferase (Luc) reporter constructs carrying either wide type (WT) or miR-877-3p-binding sites-mutated (MU) 3′UTR of SOCS2 were co-transfected with miR-877-3p mimics into 293T cells (Figure 5G). As a result, WT-SOCS2-Luc was inhibited by miR-877-3p, but MU-SOCS2-Luc was not, supporting the target interaction between SOCS2 3′-UTR and miR-877-3p via sequence complementarity (Figures 5F,G). In view of the well-defined tumor-suppressing function of SOCS2 by inhibiting Jak2/Stat3 signaling (Uen et al., 2018; Ren et al., 2019), we detected the effects of miR-877-3p on Jak2/Stat3 signaling in GC. As shown in Figures 5H,I, p-Stat3 and p-Jak2 were induced by overexpression of miR-877-3p, and suppressed by knockdown of miR-877-3p in both SGC7901 and BGC823 cells, which was further validated by western blot analysis on the tumor samples derived from the mouse model (Figure 5J).
[image: Figure 5]FIGURE 5 | miR-877-3p activated Jak2/Stat3 signaling through targeting SOCS2 in gastric cancer. (A,B): RNA-seq analysis of the SGC7901 cells with or without stimulation with 5-FU (A) or GM-CSF (B) identified a list of differentially expressed downregulated genes. (C): 32 genes were overlapped from the 176 downregulated genes by 5-FU treatment, 207 downregulated genes by GM-CSF treatment, and 5,091 potential target genes of miR-877-3p predicted by TargetScan Human8.0, including SOCS2. (D,E): Western blot demonstrated inhibition of SOCS2 by miR-877-3p overexpression and promotion of SOCS2 by miR-877-3p knockdown in both SGC7901 and BGC823 cells. (F): Sequence alignment of wide type (WT) or miR-877-3p-binding sites-mutated (MU) 3′UTR of SOCS2. (G): luciferase reporter assay demonstrated inhibition of WT-SOCS2-3′UTR by miR-877-3p, but not MU-SOCS2-3′UTR. (H,I): Western blot demonstrated positive or negative regulation of p-Jak2 and p-Stat3 by overexpression or knockdown of miR-877-3p in both SGC7901 and BGC823 cells. (J): Western blot demonstrated downregulation of SOCS2 and activation of Jak2/Stat3 signaling by GM-CSF treatment in the tumors from the mice model. Data are presented as the mean ± SEM (N = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
[image: Figure 6]FIGURE 6 | Working Model. Schematic representation of the mechanism through which GM-CSF increased the expression of miR-877-3p in gastric cancer cells, which suppressed the expression of SOCS2 as a target gene. SOCS2, as a suppressor gene of Jak2/Stat3 signaling, mediated the chemotherapy-induced cancer cell stemness and drug resistance.
DISCUSSION
Since GM-CSF is able to induce pluripotent stem cells to differentiate into mature granulocytes, macrophages and T cells in bone marrow, it has been used in clinic to protect cancer patients against chemotherapy- or radiotherapy-induced neutropenia. However, emerging evidence found that application of GM-CSF therapy occasionally promoted tumor progression (Uemura et al., 2004; Metcalf, 2010), indicating complexity of the GM-CSF-based cancer therapy. Herein, we experimentally demonstrated a mechanism through which chemotherapy or GM-CSF-based therapy of gastric cancer may induce cancer cell stemness and drug resistance.
Activation of Jak/Stat3 signaling pathway plays a critical role in promoting tumorigenesis, epithelial and mesenchymal transition (EMT), chemo-resistance, and cancer cell stemness (Jin, 2020). In gastric cancer, overexpression of p-Stat3 increased sphere formation from CD44+ CSCs (Hajimoradi et al., 2016). In the current study, we are the first to identify miR-877-3p with upregulation in the chemo survived gastric cancer cells, which was mediated by GM-CSF induction but in turn suppressed SOCS2 and activated Jak/Stat3 signaling. This is in consistence with the literature about the oncogenic function of miR-877-3p in Pancreatic Cancer by interacting with STARD13 (Xu and Zheng, 2020). In addition to Jak/Stat3, PI3k/Akt and Erk signaling pathways have been reported to have interacted with GM-CSF in regulating tumor cell proliferation and migration (Kawaguchi et al., 2004; Carlson et al., 2011). Although we did not analyze in the current study whether these two pathways are involved in regulating the GM-CSF-induced cell stemness and drug resistance, our high-throughput RNA sequencing data analyses suggested activation of PI3k/Akt signaling after GM-CSF treatment in gastric cancer.
In conclusion, CSCs are believed to be the main source of cancer initiation, relapse, and drug resistance. Therapeutic strategies targeting CSCs hold great promise in the fight against cancer. The current study demonstrated a novel mechanism regulating chemotherapy-induced CSCs and drug resistance in gastric cancer.
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Breast cancer remains the most frequently diagnosed cancer in women worldwide. Delayed presentation of the disease, late stage at diagnosis, limited therapeutic options, metastasis, and relapse are the major factors contributing to breast cancer mortality. The development and progression of breast cancer is a complex and multi-step process that incorporates an accumulation of several genetic and epigenetic alterations. External environmental factors and internal cellular microenvironmental cues influence the occurrence of these alterations that drives tumorigenesis. Here, we discuss state-of-the-art information on the epigenetics of breast cancer and how environmental risk factors orchestrate major epigenetic events, emphasizing the necessity for a multidisciplinary approach toward a better understanding of the gene-environment interactions implicated in breast cancer. Since epigenetic modifications are reversible and are susceptible to extrinsic and intrinsic stimuli, they offer potential avenues that can be targeted for designing robust breast cancer therapies.
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Breast cancer overview

Cancers of the breast are the most prevalent malignancy observed in women worldwide. In the year 2022 alone, it is estimated that in the United States, nearly 287,850 new cases of invasive breast cancer and 51,400 new cases of ductal carcinoma in situ (DCIS) would be diagnosed, while 43,250 breast cancer deaths would occur (1). Breast cancers if diagnosed at an early stage, can significantly enhance the effective treatment strategies and improve the survival. The five-year survival rate for early detection is more than 90%, whereas it is reduced to 25% for patients diagnosed at the advanced stages (2).

Breast cancer is a highly heterogeneous disease and research is still ongoing to clearly understand its origin and the underlying mechanisms. The breast consists of milk producing glands and the connective tissues comprising the fibrous and fatty tissues. Lobules are the milk producing glands, and ducts carry the milk to the nipples, Figures 1A, B. Most breast cancers begin in the ducts or the lobules and based on the metastatic spread, they can either be benign or invasive. Ductal carcinoma in situ (DCIS) is considered as non-invasive and early-stage breast cancer confined to the milk ducts. If cancer originates in the ducts or lobules and metastasizes, they are considered invasive ductal carcinoma (IDC) and invasive lobular carcinoma (ILC) respectively. Almost, 80% of breast cancers belong to the IDC category (4, 5).




Figure 1 | Classification of Breast Cancer (A) Breast showing the different tissue types consisting of duct, lobe, lobules, nipples, and fatty tissue. (B) Cross-sectional view of mammary duct, consisting of basal cells and luminal cells. Breast cancer arising from the luminal or basal cells can be further characterized based on the expression of different hormone receptors. (C) Based on the expression of ER, PR, HER2, and proliferation status as assessed by Ki67, different molecular subtypes of breast cancer have been identified that have distinct prognostic features and response to therapies (3).



With the emergence of new high-throughput technologies and gene expression profiling, breast cancer has been molecularly characterized into distinct subtypes based on the expression of hormone receptors and proliferation statuses. Activation of human epidermal growth factor receptor 2 (HER2), estrogen receptor (ER), progesterone receptor (PR), proliferation marker Ki67, and/or mutations in the Breast Cancer (BRCA) gene, has been utilized in the histological and molecular characterization of breast cancer. These molecular subtypes are clinically divided into major forms that include Luminal A, Luminal B, HER2-enriched, and basal/triple negative breast cancer (TNBC). Luminal A cancer can either be ER and/or PR positive (+) or HER2 negative (-). Luminal B tumor can either be ER+ and/or PR+ or PR- and/or HER2+/-. HER2 overexpressed tumors constitute the HER2 enriched group, while TNBC lacks the ER, PR, and HER2 statuses. Luminal A tumors have low Ki 67 levels, are of low grade, and have the best prognosis, compared to Luminal B which have high Ki 67 levels and are usually high grade. Among all, TNBCs, have the worst prognosis and are aggressive due to high metastatic behavior (6–8). Such an existence of multiple subtypes of breast cancer is associated with distinct clinical behaviors/responses and has significant implications in breast cancer therapies (9, 10), Figure 1C.

Genetic predisposition or family history constitutes almost 10% of all breast cancer cases. Mutations in the BRCA gene, BRCA1 and BRCA2 is the most common germline aberrations associated with breast cancer having a collective 70% lifetime risk of developing breast cancer (11, 12). In fact, 15 to 20% of all TNBC cases are linked with the germline mutations in BRCA1 or BRCA2 (13) and in US, 12% of breast cancers are contributed by TNBCs with a 5 year survival rate of 8 to 16 percent only (14). Studying a series of early breast cancers revealed that the most frequently amplified genes in the tumors are the p53, Myc, PTEN, PIK3CA, ERBB2, CCND1, GATA 3 and FGFR1 (15). The risk of developing breast cancer is high in patients harboring mutations in the BRCA1, BRCA2, TP53, and PTEN genes (16). In addition to the genetic factors, breast cancer microenvironment plays a major role in its development and progression where the immune cell repertoire is cardinal (17).

Heightened or prolonged exposure to estrogen contributes to the major risk factor for breast cancer development. The occurrence of sporadic breast cancers is associated with exposure to estrogen, which is a substantial risk factor for the development of such cancers (18). Other risk factors include old age, obesity, high breast density, alcohol intake, smoking, hormonal therapy, and pregnancy associated factors (19–24). Additionally, early menarche/late menopause, usage of oral contraceptives, hormone replacement therapy, benign lesions, and radiation therapy are some of the known risk factors (25–28). Few of them are modifiable risk factors such as lifestyle and physical activity if adopted successfully, can offer reduction in the disease burden (29).



Epigenetic players in breast cancer

Dynamic and heritable modifications occurring to the genome independently of DNA sequence, is a phenomenon referred to as the “epigenetics”. Interestingly, cancer was the first disease linked to epigenetic changes (30). For the onset of cancer, the activation of oncogenes and/or the suppression of tumor suppressor genes are the key events that are always accompanied with epigenetic changes. These epigenetic changes include DNA methylation, histone posttranslational modifications, expression of micro-RNA, and long non-coding RNA (31, 32).

Breast cancer development is a complex and multistep process involving the synergistic crosstalk between genetic and epigenetic alterations which are influenced by a plethora of internal and external factors. Such factors include but not limited to the cell’s intrinsic microenvironment, nutrient supply, cellular stress as well as external environmental exposures to agents that are endocrine disrupters or are of carcinogenic nature. Altogether, critical genes involved in proliferation, apoptosis, cell motility, invasion, etc. are influenced by the epigenetic changes that are implicated in breast cancer development and progression (Figure 2).




Figure 2 | Overview of Key Epigenetic Events in Breast Cancer. Mechanisms for epigenetic alterations in breast cancer are shown focusing on two major players that include the methylation of DNA and the modification of histone proteins. Hypomethylation of oncogenes and hypermethylation of tumor suppressor genes is an important epigenetic phenomenon in breast cancer that affects various cellular processes of proliferation, apoptosis, migration, invasion, drug resistance, etc. Post translation modifications made to histone proteins impact gene expression by altering the chromatin structure towards open or closed conformation. Histone methylation of lysine is implicated in both transcriptional activation and repression depending on the methylation site that constitutes the various histone marks/code.




DNA methylation

One of the most well-known and major epigenetic mechanisms is DNA methylation, which involves the covalent addition of a methyl group (CH3) to the 5′-position of cytosine that resides before the guanine in the DNA sequence. Such methylation within the CpG dinucleotides which are concentrated in large clusters also called the CpG islands, regulates gene expression thereby governing the major biological process implicated in cancer (33, 34). As a result of methylation, a 5-methylcytosine (5mC) structure is formed that can either block the access of transcription factors to the binding sites of the DNA or engage methyl binding domain proteins (MBDs) in conjunction with the modification of histone proteins, so that the expression of methylated genes is prevented. In such a scenario when the promoters of key tumor suppressor genes are densely methylated, leads to their silencing and if oncogenes are less methylated, leads to their aberrant activation (35, 36).

DNA methylation is a reversible process where a specific group of enzymes called the DNA methyltransferase (DNMTs) govern the process. DNMT1, DNMT3a, and DNMT3b are the three active DNA methyltransferases. Demethylation of DNA is catalyzed by an enzyme family belonging to the Ten-eleven translocation methylcytosine dioxygenases also known as ten-eleven translocations (TETs), which can turn 5mC to 5-hydroxymethylcytosine (5-hmC) by the process of hydroxymethylation. TET1, TET2, and TET3 are three such enzymes involved in DNA demethylation thereby recovering the silenced genes that are once affected by the DNMTs. Together, this entire process influences the transcriptional activation of important genes involved in carcinogenesis and genomic stability (37–41). Several other proteins that have DNA demethylase activities and are implicated in breast cancer include the growth arrest and DNA-damage inducible protein (GADD45) and the cytidine deaminases family of proteins, Activation-induced cytidine deaminase (AID) and Apolipoprotein B mRNA editing catalytic polypeptide‐like family (APOBEC). GADD45A has compelling associations between DNA repair and epigenetic gene regulation (42, 43). In breast cancer, the interaction between GADD45 and BRCA1 gene has been suggested to influence the pathogenesis of the disease most likely via triggering the nucleotide excision repair mechanisms (44). Interestingly, GADD45A is abnormally methylated in breast cancer (45). AID proteins have important roles in the active DNA demethylation, where its engagement in the deamination of 5-mC to thymine has been reported (40, 46). Also, AID is known to facilitate DNA demethylation and is essential for the EMT in non-transformed mammary epithelial cells (47). Furthermore, while, APOBEC1 possesses DNA demethylase activity (48–50), APOBEC mutagenesis influencing the tumor evolution in ER+/HER2-breast cancer has been reported (51). Most recently it was shown that the APOBEC mutagenesis prohibited the growth of breast tumors by eliciting immunogenic responses (52).

Several genes in breast cancer exhibit CpG island hypermethylation (53) and in several instances, abnormal activity of DNA methyltransferases led to the hypermethylation and silencing of HOXA5, TMS1, p16, RASSF1A, and BRCA1 genes of tumor suppressor behavior (54–56). Additionally, genes that are silenced due to promoter hypermethylation include E-cadherin, TMS1, GSTP1, and p16 (57–59). These genes are involved in major biological processes such as estrogen signaling, pro-apoptosis (HOXA5, TMS1), cell cycle check points (RASSF1A, p16) and DNA repair mechanisms (BRCA1). While one of the best examples of a breast cancer susceptibility gene that is frequently silenced in sporadic breast tumors is the BRCA1 gene, CpG hypermethylation of BRCA1 associated with DNMT 3b overexpression has been reported (60). Early stages of sporadic breast cancer exhibit the loss of cell cycle checkpoint gene p16INK4a via aberrant CpG promoter methylation (61) and nearly 80% of breast tumors also exhibit a decreased expression of another cell cycle inhibitor gene p21/CIP1/WAF1 via elevated methylation of p21/CIP1/WAF1 gene (62).

DNA methylation also follows a distinct pattern that is displayed in different subtypes of breast cancer. For example, a high frequency of DNA methylation has been shown in ER+/luminal breast cancer compared to ER−/basal-like tumors (63, 64). Also, well-differentiated tumors have less methylated CpG islands in comparison to poorly differentiated breast tumors which exhibits a greater degree of methylated CpG islands (65). Similarly, increased promoter hypermethylation of the progesterone receptor gene has been observed in the PR negative breast tumors (66). Such a differential methylation pattern in the ER or PR or HER2 gene may affect the expression of these receptors on the breast tumor and hence can significantly impact the responsiveness of such tumors to relevant endocrine/hormonal therapies. In an attempt to study the DNA methylation profiles of the well-known expression subtypes of breast cancer i.e. luminal A, luminal B, and Basal like, 807 cancer associated genes were analyzed and it was revealed that there is variability in the methylation profiles of each of the three breast cancer subtypes and that the profiles are different from each other (64).

DNA methylation alterations in normal breast tissue or normal tissues adjacent to cancer can also give clues towards the likelihood of the occurrence of breast cancer. Interestingly, it is suggested that the detectable methylation variabilities in some of the cancer related genes in normal breast tissues can predate the occurrence of breast cancer (67). Moreover, distinct types of breast cancer can be tracked down back to the specific progenitor population, deploying their unique methylation profiles, thereby addressing the issues owing to their cell of origin or biological heterogeneity as observed in breast cancer (68). More recently, by comparing breast cancer to normal breast, seven breast cancer-specific methylation biomarkers have been identified, while six CpG sites are suggested to predict patient survival (69). Using a genome wide approach to analyze the DNA methylation and expression patterns in breast cancer and normal breast, PRAC2, TDR10, and TMEM132C genes have been identified that can serve as novel DNA methylation-gene markers of diagnostic and prognostic significance in breast cancer (70). Large scale integrative analysis of the DNA methylation profiles across 1538 METABRIC breast tumors with respect to transcriptional, genetic, and clinical aspects, revealed six global trends that affect the DNA methylation profiles of the breast. These trends consist of “contamination of immune and stromal cells”, “replication linked hypomethylation clock”, “X chromosome dosage compensation”, and “epigenetic instability at CpG islands”. Most importantly, this study identified X inactivation as a strong dosage compensation machinery, which can be the causative reason behind the methylation of attained X-associated loci in ER negative tumors (71).



Chromatin modification

DNA is wrapped around histone proteins so that it can fit into the nucleus. Individual histone octamer consists of two copies of H2A/H2B dimer cores and H3/H4 tetramers, that wrap around 146 base pairs of the DNA. Nucleosomes comprise repeating histone units that ultimately make up the chromatin (72, 73). Histone octamer harbors an unstructured N terminal tail of differing lengths that protrudes outward from the nucleosome. This protruding amino terminal tail can be subjected to various kinds of modifications where chemical moieties are added. The addition of various chemical moieties or tags determines whether the DNA wrapped around histones is available for transcription. In case, when the chromatin is tightly folded, the DNA remains inaccessible to the transcription factors and hence the structure is transcriptionally silent, also called heterochromatin. Whereas when the structure is less condensed, more relaxed, and hence more accessible to the transcription factors and thereby remains transcriptionally active, also called euchromatin (74). There are at least four amino acid residues that are subjected to modifications, these include lysine, serine, tyrosine and arginine, and there are more than six kinds of modifications that can occur. These include methylation, acetylation, phosphorylation, ubiquitination, biotinylation, sumoylation, and proline isomerization. The different patterns of histone modifications, also famously referred as the histone code, influences the transition of the chromatin states between the euchromatin and heterochromatin eventually regulating gene expression (75, 76).


Histone acetylation

Post translational modifications made to histone proteins impact gene expression by altering the chromatin structure. Histone acetylation involves the addition of acetyl groups to the lysine residues of histones H3 and H4 by the group of enzymes known as the histone acetyltransferases (HATs) also called as “writers”. As a part of the gene regulatory machinery, such modifications disrupt histone-DNA interactions resulting in the unwinding of the nucleosome. HATs utilize acetyl CoA as a cofactor and catalyze the reaction, and in doing so they neutralize the positive charge on the lysine, thereby weakening the interaction between the histones and the negatively charged phosphate groups of the DNA. As a result, the condensed chromatin is now a more open and relaxed structure that is associated with a higher degree of gene transcription.

Acetylation is a dynamic and reversible process, where the acetyl groups can be removed by the group of enzymes called histone deacetylases (HDACs) also called “erasers”, resulting in the deacetylation of the histone lysine residues thereby making the chromatin more condensed and transcriptionally repressed (74, 76, 77). Acetylation of histone H3 on lysine 9 residue [H3K9], lysine 14 [H3K14], lysine 27 [H3K27], and lysine 122 [H3K122] has been associated with active transcription (78–80). It is interesting to note that DNA methyltransferases can directly interact with the HDACs and the methyl CpG binding domain family of proteins at their promoter regions and ultimately build a complex that is transcriptionally repressive. This repressive complex is critical for the conversion of acetylated histones that is transcriptionally active, to the deacetylated transcriptionally silent form (81).

Enzymes belonging to the category of histone acetylation “writers”, e.g., enzyme harboring the histone acetylation domains P300 is implicated in breast cancer where it is overexpressed and bestow towards an elevated risk of cancer occurrence and lower survival (82). P300/CBP, also modulate several processes associated with proliferation, cell death, epithelial mesenchymal transition (EMT), and metastasis in breast cancer (83–86).

There are important roles exerted by the histone deacetylases “erasers” where they regulate the cell growth, EMT, angiogenesis, and metastasis of breast cancer (87–95). For e.g., Sirtuins, a class III histone deacetylase family regulates the oncogenes and tumor suppressor genes thereby affecting the breast carcinogenesis in a dual fashion. In this context, SIRT1 hindered the TNBC tumorigenesis, whereas fostered the tumorigenesis of luminal subtypes (96, 97). Interestingly, SIRT1 functions downstream of the BRCA1 gene and negatively regulate Survivin, an anti-apoptotic gene. Such transcriptional repression of Survivin is mediated via the deacetylation of histone H3 on lysine 9 on its promoter. Therefore, ablation of BRCA1 via lessened SIRT1 resulted in an upregulation of Survivin that facilitated the growth of breast tumors (98). Other Sirtuin family members are also implicated in breast cancer. For e.g., in TNBC cells, SIRT2 upregulation facilitated the deacetylation of histone H4 at the tumor suppressor gene ARRDC3 and this rendered the aggressiveness of breast cancer (99). Also, SIRT7 is elevated in human breast cancers (100).



Histone methylation

Histone methylation mainly occurs on the side chains of lysine and arginine residues. Unlike acetylation, histone methylation does not alter the charge of the histone protein but involves the addition of the methyl groups. Depending upon the number of methyl moiety added, lysine can be mono, di, or tri methylated whereas arginine can be symmetrically or asymmetrically methylated (101, 102). A special group of enzymes called histone methyltransferases (KMTs) catalyze the transfer of a methyl group from the S-adenosylmethionine (SAM) to a lysine’s ϵ-amino group. Methylation is also a dynamic and reversible process where the removal of the methyl groups is carried out by demethylases (histone demethylases, KDMs). The consequences of histone methylation are more complicated and largely dependent upon the targeted residues. For example, methylation of lysine H3K4, H3K36, and H3K79 at histone H3 contributes to transcriptional activation, while methylation of lysine at H3K9, H3K27 on histone H3 and, H4K20 on histone H4 is associated with transcriptional repression and are considered repressive epigenetic marks (103). Some of the methylated lysine histone marks have a role in DNA repair e.g., H3K36me3 is important for the homologous recombinational repair of the DNA double strand breaks, and H4K20me3 aids the repair via non-homologous end joining process (104). The resulting balance between methyltransferases (also called “writer”) and demethylases (also referred to as “eraser”) determines the methylation status of the cell (105), where DNA methylation and histone acetylation act in coordination to govern the overall gene transcriptional regulation. The balance between the histone acetyltransferases (HATs “writer”) and histone deacetylases (HDACs “eraser”) control the overall chromatin states/structures, hence regulating the gene expression. Histone modifications offer novel targets that can be exploited in breast cancer therapies (106).

In breast cancer, luminal A subtypes are found to exhibit increased global acetylation and methylation of the histone protein in comparison to the basal subtype (107). By measuring the relative levels of seven modified histones proteins including H3K18ac, H3K9ac, H4R3me2, H3K4me2, H4K12ac, H4K16ac, and H4K20me3 in 880 invasive breast cancer patients, it was revealed that the expressions of all seven markers were negatively correlated with tumor grade. While the loss of H4K16ac was suggestive to be an early event in the pathogenesis of invasive breast cancer, reduced levels of H4R3me2, H3K9ac, and H4K16ac were significantly associated with large tumor size. High levels of H4R3me2 and H3K9ac correlated with low lymph node stage (107). Interestingly, the metastatic behavior of breast cancer was correlated to an increased H3K4 histone mark where the dynamics of H3K4 acetylation and methylation exemplify the different breast cancer subtypes. While breast cancer cells representing both early and late cancer cell phenotypes are associated with a genome-wide gain of H3K4ac; late-stage cancer cells exhibited a gain of H3K4me3 (108). PI3K/AKT signaling cascade plays a significant role in breast cancer progression and this signaling was found to regulate the methylation of H3K4 in breast cancer, where an elevated level of H3K4me3 was linked with breast tumors (109). Another histone mark, H3K27ac has an important role in breast cancer progression and is found to regulate the EMT process (110, 111). The loss of a repressive epigenetic mark, the H3K27me3 has been identified as a negative prognostic indicator in breast cancer (112). Strikingly, enrichment of H3K27me3 within the promoter of genes FOXC1, RAD51, CDH1, and RUNX3, resulted in enhanced cell growth and metastasis of breast cancer (113). Loss of Cadherin 1 due to its hypermethylation via DNA methylation and trimethylation of H3K27 has been reported during metastasis (114), where it is important to note that Cadherin 1 is one of the key genes that inhibits metastasis and progression of breast cancer cells. Another mark, H4K20me3 is found to be significantly decreased in breast cancer and, importantly, it was an independent predictor of poor prognosis of the disease. This specific methylation of H4K20 is carried by the KMT5 family of enzymes that ultimately represses the transcription process (115, 116).

Among the enzymes implicated in gene regulation via epigenetic mechanisms, the enhancer of zeste homolog 2 (EZH2) is an important histone methyltransferase that methylates H3K27 leading to the transcriptional silencing of the target genes in breast cancer. Notably, in breast cancer, EZH2 has been found to be upregulated and promoted the EMT process (117, 118). Moreover, the level of EZH2 was gradually increased in breast cancer progression scenarios ranging from normal epithelium to epithelial hyperplasia, DCIS, IDC, and distant metastasis; and the expression of EZH2 was an independent predictor of breast cancer recurrence (119).

Members of the histone methyltransferases family, such as lysine methyltransferase 2 (KMT2) are also involved in the growth and spread of breast cancer cells, where they mediate the active histone methylation of H3K4 at the enhancer and the promoter regions of oncogenes and pro-metastatic genes, thereby facilitating the activation of genes that are estrogen dependent (120–123).

One of the only known histone 3 lysine 79 (H3K79) methyltransferases, is the histone methylase disruptor silencing 1 like (DOT1L) which has critical role in the development of breast cancer and is a potential therapeutic target for invasive breast cancer (124, 125). DOT1L is known to facilitate the aggressiveness of tumors by elevating the metastatic behavior of cancer cells (126) and is implicated in lymph node metastasis of breast cancer (127). In fact, targeting DOT1L by pharmacological interventions inhibited the growth and metastasis of TNBC cancer (128).

Among histone demethylases (erasers) family members are the prominent enzymes that are Fe2+/oxoglutarate-dependent containing a JumonjiC (JmjC) domain (129). Histone demethylase protein LSD1, a non JmjC demethylase has been found to negatively regulate the expression of cell growth and motility genes in breast cancer (130–133). Other JmjC KDMs involved in breast cancer are KDM4A, KDM4B and, KDM4C. Increased levels of KDM4A and KDM4B have been observed in ERα positive breast cancer cells, while TNBC cells showed an increased level of KDM4C (134). KDM4B regulates the cell cycle progression of breast cancer cells and is a direct target of ERα (135). While an increase of KDM3A is concomitant with a reduced H3K9me2/3 during breast tumorigenesis, KDM3A facilitated the activation of genes implicated in breast cancer as MYC, PAX3, Cyclin D1, MMP-9, S100A4, and JUN, thereby enhancing the proliferation and motility of breast cancer cells (136–138). KDM3A also promotes the growth of mammary gland ducts and tumors by positively affecting the proliferation via cyclin D1 (138). KDM4C is also necessary for breast cancer growth and, metastasis, where it serves as a co-activator of HIF-1α, with the underlying epigenetic mechanism of demethylating the H3K9me3 (139). Another histone demethylase PHF8 promoted EMT and breast tumorigenesis (140). PHF20L1, a methyl lysine reader protein containing a TUDOR domain, plays important role in breast cancer metastasis (141). Studies suggested its oncogenic role in response to hypoxic conditions, where it facilitated glycolysis, cell growth and metastasis of breast cancer cells by exerting its direct inhibitory activities on certain genes of tumor suppressive nature like HIC1, KISS1, and BRCA1 (142).




Non-coding RNAs

Functional RNA molecules that cannot be translated into proteins also referred to as non-coding RNA possess important regulatory effects and influence the expression of certain genes implicated in breast cancer. Among these are the long non-coding RNAs (lncRNAs) and micro-RNAs (miR). Micro-RNAs have been widely studied for its epigenetic regulation where they either activate or repress critical biological pathways and mechanisms important for breast tumorigenesis. Interestingly the let-7 family of micro RNAs has a significant role in breast cancer where its silencing has been associated with the development of metastasis and high-grade hormone negative breast tumors (143–145). Other micro-RNAs have important roles too. For. e.g., miR-9-3 activated apoptosis and miR-148a & miR-152 inhibited cell growth and angiogenesis (146, 147). Micro-RNAs involved in invasion and metastasis includes miR-125b, miR-126 and, miR-31 respectively (148–150). Some of the microRNAs whose aberrant hypermethylation has been reported in primary breast tumors include mir-663, mir-148, mir-9-1, mir-152, and mir-124a3 (151). Aberrant hypermethylation of H19, a lncRNA has been observed in invasive breast carcinoma when compared to normal breast tissues, where tumor suppressive functions of H19 have been suggested (152). HOTAIR, is another lncRNA where studies reported the recruitment of several writer proteins such as MLL1, MLL3, and P300/CBP to the HOTAIR’s promoter region thereby resulting in an enrichment of histone acetylation and elevation of H3K4me3, further driving the progression of breast cancer by suppressing the apoptosis (153).

Therefore, epigenetic mechanisms offer many modalities that can be exploited for breast cancer therapies. Considering the fact that epigenetic changes induced by DNMTs and HDACs are transient and reversible, a number of studies are currently ongoing to establish effective, optimal dose and the treatment schedules for several epigenetic agents implicated in breast cancer, Figure 3. Data adapted from (154).




Figure 3 | Epigenetic Targets and other combined inhibitors for breast cancer therapies under clinical trial. Data adapted from (154). Star (*) represents the specific epigenetic agent.






Environmental triggers of epigenetic aberrations in breast cancer

In addition to family history and genetic predisposition, epidemiological studies unraveled the influence of environmental exposures to hormonal agents and other factors that can increase the risk for breast cancer development. Exposure to endocrine disrupters, indoor and outdoor air pollution, polycyclic aromatic hydrocarbons (PAHs) etc. can induce epigenetic changes in an exposure or disease relation fashion. Xenobiotics such as activators of the aryl hydrocarbon receptor (AHR), dioxin, phthalates, polychlorinated biphenyls (PCB), PAHs, bisphenol A (BPA), arsenic etc. prevalent in the environment, dietary items, soil, water, and other consumable products, are likely to contribute to the epigenetic dysregulation of oncogenes and tumor suppressor genes in breast cancer.

AHR is a well-known sensor and a regulator of toxic and carcinogenic responses to environmental insults (155, 156). In advanced malignant breast carcinomas, AHR is shown to be constitutively active (157) and several studies reveal that targeting AHR can offer a potential treatment option for breast cancer patients (158, 159). Industrial xenobiotics, dietary metabolites etc., serve as agonists of AHR and are ubiquitously present in the environment. AHR-mediated epigenetic repression has been found in the BRCA1 gene which is also a direct target for AHR (160). In fact, CpG hypermethylation, deacetylation of H3K9, upregulation of H3K9me3, DNMT-1, DNMT-3a, DNMT-3b, and methyl-binding protein (MBD)-2 are some of the epigenetic changes linked with AHR mediated repression of BRCA1 gene (161, 162).

BPA is yet another endocrine disrupter and is an epigenetically active xenoestrogen prevalent in plastic and food cans (163, 164) whose exposure has been linked with an increased risk of breast cancer (165). While overexpression of EZH2 is linked to breast cancer, in-utero exposure to BPA is able to alter the EZH2 expression in mammary tissues (166). In fact, exposure of normal breast cells to the environmentally relevant doses of BPA caused the ERα to internalize into the nucleus and also changed the DNA methylation status of a lysosomal associated membrane protein (LAMP3) (167). LAMP3 protein is implicated in metastasis and breast cancer cell motility and is of prognostic significance (168–170).

A very prevalent environmental contaminant of soil, food, and water is arsenic which has been studied widely for its carcinogenic effect. Exposure to arsenic and the risk of developing breast cancer has been reviewed extensively (171). Arsenic is able to transform the normal mammary epithelial cells that were subjected to chronic treatment with low levels. Moreover arsenic facilitated the growth of breast cancer cells that were ERα-positive (172, 173). The involvement of arsenic in the carcinogenesis process comes from the fact that it induces genomic instability mediated by disrupting the Fanconi anemia (FA) and/or breast cancer (BRCA) pathway (174). The epigenetic influence of arsenic has been established in studies reporting that arsenic influences DNA methylation by affecting the pool of available methyl groups. This is because the detoxification of arsenic utilizes methyl group from S-adenosyl-homocysteine (SAM) (175). Therefore, exposure to arsenic and its subsequent metabolism within the cells, impart towards a global hypomethylation owing to the usage of existing methyl stores available from SAM (176). Strikingly, maternal exposure to arsenic not only altered the DNA methylation but also increased the DNA methylation in children (177, 178).

The source of PAHs is myriad, which includes combustion products, automobile exhaust, cigarette smoke, indoor and outdoor air pollution, waste incinerators etc. (179). Tobacco smoking represents one of the important risk factors for breast cancer (180–182). Smoking not only affects the DNA methylation pattern of breast tumors, but it has been a critical factor linking DNA methylation and breast cancer for ER positive cancer subtypes (183, 184). Aberrant methylation alterations have also been observed in breast cancer cells exposed to benzo(a)pyrene, which resulted in the generation of DNA adducts at the CpG dinucleotides, ultimately affecting the epigenetic landscape of the methylation process (185).

External factors are not just limited to toxicants or environmental agents. The cellular microenvironment is sensitive to cues such as nutrient availability, hypoxia and, extracellular pH, and can epigenetically reprogram the metabolic behavior of cancer cells to adapt to the changing environment (186). The fact that metabolic profiles of cancer cells differ from the normal cells, gives us a clear indication of the underlying genetic and epigenetic machinery that are altered in the carcinogenesis process, thereby bestowing growth advantage to cancer cells for their survival. Hence metabolic reprogramming is indispensable for breast cancer and has many therapeutic ramifications (187). Cellular metabolites shuffling from the different cellular compartments such as cytoplasm, mitochondria, nucleus, etc., has the potential to regulate gene expression by altering the availability of enzymatic substrates and co-factors required for the metabolic reactions mediated epigenetic processes, such as DNA and histone modifications. Glucose remains one of the most important metabolites shaping the metabolic profiles of breast cancer by shifting the energy generating mechanisms from glycolysis to oxidative phosphorylation or vice versa. In this context, the availability of glucose affects the estrogen which facilitates glycolysis in a high glucose state but urged oxidative phosphorylation under the conditions of low glucose to meet the energy demands of the breast cancer cells (188). It is noteworthy that in adipose tissues, a major component of the breast, ERα is the vital regulator of a glucose transporter protein expression GLUT4 (189). Glycolysis can also be influenced by ERα, during the conditions of hypoxic stress. Hypoxia inducible factor-1α (HIF-1α) which is an oxygen-dependent transcriptional activator that carries out cellular adaptation to low oxygen and nutrient starved environment, is implicated in the ERα mediated activation of the glycolysis process in breast cancer (190). However, under normoxia and hypoxia conditions, both ERα and HIF-1α regulate histone demethylase JMJD2B and orchestrate breast cancer cell growth by epigenetically regulating the genes implicated in the cell cycle. Moreover, knocking down ERα can compromise the HIF-1α function even under hypoxic circumstances (135). One of the important transcription factors that aid cancer cells in metabolic adaption in a nutrient deprived environment, oxidative or xenobiotic stress is the nuclear factor erythroid 2-related factor 2 (NRF2) (191). Epigenetic modifications including DNA methylation are crucial for the regulation of NRF2 and its adaptor protein KEAP1 (192, 193). In breast cancer patients, elevated NRF2 expression led to decreased overall survival and disease-free survival (194). Elevated NRF2 enhanced the growth and motility of breast cancer cells by upregulating a pivotal enzyme of the pentose phosphate pathway, i.e., the glucose-6-phosphate dehydrogenase (G6PD) (195). In fact, Estradiol (E2) can stimulate NRF2 transcription, leading to an elevation in mitochondrial biogenesis (196).



Mdig, an environment regulated gene in breast cancer

To ascertain the kind of risks and exposures affecting breast carcinogenesis, it is essential to gain an understanding of gene-environment interaction and the genes that are induced and manifested in breast cancer. Since a fraction of breast cancer cases is also sporadic, studying the genetic and epigenetic mechanisms that regulates breast tumor development under environmental and occupational settings, will undoubtedly offer new targets for chemoprevention and therapies.

We have identified one such environmentally induced gene named the Mineral dust-induced gene (mdig), also called MINA53, RIOX2, or NO52. Certain environmental agents such as mineral dust, tobacco smoke, arsenic, silica, etc. induced the expression of mdig (197–200). Mdig has oncogenic and epigenetic roles in a variety of human cancers, where it exhibits elevated expression (201, 202). Mdig promoted cell proliferation, cell cycle transition, and anti-apoptotic behaviors in different cell types, further corroborating its oncogenic role (198, 203). Mdig played key roles in the pathogenesis of arsenic induced lung cancer, where JNK-STAT3 signaling and mi-RNA21 mediate the processes. Further, we found that arsenic exposure induces the phosphorylation of EZH2 at serine 21 via JNK- and STAT3-dependent Akt activation (199, 204). Mdig is also upregulated in smokers in a pack-year dependent fashion, where it predicted poor overall survival in smokers that had lung cancer (205).

More recently, our studies on mdig and environmental factor arsenic revealed crosstalk between mdig and a master regulator of oxidative stress, NRF2, where together they contribute to arsenic induced generation of cancer stem like cells. Normal lung cells treated with arsenic showed an enhancement of HIF1α in the promoter of mdig, which was somehow accredited by activated NRF2 in response to arsenic (206). Since HIF1α is a direct transcriptional target of NRF2 (206) and considering the important role of NRF2 and HIF1 in tumorigenesis, our research further potentiates the importance of mdig on regulating the stress response activities implicated in genomic instability relying on metabolic reprogramming and cancer stem cells (207).

In breast cancer, we have identified that the expression level of mdig predicts the survival outcomes depending upon the different status of lymph node metastasis. A higher level of mdig predicted poor overall survival of patients who had no lymph node metastasis, whereas, in those patients who were positive for lymph node metastasis, high mdig expression predicted better overall survival (208). Dwelling further to assess the role of mdig in breast cancer, our studies revealed a negative correlation of mdig on the migration, invasion, and DNA methylation of breast cancer cells. Mdig not only regulated the chromatin accessibility of the migration/invasion genes but also exhibited a context dependent expression, where its expression was downregulated in invasive and triple negative breast cancer. This supported the notion that mdig is inhibitory for cell motility and spread and that’s why its high expression predicts favorable outcomes in lymph node metastasis positive cases of breast cancer (209). Since mdig is transcriptionally governed by an upstream regulator c-myc (210), which has both tumor accelerator and suppressive roles and can inhibit cancer metastasis (211), our studies are suggestive of the dual roles of mdig in breast cancer, where it is essential for the early stages of cancer development due to its pro-proliferative feature but is inhibitory in the later stages owing to its metastasis inhibitory features.

Mdig protein contains a conserved JmjC domain. Since JmjC domain has been identified as a signature motif of the JmjC family of histone demethylases (129), mdig’s involvement in the epigenetic process of histone modifications is inevitable. Recent studies provide evidence that the oncogenic activity of mdig is presumably achieved via its regulation on the demethylation of histone proteins. Our studies showed a demethylase like activity of mdig towards the repressive histone methylation markers that include H3K9me3, H3K27me3, and H4K20me3. Using the CRISPR-Cas9 gene editing approach coupled with chromatin immunoprecipitation sequencing (ChIP) in human lung epithelial cell line BEAS 2B, lung cancer cell line A549, and breast cancer cell line MDA-MB-231, an antagonistic effect of mdig on repressive histone trimethylation marks were revealed where mdig favored the open conformation of chromatin and permitted active gene transcription. Knocking down mdig resulted in a pronounced enrichment of these repressive trimethylation markers on the genes that are implicated in cell growth, stemness, inflammation, and metastasis (212). With the loss of mdig, there also occurred an increase in the levels of the polycomb repressive complex (PRC2) proteins EZH2 and RBBP4. Strikingly, these proteins are known to catalyze H3K27me3, and our previous studies identified a direct protein-protein interaction between mdig and CBX3, CBX5, RBBP4, and RBBP7 proteins. While RBBP4 and RBBP7 are the regulatory subunits of the PRC2 complex, CBX3 and CBX5 can recognize and bind to H3K9me3 (213).

In breast cancer cells, loss of mdig also enhanced an epigenetic mark of transcription elongation H3K36me3, in addition to H4K20me3 and H3K9me3. In this view, H4K20me3 being a marker for closed chromatin status in the somatic and embryonic stem cells (214), it is suggested that an elevation of H4K20me3 can contribute to growth inhibitory activities in the somatic cells. This notion is further supported by our previous studies where reduced mdig resulted in a decline of the S phase cells (198). It is also indicated that mdig acts as DNA demethylase or indirectly controls DNA methylation via the Tet family of DNA methylases (202). Additionally, a negative correlation was also observed between mdig and H3K9me3 in cellular studies (209, 215, 216). One of the consequences of enriched histone repressive marks H3K9me3 and H3K27me3, is on the transcription of genes implicated in glycan metabolism. Mdig exerted a positive regulatory role on the glycosylation process by inhibiting the repressive histone methylation marks (217).

Altogether, our research on mdig provided a much-needed rationale to explore its activities in several aspects of inflammation, stemness, metabolism, cell growth, metastasis, and epigenetic reprogramming orchestrating the carcinogenesis machinery in breast cancer.



Perspectives

Despite tremendous progress being made in breast cancer research, some challenges still prevail. Metabolic plasticity, epigenetic reprogramming, and altered receptor repertoire lead to the issues of drug resistance and treatment failure. It is yet not fully clear as to what are the remarkable mechanistic programs that are critical for the breast tumor to become metastatic. Although our understanding of the heterogeneity of breast cancers has improved that has led to the generation of novel anti-cancer therapies exploiting the hormone receptor status, epigenetic marks, and other biological machineries, yet, when it comes to the general population there has been very limited success owing to the individual differences among the patients. An efficient personalized therapy would offer rescue to some extent towards combating the setbacks originated due to the heterogeneity and plasticity issues as observed in breast cancer therapies under clinical settings.

Environmental exposure to risk factors for breast cancer require particular attention, where relevant biomarkers related to such exposure need to be identified. Epigenetic mechanisms particularly DNA and histone methylation are involved in the onset of carcinogenesis by modulating the expression of potent oncogenes and tumor suppressors. Thus, dissecting the epigenetic elements would widen our knowledge towards better understanding the causative factors as well as the different routes that cancer cells adopt to attain heterogeneity. Moreover, studying maternal, in utero or pre-conception exposures and unraveling an association between the agents exposed and the different epigenetic repertoires correlating with the disease outcome, will be a promising avenue to explore. Such a strategy would assist in adopting modifiable approaches that can have significant implications in reducing the risk factors as a part of chemoprevention tactics. This demands a multidisciplinary effort that would integrate genomics, proteomics, and metabolomics in examining the different epigenomic profiles and pattern that drive the breast carcinogenesis under the conditions of sporadic and environmental settings. In this context, research on environmentally modulated genes engaged in breast cancer such as mdig, is warranted.
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synthase (EDFT1)
NB-598 Inhibitor of squalene  SCLC lines Mahoney et al. (2019)
epoxidase
R048-8071 Inhibitor of OSC HCT116 CRC, HPAF-II pancreatic Liang et al. (2014), Maione et al. (2015)
adenocarcinoma models and breast cancer
lines
Targeting ezetimibe Selective block of Breast cancer Pelton et al. (2014)
cholesterol NPCILI
uptake
Targeting fenofibrate PPARa agonists Leukemia, Lymphoma, Multiple Myeloma, = Luo et al. (2019), Sun et al. (2019), You
cholesterol efflux endometrial cancer, prostate cancer, breast | et al. (2019), Chen L et al. (2020, Di
cancer, oral cancer, pancreatic cancerand  Bello et al. (2020)
and other cancers
Targeting Avasimibe Inhibitor of ACATI  Human PC3 prostate cancer, MIA-PaCa2  Pal et al. (2013), Lee et al. (2015), Lee
cholesterol pancreatic cancer, A549 lung cancer, and | et al. (2018), Li et al. (2018)
storage HCT116 colon cancer lines
Targeting Fatostatin specific inhibitor of  Prostate cancer, ER-positive breast cancer | Li et al. (2014), Li et al. (2015), Gao etal.
cholesterol SREBP (2018), Liu et al. (2020), Yao etal. (2020)
regulation
dipyridamole inhibit the cleavage of |~ multiple myeloma Pandyra et al. (2014)
SREBP2
T0901317 LXR agonists Breast, lung, prostate cancer and Leukemia Pommier et al. (2010), El Roz et al.
(2012), Flaveny et al. (2015), Villa et al.
GW3965 Leukemia (2016), Tavazoie et al. (2018), Lou et al.
(2019), Brendolan and Russo. (2022)
DDA (Dendrogenin A) LXR partial agonist  Leukemia

RGX-104

SR9243

LXRp agonist

LXR inverse agonist

Advanced solid tumors and lymphomas

Colorectal, lung, prostate cancer models
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Drug Cancer type Cond Phase Combination strategy References
Simvastatin | Breast Cancer 1 Anastrozole Bao et al. (2012)
| with dyslipidemia 1 -
prevention 1 - Lazzeroni et al. (2012)
ER-positive/metastatic 11 Fulvestrant, Metformin
‘metastatic 1 HER2-targeted therapy
Prostate Cancer i  Metformin
1 Ezetimibe ‘Wang et al. (2022)
| Colorectal Cancer ‘metastatic n FOLEIRI (irinotecan, 5-FU, leucovorin)
advanced/metastatic 1 Cetuximab/Panitumumab/Bevacizumab
Lung cancer SCLC 1 Irinotecan/Albumin Paclitaxel/Irinotecan,
Cisplatin
NSCLC 1 gefitinib Han J Y et al. (2011)
Atorvastatin | Breast cancer 1 Letrozole
| triple negative i Zoledronate |
early stage m -
Prostate Cancer 1 Celecoxib
prevent recurrence 1 - Jeong et al. (2021)
Glioblastoma multiforme it ‘Temozolomide Altwairgi et al. (2021) |
Hepatocellular prevent recurrence 1 Metformin
Carcinoma (HCC)
advanced iy Sorafenib
Colorectal Cancer prevention i -
pancreatic cancer ‘metastatic 1 Ezetimibe, Evolocumab
Lovastatin Ovarian cancer refractory/relapsed iy Paclitaxel
Breast Cancer prevention 1 - Vinayak et al. (2013)
Melanoma | it ' Interferon alfa2b
precancerous lesions 11 - Linden et al. (2014)
Pravastatin | HCC advanced i Sorafenib Jouve et al. (2019), Riafio et al. (2020),
Blanc et al. (2021)
Leukemia prevent recurrence 1 Cytarabine/Idarubicin Advani et al. (2014), Shadman et al. (2015)
relapsed/refractory i Cyclosporine, Mitoxantrone Chen et al. (2013)
Hydrochloride, Etoposide
Lung Cancer SCLC m Etoposide, Cisplatin/Carboplatin Seckl et al. (2017)
Rosuvastatin | Endometrial Carcinoma | Stage I 1 Megestrol Acetate
Colorectal Cancer prevent recurrence/ 1 -
advanced
Fluvastatin ~ Breast Cancer | I - Garwood et al. (2010)
Prostate Cancer 1 - Longo et al. (2020)
Pitavastatin | Breast Cancer T -






OPS/images/fphar-13-908882/crossmark.jpg
©

|





OPS/images/fphar-13-908882/fphar-13-908882-g001.gif
ONA Hypermethylation
ypermato) Tanscrption

Riited 9 Methyi cp |
Tas |

G €D
% hovo meihybtion

@





OPS/images/fphar-13-908882/fphar-13-908882-g002.gif





OPS/images/fphar-13-855351/fphar-13-855351-g003.gif
ey





OPS/images/fphar-13-855351/fphar-13-855351-g004.gif





OPS/images/fphar-13-855351/fphar-13-855351-g005.gif
e e v 1 0






OPS/images/fphar-13-855351/fphar-13-855351-g006.gif





OPS/images/fphar-13-855351/crossmark.jpg
©

|





OPS/images/fphar-13-855351/fphar-13-855351-g001.gif
l _l_

........
EEE]






OPS/images/fphar-13-855351/fphar-13-855351-g002.gif





OPS/images/fphar-13-855488/fphar-13-855488-g003.gif





OPS/images/fphar-13-946811/fphar-13-946811-g001.gif





OPS/images/fphar-13-855488/fphar-13-855488-g004.gif





OPS/images/fphar-13-946811/fphar-13-946811-g002.gif





OPS/images/fphar-13-855488/fphar-13-855488-g001.gif





OPS/images/fphar-13-855488/fphar-13-855488-g002.gif





OPS/images/fphar-13-855488/fphar-13-855488-t002.jpg
LncRNAs

LINC00092
SNHG3

H19

GHET1

LINC00504

LINCO0662
LINC00857

NEAT1
HOXB-AS3

OIP5-AS1

CTSLP8

SNHG22

LINC00035

Role
Oncogene
Oncogene
Oncogene
Oncogene
Oncogene

Oncogene
Oncogene

Oncogene
Oncogene

Oncogene
Oncogene
Oncogene

Oncogene

Expression
Up
Up
Up
Up
Up

Up
Up

Up
Up

Up
Up
Up

Up

Target

/

miR-
186-5p
miR-
324-5p
r

miR-1244

miR-375
miR-
486-5p
MiR-4500
miR-
378a-3p
miR-
128-3p

/

Mechanism

Bind to PFKFB2
Promote EIF4AIll expression

Promote PKM2 expression
Interact with VHL and up-regulate HIF1-a
/

Promote HIF1-a expression
Promote YAP1 expression

Promote BZW1 expression
Promote LDHA and ECAR expression

Promote CCNG1 expression

Promote c-Myc expression by binding to
PKM2

SP1 and HIF1-a can promote SNHG22
expression

Promote SLC16A3 expression by binding to

CEBPB

Type of
model

Human samples, SKOV3

Human samples, SKOV3, TOV-21G,
OVCAR3

SKOV3

HOSEPIC, SKOV3, TOV-21G, 3AO,
A2780

HOSEPIC, SKOV3, CAOV3, OVCARS,
HO-8910

IOSE-29, SKOV3

SKOV3, CAOV3, A2780, IOSE-29

CAOV3, ES-2, iose80
SKOV3, A2780

IOSE-80, OVCAR-3, SKOV-3
SKOV-3, SKOV3-DDPee
ES-2, HO8910, OVCAR-3, A2780

IOES80, CAOV-3, A2780, SKOV3, CoC1

References

Zhao et al. (2017)
Lietal (2018)

Zheng et al. (2018)
Liu and Li (2019)
Liu et al. (2020)

Tao et al. (2020)
Lin et al. (2020)

Xu et al. (2020)
Xu et al. (2021)

Liu et al. (2021)
Li X et al. (2021)
Guan N et al.

(2021)
Yang et al. (2021)
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CircRNAs

Circ-ITCH

RHOBTB3

Hsa_circ_0025033
Hsa_circ_0002711

Circ-MUC16

Role

Tumor suppressor
Tumor suppressor

Oncogene
Oncogene

Oncogene

Expression

Down
Down

Up
Up

Up

Target

miR-
106a
¥

miR-184.
miR-
1244
miR-
1182

Mechanism

Promote CDH1 expression

Inactivate PIBK/AKT signaling pathway,
Inhibit GLUT, HK2 and LDHA expression
Promote LSM4 expression

Promote ROCK1 expression

Promote S100B expression

Type of
model

/A2780, OVCARS, ISOE80

IOSE-80, OVCAR-3,
SKOV-3

A2780, OVCARS, ISOE80
OVCAR-3

A2780, SKOV-3, ISOE80

References

Lin et al. (2020)
Yalan et al. (2020)

Hou and Zhang (2021)
Xie W et al. (2021)

Yang GJ et al. (2021)
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Target
HDAC
HDAC
DNMT plus HDAC

HDAC plus chemotherapy

HDAC plus Anti-PD-L1 antibody,
anti-VEGF antibody, aromatase
inhibitor, AKT kinase inhibitor,
estrogen receptor inhibitor

HDAC plus HER1/HER2 kinase
inhibitor, anti-HER2 antibody

HDAC plus Anti-PD-L1 antibody

HDAC plus Anti-PD-1 antibody,
chemotherapy

BET inhibitor plus Estrogen
receptor inhibitor

Epigenetic Agent
Entinostat™
Romidepsin*
Azacitidine™
Entinostat™

Entinostat™
Capecitabine

Entinostat™

Atezolizumab,
Bevacizumab, Exemestane,
Fulvestrant, Tamoxifen,
Ipatasertib

Entinostat™
Lapatinib, Trastuzumab

Entinostat®
Atezolizumab

Romidepsin*, Nivolumab
Cisplatin

Molibresib*
Fulvestrant

Clinical Trial Identifier
NCTO03538171
NCT00098397 (metastatic BC)
NCTO01349959

NCT03473639

NCT03280563

NCT01434303

NCT02708680 (for TNBC)

NCT02393794

NCT02964507

Phase
111
II
II

/11

/11

I/11

II
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DCIS
IDC
ILC
HER2
ER

PR
BRCA
TNBC
IncRNAs
miR
MBD
5mC
5-hmC
DNMT
TET
HAT
HDAC
HKMT
KDM
SAM
EMT
DOTIL
JmjC
PAH
AHR
PCB
BPA
LAMP3
HIF-1o.
GLUT4
G6PD
Mdig
NRF2
ChIP
PRC2
GADD45
AID
APOBEC

Ductal carcinoma in situ

Invasive ductal carcinoma

Invasive lobular carcinoma

Human epidermal growth factor receptor 2
Estrogen receptor

Progesterone receptor

Breast Cancer gene

Basal/triple negative breast cancer

Long non-coding RNAs

Micro-RNAs

Methyl binding domain

5-methylcytosine

5-hydroxymethylcytosine

DNA methyltransferase

Ten-eleven translocations

Histone acetyltransferases

Histone deacetylases

Histone methyltransferases

Histone demethylases
Sadenosylmethionine

Epithelial mesenchymal transition

Histone methylase disruptor silencing 1 like
JumonjiC

Polycyclic aromatic hydrocarbons

Aryl hydrocarbon receptor

Polychlorinated biphenyls

Bisphenol A

Lysosomal associated membrane protein
Hypoxia inducible factor-1&alpha;

Glucose transporter protein expressiona
Glucose-6-phosphate dehydrogenase
Mineral dust-induced gene

Nuclear factor erythroid 2-related factor 2
Chromatin immunoprecipitation sequencing
Polycomb repressive complex

Growth arrest and DNA-damage inducible protein
Activation-induced cytidine deaminase

Apolipoprotein B mRNA editing catalytic polypeptide-like family
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MiRNAs

miR-29b
miR-383
miR-21
miR-
532-3p
miR-145
miR-603
miR-1180
miR-

519a-5p
miR-195

Role

Tumor
suppressor
Tumor
suppressor
Oncogene

Oncogene

Tumor
suppressor
Tumor
suppressor
Oncogene
Tumor
suppressor
Tumor
suppressor

Expression

Down
Down
Up
Up
Down
Down

Up
Down

Down

Target

AKT2/AKT3

LDHA

HK2 and PKM2

HK2 and
DNMT3A
HK2 and
DNMT3A
/

HIF1-a

MICU1

Mechanism

Inhibit HK2/PKM2 expression and Warburg effect
Inhibit LDHA expression

Promote AKT phosphorylation and glycolysis enzymes
expression

Inhibit HK2 and PKM2 expression
DNMT3A-miR-145-HK2 regulatory axis

DNMT3A-miR-603-HK2 regulatory axis

Activate the Wnt signaling pathway
Inhibit HK2/PKMz2 expression and Warburg effect

/

Type of
model

SKOV3, A2780
Human samples
SKOV3, TOV21G
SKova

Human samples
/

SKOV3, COC1
SKOV3

OVCAR4, A2780-
CP20

References

Teng et al. (2015)
Han et al. (2017)
Guo et al. (2017)
Zhou et al. (2018)
Zhang et al.
(2018)

Luetal. (2019)

Gu et al. (2019)
Lu et al. (2020)

Rao et al. (2020)
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Inhibitors

Cell lines

Cancer type

Dose (uM)

Duration (H)

References

6-An

DHEA

Polydatin

NEOU

Epi
DP20

H1944
HI1299
H1975
A549
A549/H460/H358/H441
A549
T98G
MCEF-7
OVCAR
U251
786-0
PC3
LNCaP

MOLM- 14/0CI-AML2/L60/OCI-
AML3

VSMCs
HEAC

PASM

Rat/Mouse neuronglia
Primary hepatocytes cell
231-C3/231-M1

Hela

WSU - HN6

CAL27

GM00558

Human red blood cells

MEF

Rat/Mouse neuronglia
Primary hepatocytes cell
Pulmonary artery smoot muscle cell
Human aortic endothelial cell
HESCC

MCF-7

HNSCC

HNSCC

Hdd6

SMCs

AT7r5

Primary bone marrow cells

Lung cancer
Lung cancer

Lung cancer

Lung cancer

Lung cancer

Lung cancer

Brain glioblastoma
Breast cancer
Ovarian cancer
Brain glioblastoma
kidney cancer
Prostate cancer

Prostate cancer

Breast cancer
Cervical cancer
Oral carcinoma

Tongue carcinoma

Esophageal carcinoma

Breast cancer

Head and neck squamous cell carcinoma
Head and neck squamous cell carcinoma

Lung cancer

5637 + 2.93
20240 £ 39.21
691 077
5627 272
625

500

250

125

31

1,000

1,000

100

100

100

1,000
100
1,000
10
5,000
200
200
50
50
100
200
100
100
100
100
100
100-300
30
22

17

10

1

50
0.9

48
48
48
48
72
18-24
18-24
18-24
18-24

2
%4
u
48

12
12
72
%
02
12
0.1

02
%

24
10
72
12
24
%
2
48
48
48
%
4

Sun et al,, (2022)

Sun et al,, (2022)

Sun et al,, (2022)

Sun et al,, (2022)

Best et al., (2019)
Budihardjo et al., (1998)
Budihardjo et al,, (1998)
Budihardjo et al., (1998)
Budihardjo et al,, (1998)
Sun et al,, (2021b)
Zhang et al,, (2020)
Whitburn et al,, (2022)
Whitburn et al., (2022)
Poulain et al., (2017)

Dong et al., (2015)
Dong et al,, (2015)
Chettimada et al, (2015)
Tu et al, (2019)

Gupte et al., (2009)

Luo et al,, (2022)
Roshanzadeh et al., (2019)
Wang et al,, (2020)
Wang et al,, (2020)
Cosentino et al, (2011)
Handala et al., (2017)
Heiss et al., (2013)

Tu et al,, (2019)

Gupte et al,, (2009)
Chettimada et al. (2015)
Parsanathan and Jain, (2020)
Su et al., (2021)

Mele et al, (2019)

Mele et al., (2018)

Mele et al,, (2018)

Wang et al,, (2022)
Dhagia et al, (2021)
Dhagia et al,, (2021)
Hashimoto et al., (2020)
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Inhibitors Organism Dose Duration Injection type References

6-An Mouse 4 mg/kg/3d Intraperitoneal injection Sun et al,, (2021b)
Mouse 23 mg/kg/d - Intraperitoneal injection Zhang et al,, (2020)
Mouse 20 mg/kg/10d 40d Intraperitoneal injection Best et al., (2019)
Mouse 5 mg/kg/day 23d Intraperitoneal injection Poulain et al, (2017)

DHEA Mouse 80 mg/kg/3d 20d Intraperitoneal injection Wang et al., (2020)

NEOU Mouse 1.5 mg/kg/d 21d Intraperitoneal injection Kitagawa et al., (2021)
Mouse 1.5 mg/kg/d 28d Intraperitoneal injection Joshi et al,, (2020)

Epi Rats 30 mg/kg/d 28d Intraperitoneal injection Dhagia et al., (2021)

Polydatin Mouse 5 mg/kg/d 14d Intraperitoneal injection Su et al, (2021)
Mouse 100 mg/kg Intraperitoneal injection Mele et al,, (2018)
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Luminal A ER+ HER2- 40-50 Well differentiated  Good EndocTine
PR+ Ki67 low ( Grade I)
ER+ HER2+ Endocrine
[HER 2+] PR+/-Ki67 low/high Chemotherapy
| Eielowis Moderatt_ely Target therapy
Luminal B 20-30 differentiated Intermediate
ER+ HER2- ( Grade II) Endocrine
[HER 2-] PR- Ki67 high Chemotherapy
Poorly
HER 2+ ER- HER2+ 1520 differentiated Poor Chemotierapy
PR- Ki67 high ( Grade TIT) L ey
Poorly
. . ER- HER2- : . Poor Chemotherapy
Triple negative PR- Ki67 high 10-20 ?g:;:t]lflt;d PARP inhibitors

ER: estrogen receptor, PR: progesterone receptor, HER2: human epidermal growth factor receptor 2

Luminal cells Basal cells

Basement membrane
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PARPi + EZH2 target Cancer Genetic Material Methods Results Year
EZH2i gene characters
Olaparib + p-catenin Ovarian ~ BRCA1/2" Ovarian cancer cell  CCK8 si-EZH2 increases the 20218un et al,,
EZH2 siRNA cancer line HeyA8 sensitivity of Olaparib by 2021
regulating f-catenin signal
pathway
Olaparib + MAD2L2 Ovarian ~ CARMI"#BRCA1/  CARMI"™*" colony formation Olaparib and 2020 Karakashev
GSK126 cancer 2 A1847 and assays GSK126 show synergistic et al,, 2020
CARMI*® effect in suppressing
A1847 cell line; CARM1-high in vitro and
subcutaneous in vivo
Xenograft mice
models
CARMI"#"and Xenograft Models  The mechanism is that
CARMI™ patient- EZH2 inhibition induces
Derived Xenografts MAD2L2 expression and
mice models non-homologous end-
joining
Dual PARP and  — Breast ER (-)PR (-)HER2(-  TNBC cell lines MTT assay Dual target agent shows 2021 Wang et al.,
EZH2 inhibitor cancer )BRCA1/2"¢ MDA-MB-231 and better inhibitory activity 2021
MDA-MB-468 than single agent of
Olaparib or EZH2, and
their combined treatment
Olaparib + RELA/B Breast ER (-)PR (-)HER2(-  TNBC cell lines CellTiter-Glo Assay ~ PARP1-PRC2 double 2020 Yang et al,,
GSK126, cancer )BRCA1/2"4 MDA-MB-231 Kit, colony depletion, and combined 2020
PARPX” + formation assays ~ administration of
EZH2*° Olaparib and
GSK126 promotes cancer
growth
Olaparib + HOXA9, DAB2IP  Breast EZH2"#BRCA™'  BRCA™ cell lines  Colony formation ~ EZH2 inhibitor sensitizes 2018 Yamaguchi
GSK343 cancer SUM149, MDA~ assay and soft agar ~ PARP inhibitor in etal, 2018
MD-436 and assay BRCA™ cell lines
UWB1.289
Olaparib + MUS81 Breast BRCA2™ Hela, VU423 Clonogenic survival ~ EZH2 inhibitor promotes 2017 Rondinelli
GSK126 cancer (BRCA2™), A2780,  assay; Xenograft PARP inhibitor resistance et al., 2017
0208, HEK Models by stop recruiting
293T cell lines; MUS81 and cause fork
KB2P PARPi-naive stabilization
tumor-bearing mice
‘model
Olaparib + - Acute BRCAI™~ LCLs, Hela and Bio Rad EZH2 inhibitor sensitizes 2018 Caruso et al,
UNC1999 myeloid HEK293 cell lines  TC20 Automated  PARP inhibitor in BRCA 2018
leukemia Cell Counter cells

BRCAI-mutated
and BRCAI-
reconstituted MDA~
MB-436 cell lines
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Name

Histone acetyltransferase 1
K(lysine) acetyltransferase 2A
K(lysine) acetyltransferase 2B
CREB binding protein

EIA binding protein p300

TATA-box binding protein-associated
factor 1

TATA-box binding protein-associated
factor 1 like

General transcription factor I1IC
Activating transcription factor 2
K(lysine) acetyltransferase 5
K(lysine) acetyltransferase 6A
K(lysine) acetyltransferase 6B
K(lysine) acetyltransferase 7
K(lysine) acetyltransferase 8

Elongator acetyltransferase complex
subunit 3

Nuclear receptor coactivator 1

Nuclear receptor coactivator 3

Clock circadian regulator
CSRP?2 binding protein
MHC class II transactivator

Testis-specific chromodomain protein
Y1

Testis-specific chromodomain protein
Y2

Gene

symbol

KAT1
KAT2A
KAT2B
KAT3A
KAT3B
TAF1

TAFIL

GTF3C4
ATE2
KATS
KAT6A
KAT6B
KAT7
KATS
KAT9

KATI3A
KAT13B

KATI13D
KAT14
CITA
CDY1

CcDY2

Alias

HAT1

GCN5, GCN5L2, PCAF-b, hGCN5
CAF, P/CAF, PCAF

CREBBP, CBP, KAT3A, RSTS
EP300, RSTS2, p300

KAT4, BA2R, CCG1, CCGS, DYT3, DYT3/TAF1, N-TAF1, NSCL2, OF, P250, TAF(I)250,
TAF2A, TAFII-250, TAFII250, XDP

TAF2A2

KAT12, GTE3C4, TFIII90, TFIIC290, TFIIIC90, TEIICDELTA
CRE-BP1, CREB-2, CREB2, HB16, TREB7

ESAL, HTATIP, HTATIP1, PLIP, TIP, TIP60, ZC2HCS, cPLA2
MOZ, MRD32, MYST-3, MYST3, RUNXBP2, ZC2HC6A, ZNF220
GTPTS, MORF, MOZ2, MYST4, ZC2HC6B, qkf, querkopf

HBOI, HBOA, MYST2, ZC2HC7

MOF, MYST1, ZC2HC8, hMOF

ELP3

NCOAL, F-SRC-1, RIP160, SRCI, bHLHe42, bHLHe74

NCOA3, ACTR, AIB-1, AIB1, CAGH16, CTG26, RAC3, SRC-3, SRC3, TNRC14, TNRC16,
TRAM-1, bHLHe42, pCIP

CLOCK, bHLHe$

CSRP2BP, ATAC2, CRP2BP, PRO1194, dJ717M23.1
C2TA, CIITAIV, MHC2TA, NLRA

CDY, CDY1A

CDY2A

Protein
groups

Writer

Writer/reader
Writer/reader
Writer/reader
‘Writer/reader

Writer/reader

Writer/Reader

Writer
Writer
Writer
Writer
Writer
Writer
‘Writer

Writer

Writer
‘Writer

Writer
Writer
‘Writer

Writer

Writer
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Name Gene Alias Protein
symbol groups
Histone deacetylase 1 HDAC1 ‘GON-10, HD1, RPD3, RPD3L1 Eraser
Histone deacetylase 2 HDAC2 HD2, RPD3, YAF1 Eraser
Histone deacetylase 3 HDAC3 HD3, RPD3, RPD3-2 Eraser
Histone deacetylase 4 HDAC4 AHO3, BDMR, HAG116, HD4, HDAC-4, HDAC-A, HDACA Eraser
Histone deacetylase 5 HDACs HDS5, NY-CO-9 Eraser
Histone deacetylase 6 HDAC6 CPBHM, HDS, JM21, PPPIR9O Eraser
Histone deacetylase 7 HDAC? HD7, HD7A, HDAC7A Eraser
Histone deacetylase 8 HDACS8 ‘CDAO07, CDLS5, HD8, HDACLI, MRXS6, RPD3, WTS Eraser
Histone deacetylase 9 HDACY HDY, HDAC, HDAC9B, HDACYFL, HDRP, MITR Eraser
Histone deacetylase 10 HDAC10 HD10 Eraser
Histone deacetylase 11 HDAC11 HD11 Eraser
Sirtuin 1 SIRT1 SIR2L1 Eraser
Sirtuin 2 SIRT2 SIR2, SIR2L, SIR2L2 Eraser
Sirtuin 3 SIRT3 SIR2L3 Eraser
Sirtuin 4 SIRT4 SIR2L4 Eraser
Sirtuin 5 SIRTS SIR2L5 Eraser
Sirtuin 6 SIRT6 SIR2L6 Eraser
Sirtuin 7 SIRT7 SIR2L7 Eraser
ASHI-like histone lysine methyltransferase ASHIL ASHI, ASHILI, KMT2H Reader
ATPase family, AAA domain containing 2 ATAD2 ANCCA, CT137, PRO2000 Reader
ATPase family, AAA domain containing 2B ATAD2B - Reader
Bromodomain adjacent to zinc finger domain 1A BAZIA ACF1, WALp1, WCRF180, hACF1 Reader
Bromodomain adjacent to zin finger domain 1B BAZIB WBSCR10, WBSCRY, WSTF Reader
Bromodomain adjacent to zinc finger domain 2A BAZ2A TIPS, WALp3 Reader
Bromodomain adjacent to zinc finger domain 2B BAZ2B WALp4 Reader
Bromodomain PHD finger transcription factor BPTF FACI, FALZ, NURE301 Reader
Bromodomain containing 1 BRD1 BRL, BRPF1 Reader
Bromodomain containing 2 BRD2 D6S113E, FSH, FSRG1, NAT, RING3, RNF3 Reader
Bromodomain containing 3 BRD3 OREX, RING3L Reader
Bromodomain containing 4 BRD4 CAP, HUNK1, HUNKI, MCAP Reader
Bromodomain testis-associated BRDT BRD6, CT9 Reader
Bromodomain containing 7 BRD7 BP75, CELTIX1, NAG4 Reader
Bromodomain containing 8 BRDS SMAP, SMAP2, p120 Reader
Bromodomain containing 9 BRDY LAVS3040, PRO9856 Reader
Bromodomain and PHD finger containing 1 BRPF1 BRI40 Reader
Bromodomain and PHD finger containing 3 BRPF3 - Reader
Bromodomain and WD repeat domain containing 1 BRWDI1 C210rf107, N143, WDR9 Reader
Pleckstrin homology domain interacting protein PHIP BRWD2, DCAF14, WDRI1, ndrp Reader
Bromodomain and WD repeat domain containing 3 BRWD3 BRODL, MRX93 Reader
CECR?, histone acetyl-lysine reader CECR2 - Reader
KIAA2026 KIAA2026 - Reader
Lysine methyltransferase 2A. KMT2A ALL-1, CXXC7, HRX, HTRX1, MLL, MLL-AF9, MLL/GAS7, Reader
MLLI, MLLIA, TET1-MLL, TRX1, WDSTS
Polybromo 1 PBRM1 BAF180, PB1 Reader
SW1/SNF-related, matrix-associated, actin-dependent regulator of ~ SMARCA2 BAF190, BRM, NCBRS, SNF2, SNF2L2, SNF2LA, SWI2, Sthlp,  Reader
chromatin, subfamily a, member 2 hBRM, hSNF2a
SWI1/SNF-related, matrix-associated, actin-dependent regulator of ~ SMARCA4 BAF190A, BRG], MRD16, RTPS2, SNF2, SNF2L4, SNF2LB, SWI2,  Reader
chromatin, subfamily a, member 4 hSNF2b
SP100 nuclear antigen SP100 lysp100b Reader
SP110 nuclear body protein SP110 IFI41, IFI75, IPR1, VODI Reader
SP140 nuclear body protein SP140 LYSP100, LYSP100-A, LYSP100-B Reader
$P140 nuclear body protein-like SP140L — Reader
Tripartite motif containing 24 TRIM24 PTC6, RNF82, TF1A, TIF1, TIFIA, TIFIALPHA, hTIFL Reader
Tripartite motif containing 28 TRIM28 KAP1, PPPIR157, RNF96, TF1B, TIF1B Reader
Tripartite motif containing 33 TRIM33 ECTO, PTC7, RFG7, TFIG, TIFIG, TIFIGAMMA, TIFGAMMA  Reader
Tripartite motif containing 66 ‘TRIM66 Cllorf29, TIF1D, TIFIDELTA Reader
Zinc finger MYND-type containing 8 ZMYNDS PRKCBP1, PRO2893, RACK7 Reader
Zinc finger MYND-type containing 11 ZMYNDIL BRAMI, BS69, MRD30 Reader
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recruiting)

Vorinostat, paclitaxel, bevacizumab Metastatic BC 1, 11 (completed) NCT00368875
Vorinostat, anastrozole, letrozole, exemestane Stage IV BC Completed NCT01720602
Vorinostat, trastuzumab Metastatic or locally recurrent BC 1, 11 (completed) NCT00258349
Vorinostat, anastrozole, letrozole, exemestane Stage IV BC Completed NCT01153672
Vorinostat, radiation BC patients with brain metastasis 1 (completed) NCT00838929
Vorinostat, olaparib Relapsed/refractory and/or metastatic BC 1 (recruiting) NCT03742245
Vorinostat, tamoxifen, pembrolizumab BC 11 (terminated) NCT02395627
Vorinostat, tamoxifen, pembrolizumab ER-positive BC 11 (active, not NCT04190056
recruiting)
Vorinostat, tamoxifen Hormone therapy-resistant BC 11 (completed) NCT00365599
Vorinostat, doxorubicin BC 1 (completed) NCT00331955
Vorinostat, ixabepilone Metastatic BC 1 (completed) NCT01084057
Belinostat (PXD101)  Belinostat, ribociclib Metastatic BC 1 (recruiting) NCT04315233
Belinostat, talazoparib Metastatic BC 1 (recruiting) NCT04703920
Belinostat, trastuzumab BC 1 (suspended) NCT03432741
Entinostat Monotherapy ER-positive BC 11 (completed) NCT00828854
(SNDX-275) Monotherapy TNBC 1 (terminated) NCT03361800
Entinostat, exemestane Advanced BC 11 (completed) NCT00676663
Entinostat, exemestane ER-positive BC 1 (active, not NCT02820961
recruiting)
Entinostat, atezolizuma TNBC 1 (active, not NCT02708680
recruiting)
Entinostat, exemestane, atezolizumal Hormone receptor-positive and HER2- L NCT03280563
negative BC
Entinostat, exemestane Advanced or recurrent BC 1 (active, not NCT02623751
recruiting)
Entinostat, exemestane, goserelin Recurrent hormone receptor-positive BC E2112 phase 11T NCT02115282
Entinostat, nivolumab, Lpilimumab Metastatic or locally advanced BC 1 (active, not NCT02453620
recruiting)
Entinostat, Exemestane, erlotinib BC 1 (completed) NCT01594398
Entinostat, capecitabine Metastatic BC, high risk BC after neo-adjuvant 1 (recruiting) NCT03473639
therapy
Entinostat, exemestane Hormone receptor-positive, locally advanced or Il (active, not NCT03538171
‘metastatic BC recruiting)
Entinostat, exemestane Advanced or recurrent BC 11 (active, not NCT03291886
recruiting)
Entinostat, azactidine Advanced BC 11 (active, not NCT01349959
recruiting)
Entinostat, lapatinib, trastuzumab Locally recurrent or distant relapsed metastatic BC 1 (completed) NCT01434303
Panobinostat Monotherapy HER2-negative locally recurrent or metastatic BC 1l (completed) NCT00777049
(LBH-589) Panobinostat, letrozole Metastatic BC 1,11 (completed) NCTO1105312
Panobinostat, paclitaxel, trastuzumab HER2-positive or metastatic BC 1 (completed) NCT00788931
Panobinostat, capecitabine, lapatinib BC 1 (completed) NCT00632489
Romidepsin Monotherapy BC 1 (active, not NCT01638533
recruiting)
Monotherapy Metastatic BC TI(Completed) NCT00098397
Romidepsin, cisplatin, nivolumab Metastatic TNBC, BRCA mutation locally 1, 11 (suspended) NCT02393794
recurrent or metastatic BC
Romidepsin, abraxane Metastatic inflammatory BC 1, 11 (terminated) NCT01938833
Valproic acid (VPA)  Valproate, hydralazine, doxorubicin, BC 11 (terminated) NCT00395655
cyclophosphamide
Valproic acid, temsirolimus, cetuximab, Recurrent BC 1 (recruiting) NCT01552434
bevacizuma
Valproic acid, epirubicin, 5-fluorouracil, BC 1 (completed) NCT00246103
cyclophosphamide
Ricolinostat ACY-1215, nab-paclitaxel Metastatic BC 1 (completed) NCT02632071
Mocetinostat MGCDO103, docetaxel BC 1 (terminated) NCT00511576
CUDC-101 Monotherapy BC 1 (completed) NCT01171924
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Metabolism pathway Metabolic enzyme Metabolites Epigenetic enzyme Epigenetic regulation

One-carbon cycle MAT SAM/SAH KMT, PRMT DNA and histone methylation
TCA cycle FADS FAD/FADH2 LSD Histone demethylation

TCA cycle IDH, GLUD aKG TET and JmjC demethylase DNA and histone demethylation
TCA cycle ACSS1, ACSS2, ACLY Acetyl-CoA/CoA HAT Histone acetylation
Glycolysis/TCA cycle NMNAT NAD+/NADH SIRT, PARP Histone deacetylation

TCA cycle NA AMP/ATP AMPK Phospharylation

Hexosamine NA GleNac oGT GleNacylation

MAT, methionine adenosyltransferase; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; KMT, Lysine methyltransferase; PRMT, protein arginine methyltransferase; TCA,
Tricarboxylic acid; ACSS, acetyl-CoA synthetase short-chain family member; ACLY, ATP citrate lyase; HAT, histone acetyltransferase; NMNAT, nicotinamide mononucleotide
adenylytransferase; PARP, poly-ADP ribose polymerase; FADS, flavin adenine dinucleotides; LSD, lysine specific demethylase; IDH, isocitrate dehydrogenase; GLUD, glutamate
dehydrogenase; TET, ten-eleven translocation methylcytosine dioxygenase; JmjC, Jumonji N/C-terminal domains; ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP,
sdinosing monophioephate; AMPE,, AMP-sctivated prossin Knase: Gl Mas; O-lnked M-acstyigincosmines OGT. O-linked N-acetyilocossmine transierses; NA, Mot Appiicsble
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Epigenetic
enzymes

Examples

DNA methylation and demethylation

Substrates or Co-factors

Mechanisms

DNA DNMTs
methyltransferase

DNA demethylase TETs

SAM/SAH (methionine cycle)

a-KG, 2HG, succinate, fumarate, vitamin C,
FAD/FADH,

Methyl donors for methyltransferases

Co-factors for a-KG-utilizing dioxygenases; Inhibition of a-KG-

g dioxygenases

Histone acetylation and deacetylation

Histone HATs
acetyltransferase

Histone deacetylases  HDAC, SIRT

Acetyl-CoA (TCA cycle/acetate)

NAD", nicotinamide, B-Hydroxybutyrate,
succinyl-CoA, butyrate

Acetyl donors for acetyltransferases

Activation or inhibition of histone deacetylase; Histone succinylation

Histone methylation and demethylation

Histone Lysine: PKMTs,
methyltransferase Arginine: PRMTs

Histone KDMs: LSD, JmiC
demethylases

SAM/SAH (methionine cycle)

a-KG, 2HG, succinate, fumarate, vitamin C,
FADH,

Methyl donors for methyltransferases

Co-factors for a-KG-utilizing dioxygenases; Positive regulators of LSD:

Inhibition of a-KG-utilizing dioxygenases

Histone phosphorylation

Histone kinase AMPK ATP/AMP Phosphate donors for protein kinase
Protein glycosylation
Protein glycosylse  OGT, OGA 0-GleNAc 0-GleNAc donors for protein glycosylation
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Cancer Type

Colorectal
cancer

Gastric
cancer

Lung cancer

Breast Cancer

Prostate
Cancer

Gene
Septing

MLH1

RUNX3

SHOX2

APC

BRCA1
CDH13

Detection

Peripheral blood assays

Immunohistochemistry (indirect)

Peripheral blood assays

Bronchial aspirates Peripheral
blood assays

Peripheral blood assays

Peripheral blood assays
Peripheral blood assays

Hypermethylation Indication

Tumor malignancy
Affect overall survival of patients
Tumor differentiation and position
BRAF mutation

Tumor differentiation
Risk factors for the carcinogenesis of chronic atrophic
gastritis with H. pylori infection

Tumor malignancy

Early detection of lung cancer with high sensitvity and
specificity

Better sensitivity than traditional tumor markers for
early detection of breast cancer
Biomarkers of early TNBC occurrence

Increased risk of death Independent preditor of a poor
prognosis

References
(Sun et al.,, 2019; Yang et al., 2019)

Lietal. (2013

Fan et al. (2011)

Kneip et al. (2011)

(Van der Auwera et al., 2009; Swellam et al.,
2015; Debouki-Joudii et al., 2017)
(Sharma, 2016; Winter et al., 2016)

Wang et . (2014)
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Tumor types

Melanoma
Acute myeloid leukemia

Mesothelioma

Hepatocellular carcinoma

Hepatocellular carcinoma

Hepatocellular carcinoma

Acute myeloid leukemia

Metastatic melanoma

Recurrent high-grade glioma

Metastatic Uveal Melanoma
Non-squamous non-small cell lung cancer

Pancreatic adenocarcinoma

Regimen

ADI-PEG20

ADI-PEG20

ADI-PEG20

ADI-PEG20

ADI-PEG20

ADI-PEG20

ADI-PEG20 + cytarabine
ADI-PEG20 + cisplatin

ADI-PEG20 + pemetrexed + cisplatin
ADI-PEG20 + pemetrexed + cisplatin
ADI-PEG20 + pemetrexed + cisplatin
ADI-PEG20 + nab-paclitaxel + gemcitabin

Clinical phase

12

w NN NN

1/1B

References

Ott et al. (2013)

Tsai et al. (2017)
Szlosarek et al. (2017)
Yang et al. (2010)
Glazer et al. (2010)
Abou-Alfa et al. (2018)

Yao et al. (2021)
Hall et al. (2019)
Chan et al. (2022)
Szlosarek et al. (2021)
Lowery et al. (2017)
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Target Metabolic Pharmacological Mechanism Indications References
pathway enzyme agents
Glycolysis Hexokinases 2-DG (phase-I/IT) 2-DG suppresses hexokinase that  lung cancer, breast Chen and Guéron, (1992); Liu

Glutaminolysis

Serine/glycine
metabolism

One-carbon
cycle

IDHI inhibitor

IDH2 inhibitor

NNMT inhibitor

Glutaminase (GLS)

PHGDH

SAH hydrolase

IDH1-mutant

IDH2-mutant

N-Methylnicotinamide

CB-839 (phase-1);
Compound-968; Zaprinast

ShRNA to PHGDH

DZNep; Adenosine
Dialdehyde

AG-120, IDH305, AG-881,
BAY1436032, FT-2102, AGI-
5198, GSK-321

AG-221, AG-881, AGI-6780

Nicotinamide
N-methyltransferase
(NNMT)

is a rate-limiting enzyme for
glycolysis; 2-DG reduces acetyl-
CoA level, which inhibits the
acetylation of histones in various
cancer cell lines

GLS inhibitors reduce acetyl-
CoA and 2-HG level;
Compound-968 decreases
histone H3K4me3 in breast
cancer and Zaprinast reduces
H3K9me3 in IDHI-mutant
cancer cells

Inhibiting the process of de novo
serine synthesis

Both agents could increase the
SAH/SAM ratio and decrease
DNA and histone methylation

IDHI inhibitors suppress the
production of 2-HG that is a kind
of oncometabolite in IDH1-
mutant cells; AGI-5198 prompts
demethylation of H3K9me3 and
H3K27me3 in IDH1-mutant
chondrosarcoma cells; GSK-321
induces DNA hypomethylation
in IDHI-mutant AML cells

IDH? inhibitors suppress the
production of 2-HG that isa kind
of oncometabolite in IDH2-

mutant cells; AG-221 and AGI-

6780 prompt demethylation of
DNA and histone in IDH2-
mutant cancer cells

NNMT inhibitors reduce SAM
level and histone methylation in
NNMT-overexpressed cells

cancer, pancreatic
cancer, prostate cancer,
Iymphoma

AML, ALL, MM, NHL,
pancreatic carcinoma

NA

NA

AML, solid tumors,
gliomas, hematologic
malignancies

AML, solid tumors,
gliomas, hematologic
malignancies

NA

etal. (2015)

Robinson et al. (2007); Wang
etal. (2010a); Simpson et al.
(2012a); Simpson et al.
(2012b); Elhammali et al.
(2014)

Locasale et al. (2011);
Possemato et al. (2011)

Jiang et al. (2008); Miranda
et al. (2009); Momparler et al.
(2012); Schiifer and
Balleyguier, (2013);
Momparler and Coté, (2015)

Rohle etal. (2013); Zheng et al.
(2013a); Davis et al. (2014);
Deng et al. (2015); Kim et al.
(2015); Li et al. (2015);
Okoye-Okafor et al. (2015)

Wang et al. (2013); Kernytsky
etal. (2015)

Kraus et al. (2014)

I R T ————
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Inhibitors Target enzyme  Pharmacological ~ Mechanism Indication  References
agents
DNMT inhibitor ~ DNA Aucitidine (approved)  Non-selective inactivating DNMTI, MDS, AML Borodovsky et al. (2013); Turcan
methyltransferases DNMT3A, and DNMT3B; Reversing the etal. (2013)

Decitabine (approved)

Guadecitabine
(phase-11T)

hypermethylation status in IDHI-mutant
glioma cells

KDM inhibitor

HDAC inhibitor

LSDI (Lysine
demethylase)

Histone deacetylases

ORY-1001 (phase-T)
GSK2879552 (phase-1)

Romidepsin (approved)
Vorinostat (approved)
Panobinstat (approved)
Belinostat (approved)

Inhibiting histone demethylation

Prompting histone acetylation; Reducing
glucose uptake, glycolytic flux, and lactate
metabolism

AML,
SCLC, MDS

Tecell
Lymphoma,
MM

NCT02913443
NCT02177812
NCT02034123

Wardell et al. (2009);
Alcarraz-Vizdn et al. (2010);
Amotdo et al. (2011); Rodrigues
etal. (2015)

SIRT activator

SIRT6 (Histone

Linoleic acid

Activating or inhibiting histone

Unknown

Feldman et al. (2013)

and inhibitor  deacetylases) Mideiicads deacetylation; Free fatty acid activates
yristic acid gE _
SIRTS that inhibits glycolysis
Oleic acid
miRNA miRNAs miRNA mimics miRNA reversed silenced miRNA function; ~ Unknown Meng et al. (2007); Gregersen et al
modulator miRNA-143 could inhibit glycolysis by (2012)

miRNA sponges

antisense
oligonucleotides

targeting hexokinase-1I 3'-UTR; Anti-
miRNA-21 could restore PTEN expression

DNMT, DNA, methyltransferase; KDM, lysine demethylase; HDAC, histone deacetylase; SIRT, sirtuin; miRNA, microRNA; MDS, myelodysplastic syndrome; AML, acute myeloid
leukemia; SCLC, small cell lung cancer; MM, multiple myeloma; 3'-UTR, 3'-untranslated region.
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Identifier Start year Combination therapy Conditions Phase Enrollment
Anti-epigenetics Anti-metabolism drug
drug
NCT02719574 2016 Azacitidine FT-2102 AML/MDS Ui 336
NCT02677922 2016 Azacitidine AG-120 AML i 131
NCT03173248 2017 Azacitidine AG-120 AML 11 148
NCT03471260 2018 Azacitidine AG-120 Hematologic malignancies 1711 30
NCT03683433 2018 Azacitidine AG-221 AML 1 50
NCT03684811 2018 Azacitidine FT-2102 Solid tumors and gliomas 1711 200
NCT04774393 2021 Decitabine AG-120/AG-221 AML i 84

AMIL: weomi ot hadkens

MDS spediniate syndiome DINMT. iilibitose Az

e. IDH, inhibitors: AG-120 (Ivosidenib); AG-221 (Enasidenib); FT-2102.
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Identifier Start year Combination therapy Conditions Phase Enrollment
DNMT inhibitors Checkpoint inhibitor
NCT02608437 2015 Guadecitabine Ipilimumab. Metastatic melanoma 1 19
NCT02530463 2015 Azacitidine Ipilimumab/Nivolumab MDS/Leukemia 1 160
NCT02957968 2016 Decitabine Pembrolizumab Breast cancer iy 3
NCT02890329 2016 Decitabine Ipilimumab MDS/AML 1 48
NCT02664181 2017 Decitabine Nivolumab NSCLC i 13
NCT03094637 2017 Azcitidine Pembrolizumab High-risk MDS iy 37
NCT03264404 2017 Azacitidine Pembrolizamab Pancreas cancer i 31
NCT03019003 2017 Azaci