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Abstract

Gastric cancer (GC) poses a serious threat worldwide with unfavorable prognosis
mainly due to late diagnosis and limited therapies. Therefore, precise molecular
classification and search for potential targets are required for diagnosis and
treatment, as GC is complicated and heterogeneous in nature. Accumulating
evidence indicates that epigenetics plays a vital role in gastric carcinogenesis and
progression, including histone modifications, DNA methylation and non-coding
RNAs. Epigenetic biomarkers and drugs are currently under intensive evaluations
to ensure efficient clinical utility in GC. In this review, key epigenetic alterations
and related functions and mechanisms are summarized in GC. We focus on
integration of existing epigenetic findings in GC for the bench-to-bedside
translation of some pivotal epigenetic alterations into clinical practice and also
describe the vacant field waiting for investigation.

Key Words: Gastric cancer; Epigenetics; Histone modifications; DNA methylation; Non-
coding RNAs
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Core Tip: Epigenetics plays a vital role in gastric carcinogenesis and progression. In
this review, key epigenetic alterations and related functions and mechanisms are
summarized in gastric cancer.
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INTRODUCTION

Gastric cancer (GC) is one of the most common malignant tumors of the digestive tract
and ranks as the fifth leading cause of morbidity and second leading cause of mortality
worldwide, posing a serious threat to all human beings[1]. Residents in South and East
of Asia including China, Japan and Korea are reported to have a higher risk of GC[2].
Due to the unconspicuous symptoms in the early stage of GC, many patients are first
diagnosed as advanced GC accompanied by tumor infiltration and metastasis. Despite
of combined treatment of surgery, chemotherapy, radiotherapy, and sometimes
targeted therapy and immunotherapy, GC still shows a poor prognosis with the 5-year
overall survival less than 30%[3,4]. Currently routine screening for GC is endoscopy
and histological examination, which is costly, invasive and often painful to patients.
Therefore, development of new or alternative methods for screening, diagnosis and
treatment to GC is of great clinical significance.

Epigenetics has been illustrated to be associated with the diagnosis and treatment of
GC patients. GC is highly complicated and heterogeneous in nature and often
genetically divided into familial and sporadic disease. Familial GC, constituting about
10% of GC patients, has a close connection to genetic alterations[5]. Sporadic GC (90%
of GC) is largely related to Helicobacter pylori (H. pylori) infection and evolves in a
canonical model of chronic inflammation, atrophy, intestinal metaplasia, dysplasia and
finally adenocarcinoma, which is characterized by typically epigenetic alterations but
scarce genetic changes across over the stages[6]. With rapid progress in epigenomics,
precise molecular classification towards GC seems admirable in research and clinical
medicine. In 2014, The Cancer Genome Atlas identified GC into four molecular
subtypes including Epstein-Barr virus (EBV) associated, microsatellite instable (MSI),
chromosomal instability (CIN), and genomically stable (GS)[7]. Apparently, GS means
the genome is stable in this type of GC[8]. Among the four classes, MSI patients have
the best overall prognosis and the lowest frequency of recurrence with high incidence
of gene mutations and DNA methylation. Patients in EBV-subtype are associated with
Epstein-Barr virus infection and have extremely high DNA methylation status. In the
patients with CIN subtype, the largest proportion of GC, is more prone to chro-
mosomal diseases such as chromosome rearrangement and aberration. Radically
distinct clinical outcomes are presented in different subtypes.

In this review, we mainly explore GC from an epigenetic view and summarize key
epigenetic alterations and related functions and mechanisms, with special attention to
histone modifications and the translational findings which guide us towards better
clinical utility.

HISTONE MODIFICATIONS

Nucleosome, as a major unit of chromatin, consists of wrapped DNA and a histone
octamer formed by two copies of H2A, H2B, H3 and H4 proteins[9]. Each histone
contains an accessible amino terminal tail rich in lysine, arginine, serine and threonine
residues, which is often modified post-translationally and the process is called
posttranslational modifications (PTMs). Studies have shown that histone PTMs in GC
mainly including acetylation, methylation, phosphorylation and ubiquitination are
involved in various pathophysiological cellular functions such as carcinogenesis,
inflammation and epithelial-mesenchymal transition (Figure 1)[10]. In recent years,
some new modifications, such as succinylation, sumoylation, butyrylation and
crotonylation, have been discovered in the occurrence and progression of other
gastrointestinal tumors, such as esophageal, colorectal, and hepatocarcinoma liver
cancer[11-14], which provide new insights in functions and mechanisms and even
therapeutic potential for cancer diagnosis and treatments. Notably, those new types of
histone modifications remain a vacant field in GC and thereby it may be an innovative
and interesting field to explore in the near future.
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Figure 1 Histone modifications in gastric cancer. Layers show different histone modifications. Blue panel: Modification types; Pink panel: Modified residues
and catalytic enzymes; Green panel: Epigenetic alterations sites; Yellow panel: Biological functions regulated by histone modifications. HAT; Histone acetylase;
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Histone acetylation

As the most common form of PTMs in GC, acetylation always occurs in N-terminal
lysine residues of histone H3 and H4 and is associated with chromatin remodeling,
regulation of transcription, translation and DNA repair. The acetylation of histones
catalyzed by histone acetylase (HATSs) transfers acetyl moieties from coenzyme A to
lysine residues, opens the chromatin structure and makes it accessible to transcrip-
tional factors, thus activating gene transcription. Instead, the histone deacetylase
(HDACs) removes the acetyl groups from histone and results in repression of
transcription. HATSs consist of three families including GCN5, MYST and p300/CBP,
while HDACs contain four classes including type I (HDAC 1,2,3,8), type II (HDAC
4,7,9,10), type III (SIRT 1-7) and type IV (HDAC 11)[15,16]. The reversible acetylation
and deacetylation processes mainly facilitate GC progression by activating oncogene
expression and silencing tumor suppressor gene expression.

Studies revealed that high H3K9Ac positive cells were associated with undifferen-
tiated GC, suggesting poor prognosis of GC[17]. Further, BMP8B was highly expressed
in GC tissues other than adjacent normal tissues, and reduced acetylation level of
BMPS8B loci on H3K9 and H4K16 influenced the development of poorly differentiated
gastric tumors[18]. Many genes encoding HATs, such as KAT2B and EP300, are often
genetically depleted or mutated in GC, and are significantly correlated with TNM
staging[19,20]. IFN-y-induced upregulation of histone H3 Lysine 9 acetylation (H3K9)
level in gene promoter accelerates the expression of B7-H1, which contributes to tumor
immune evasion in HGC-27 cells[21]. Wisnieski et al[22] demonstrated hypoacetylation
of histone H3 in the initiator domain of CDKN1A decreased its mRNA level and
reduced antitumor effect in GC. Besides, H. pylori-infection inhibited recruitment of
HAT p300 to the p27 promoter which caused the hypoacetylation status in histone H4,
then induced the downregulated p27 mRNA expression, and finally led to gastric
carcinogenesis[23].

Histone methylation

Histone methylation usually takes place on H3 and H4 Lysine or arginine residues,
catalyzed by histone methyltransferases (HMTs) and reversely controlled by histone
demethylases (HDMs). The methylation could be single or multiple methylations to
form mono-methylation (mel), di-methylation (me2) and tri-methylation (me3),
participating in the formation and maintenance of chromatin structure, DNA repair,
gene inactivation and transcription[24]. Methylations on different sites have different
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functions in regulation of gene expression. In general, methylation of arginine
residues, methylation of lysine H3K4 and H3K36, and monomethylation of H3K27 are
associated with gene activation, while methylation of H3K9, H3K79 and H4K20, and
dimethylation and trimethylation of H3K27 might cause gene silencing[25,26].

Specifically, repression of HDMs KDM5A and DPY300 subunits upregulated
H3K4me level, inhibiting GC cell proliferation[27]. However, overexpression of HDMs
LSD1 declined methylation of H3K4 in p21 promoter and repressed the transcription
of p21, resulting in progression of GC[28]. An assay of familial GC patients identified
INSR, FBXO24 and DOTIL as new susceptibility genes in diffuse gastric carcinoma, in
which DOTI1L was a histone methyltransferase involved in the mono, di and tri-
methylation of H3K79, suggesting the contributing role of H3K79 in gastric carcino-
genesis[29]. Methylation of H3K27 is well-investigated in GC. A paired-study of 117
GC patients showed that the level of H3K27me3 in GC and normal tissue was 56.4%
and 7.25%, respectively, which negatively correlated with GC overall survival[30].
Besides, knockdown of demethylases SETDB2 was found to accelerate the expression
of tumor suppressor genes WWOX and CADM]1, and significantly reduced cell
growth, migration and invasion in GC cells[31].

Histone phosphorylation

Histone phosphorylation is a dynamical process mediated by histone kinases and
phosphatases, in which the phosphate group is transferred from ATP to the histone
serine and threonine residues. There are several accessible sites in histone
phosphorylation including H1.4 Ser27, H2AX Ser139 ( also called y-H2AX), H3 Ser10,
H3 The3 and H4 Ser1[32,33]. Particularly, histone H3 is phosphorylated at Ser10
during mitosis in all eukaryotes and induction of phosphorylation in interphase has
been shown to correlate with chromosome condensation prior to mitosis[34]. Histone
phosphorylation functions as a switch on chromosomal folding, compression,
segregation, transcriptional regulation, cell signal transduction, cell apoptosis, and
DNA damage repair[35,36].

Histone phosphorylation frequently happens in H3 and H4 with a dual role in
cancer progression[32,33]. For instance, phosphorylated histone H3 at position of
serinel0 (H3510) by MSK1 promoted cell proliferation during gastric tumorigenesis via
the activation of downstream transcriptional factor NFATc2-related inflammatory
pathway[37]. H3510 phosphorylation also played a vital prognostic role in defining
negative resection margins in GC due to its lower expression in the surgical resection
margins[38]. A cohort of 122 GC patients further indicated phosphorylated histone H3
overexpression could be an independent prognostic factor[39]. Moreover, repression of
Aurora B-mediated H1.4 phosphorylation at Ser27, caused by Ras-ERK1/2 signaling,
evidently participated in the progression of GC[40].

Histone ubiquitination

Unlike the three types of histone modifications described above, histone ubiquitination
always works in the crosstalk with other modifications. Histone ubiquitination often
acts subsequently after histone acetylation and methylation or modifies the stability
and the activity of enzymes in these acetylation and methylation processes, which
endures a synergic effect on cell division, cell cycle, DNA damage and cell apoptosis in
GC[41]. When the histone, usually H2A and H2B, binds to one or several ubiquitins on
lysine residues, it is called mono- or poly- ubiquitination and tends to work in the
following three ways: Alterations of chromosome structure, recruitment and activation
of downstream proteins, and degradation in proteasome pathway[42]. Ubiquitination
is a reversible process in which ubiquitin is removed from polypeptides by deubiquit-
inases (DUBs), a superfamily of cysteine proteases and metalloproteases that cleave
ubiquitin-protein bonds[43,44].

Hahn et al[45] identified that ring finger proteins RNF20 and RNF40 constituted a
heterodimeric complex that functions as the E3 ubiquitin ligase for monoubiquit-
ination of histone H2B at lysine 120 (H2B-K120) and the tumor suppressor CDC73
exerted antitumor effect in GC through the maintenance of H2B-K120 monoubiquit-
ination. Besides, histone ubiquitination presents a therapeutic potential in GC as the
expression of ubiquitinated-H2B was significantly lower in the malignant tissues and
different differentiated tumors had variant levels of H2B ubiquitination[46].

DNA METHYLATION

In contrast to histone methylation, DNA methylation is a more frequent and compre-
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hensive epigenetic modification (Figure 2), mediated by DNA methyltransferase
(DNMTs) and demethylases. It refers to the transfer of the methyl group (CH3) from
S.adenosylmethionine to C5 and forms 5-methylcytosine[47,48]. DNA methylation
occurs in the dinucleotide CpG sequence, which may form CpG islands and dispersed
sequences. CpG islands exist in around 60%-70% of gene promoters in human and
consist of CpG core and shore area[49]. CpG core has a specific inhibitory effect on
methylation, while the shore area, also known as transitional CpG region, is variable
sites for dynamical alterations between hypomethylated and hypermethylated groups.
In normal cells, CpG islands are non-methylated and other CpG sequence are
methylated. Once stimulated by intrinsic or extrinsic factors, the methylation status
changed and caused alterations in gene transcription, and consequently lead to
tumorigenesis[48].

Aberrant DNA hypermethylation usually happens in the promoter of tumor
suppressor genes in GC like p16, RASSF1A and hMLH1. Hypermethylation inhibits
gene transcription by reducing binding to transcription factors, thereby impeding
DNA readability and resulting in gene silencing[50]. Specifically, alteration of
methylation in p16 promoter inhibited the cell cycle in G1 phase and induced 5-
fluorurazil chemo-resistance in GC[51]. Abnormal methylation of RASSF1A gene
promoter reduced RASSF1A expression, decreased cyclin D1 accumulation, and
arrested cell cycle. Consistently, GC patients presented evidently higher frequency of
aberrant methylation in RASSF1A promoter than control group, indicating the
potential of methylated RASSF1A promoter as a molecular marker for the diagnosis of
GC[52]. In addition to methylation alterations in promoter, hypomethylation at gene
body regions has a distinct association with transcription and gene hypomethylation
also exerts profound effects on cancer progression[53]. For instance, hypomethylation
of SAT-a and L1 was associated with shortened survival in advanced GC patients[54].
And Lineage-specific RUNX3 hypomethylation constituted the immune component in
GC and was associated with the early inflammatory, preneoplastic and tumor stages
[55]. Genome-wide methylation sequencing studies in GC identified both hypo- and
hyper-methylation events across the genome, suggesting a dual role of global genomic
methylation in the stages of gastric carcinogenesis[56].

H. pylori-induced DNA Methylation is a hot research area in the development of
GC. Numerous researches revealed that H. pylori, classified as Class I carcinogen by
WHO, induced and accumulated aberrant DNA methylation through continuous
chronic inflammation in gastric mucosae, and such high level of epigenetic field
defects increased the risk of gastric carcinogenesis[57]. For example, H. pylori infection
upregulated inflammatory response genes like IL-1B3, Nos2, and Tnf, and promoted the
infiltration of monocytes/macrophages with residual neutrophils in noncancerous
mucosae, which induced a large number of aberrant DNA methylation in tumor
suppressor genes and led to malignant transformation[58]. Eradication of H. pylori had
subtle influence on the decrease of DNA methylation in gerbils, while application of
immunosuppressive agent (e.g., cyclosporin A) and demethylation agent (e.g., 5-Aza-2-
deoxycytidine) could evidently reduce level of DNA methylation and prevent
development of GC[59,60]. Moreover, high levels of DNA methylation were found in
gastric biopsies of inflammatory and precancerous lesions, comparing to adjacent
normal tissue, and were also correlated with a greater risk of GC incidence[61]. H.
pylori-induced DNA methylation takes place in various genes involved in cell
adhesion, cell cycle, DNA damage repair, inflammation, and autophagy, which allows
intensive interfered targets of such epigenetic defects in diagnostic biomarker and
cancer prevention[58,62].

NON-CODING RNAS

Non-coding RNAs consist of microRNAs (miRNAs), long non coding RNAs
(IncRNAs), circular RNAs (circRNAs), small nucleolar RNAs (snoRNAs), small
interfering RNAs (siRNAs), etc.[63]. Since the first two non-coding RNA lineage
defective 4 (lin-4)[64] and lethal 7 (let-7)[65] were identified in 1993 and 2000,
researchers realized that in addition to protein, some RNAs lacking of protein-coding
regions, which are called non-coding RNAs, were still conserved functional molecules
and required for many biological processes. Among non-coding RNAs, miRNAs,
IncRNAs and circRNAs were found to have plenty of functions in GC (Figure 3),
including cell proliferation, cell cycle arrest, apoptosis, migration, invasion and chemo-
or radio-sensitivity[66,67].
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Figure 3 Non coding RNA in gastric cancer. The major mechanism and biological function of IncRNA, miRNA and circRNA in gastric cancer.

miRNAs

MicroRNAs are a class of small RNAs with 18-24 nucleotides and they repress
translation process and silence target gene through complementary binding with
3’untranslated terminal region (UTR) of mRNA[68]. A shaped understanding towards
miRNAs has been established in the past two decades due to numerous miRNAs
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Table 1 Important miRNAs and their targets and biological functions in gastric cancer

miRNAs Expression Targets Functions Ref.
miR-21 Up EMT Tumor growth, metastasis [89]
miR-183 Up UVRAG Cell proliferation, autophagy, apoptosis [90]
miR-765 Up BATEF2 Chemosensitivity [91]
miR-155 Up TP53INP1 Cell cycle, proliferation, migration [92]
miR-130b Up NFxB, p65 Cell proliferation, tumorigenesis [93]
miR-92a-1-5p Up FOXD1 Metaplasia [94]
miR-135b Up FOXN3/RECK Cell invasion, CSC-like properties [95]
miR-181a-5p Up AKT3 Cell proliferation, apoptosis, tumor growth [96]
miR-224 Up PAK4 Cell proliferation, migration [97]
let-7i Down COL1A1 Cell invasion, metastasis [98]
miR-146a Down - Cell migration [99]
MiR-12129 Down SIRT1 Cell cycle, proliferation [100]
miR-27b Down NR2F2 cell proliferation, tumor growth [101]
miR-140-5p Down NOTCH1 Cell proliferation, migration, apoptosis [102]
miR-34a Down Snail Cell proliferation, invasion [103]
miR-9 Down TNFAIPSL3 Cell proliferation, migration [104]
miR-195 Down HMGB1 Chemosensitivity [105]

arrays conducted in GC. Taking the largest scale of GC miRNAs array cohort for
example, a general miRNAs signature profiling was developed, in which 22 oncogenic
miRNAs and 13 tumor suppressor miRNAs were identified in 353 primary Japanese
gastric tumor samples. In this study, authors also revealed that different histological
subtypes had different miRNA signatures[69] as diffuse-type showed 2 folds of
proportion in upregulated miRNAs to intestinal-type GC. Specifically, low expression
of let-7g and miR-433 and high expression of miR-214 were associated with
unfavorable outcomes in GC patients[69]. MiRNAs have an edge on GC diagnosis
potential over other epigenetic factors because they alter quickly and are easy to be
detected in the early stage of GC. Yu et al[70] performed a miRNAs microarray in early
GC mouse model and the result showed that miR200-family promoted the initiation of
GC and the integration of miR200-family’s 15 target gene would provide superior
predictive sensitivity and specificity for overall survival compared with each early GC

indicator alone. Here we summarized the up- or down-regulated miRNAs in GC
(Table 1).

LncRNAs

LncRNAs are longer than 200 nucleotides and exert profound influences on multiple
biological functions through regulating transcription, chromatin remodeling and post-
transcriptional process[71]. They work mainly in three ways: (1) Interact with mRNA,
control transcription and regulate cellular signaling pathways; (2) Act as regulators of
splicing and mRNA decay; (3) work as molecular decoys for miRNAs; and (4) interact
with chromatin-modifying complexes or being a scaffold to maintain the structure of
nuclear speckles[72-74]. Numerous IncRNAs have been uncovered the role and related
mechanisms in GC. HOTAIR is a well-studied IncRNA and it is frequently overex-
pressed in GC, which may play a part in metastasis through following pathways: (1)
Being a sponge of miR-330[75] and miR-331-3p[76] to upregulate the downstream
targets; (2) Directly silencing HOXD[76] or miR34a expression[77]; (3) Regulating
Wnt/B-catenin and PI3K/ Akt pathways[77]; and (4) Inducing ubiquitination of Runx3
[78]. Therefore, HOTAIR was considered to be a potent diagnostic and prognostic
biomarker in GC. Most of IncRNAs in GC were found to be oncogenic, like H19,
MNX1-AS1, MALAT1, HULC, UCAL1, etc. However, some IncRNAs like CRNDE were
identified to inhibit GC progression. Here we summarized the up- or down-regulated
IncRNAs and the related targets and functions in GC (Table 2).
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Table 2 Important IncRNAs and their targets and biological functions in gastric cancer

LncRNAs Expression Targets Functions Ref.
MIAT Up miR-29a-3p/HDAC4 Cell proliferation, migration and invasion [106]
PANDAR Up CDKN1A Tumor growth [107]
FOXD2-AS1 Up EphB3 Tumorigenesis [108]
SMARCC2 Up miR-551b-3p/ TMPRSS4 Cell proliferation, migration [109]
H19 Up miR-519d-p/LDHA Aerobic glycolysis, proliferation, and immune [110]
escape
TINCR Up STAU1/CDKN2B Cell proliferation, cell cycle [111]
CCAT2 Up E-cadherin, LATS2 Cell proliferation, invasion [112]
AOC4P Up Vimentin, MMP9 Cell proliferation, migration, invasion [113]
CTC-497E21.4 Up miR-22-3p/NET1 Cell cycle, proliferation, invasion [114]
BANCR Up ERK1/2, NF-xB1 Cell proliferation, apoptosis, chemosensitivity [115,
116]
HOTTIP Up miR-216a-5p, miR-615-3p Chemosensitivity, cell proliferation, apoptosis [117,
118]
AC100830.4, CTC-501010.1, RP11- Up - Differentially expressed in GC and normal tissue ~ [119]
210K20.5
INHBA-AS1, CEBPA-AS1, AK001058 Up - Differentially expressed in GC and normal tissue  [120]
CYTOP Up miR-103/RAB10 Cell proliferation, migration, apoptosis [121]
NKX2-1-AS1 Up SERPINE1/VEGFR-2 Cell proliferation, angiogenesis [122]
NEAT1 Up miR-17-5p/ TGFBR2 Angiogenesis [123]
ZFAS1 Up EPAS1 Recurrence, metastasis [124]
TSPEAR-AS2 Up EZH2/GJA1, miR-1207- Tumor progression [125]
5p/CLDN4
TMEM92-AS1 Up YBX1/CCL5 Tumor progression [126]
CRNDE Down NEDD4-1/PTEN Chemosensitivity [127]
MEG3 Down miR-181a-5p/ ATP4B Cell proliferation, migration, apoptosis [128]
PCSK2-2:1 Down - Differentially expressed in GC and normal tissue  [129]
GNAQ-6:1 Down - Differentially expressed in GC and normal tissue  [130]
CTSLP4 Down Hsp90o/ HNRNPAB Cell migration, invasion, EMT [131]
CircRNAs
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CircRNAs are a novel class of conserved single-stranded RNA molecules derived from
exonic or intronic sequences by precursor mRNA back-splicing[79]. Compared to
linear RNAs, the circular structure of circRNAs confers enhanced stability to
exonuclease digestion[80]. Partially similar to IncRNAs, circRNAs could also act as
miRNAs sponge, regulators of alternative splicing and tools of sequestering functional
proteins in gene expression and posttranscriptional modification[81]. However, some
circRNAs were identified to encode functional proteins[82]. CircRNAs were reported
to exert influences on tumor growth, therapeutic resistance, recurrence and metastasis
[83]. GC-related sequencing data revealed a variety of circRNAs with pro- or anti-
tumor roles, including CircPVT1, CircRNA_001569, CircHIPKS3, etc. CiRS-7, one of the
mostly investigated circRNAs, is a sponge of miR-7. MiR-7 was known as a tumor
suppressor miRNA, while ciRS-7 was found to act in an oncogenic role by
antagonizing miR-7-mediated PTEN/PI3K/AKT pathway in GC. Overexpression of
ciRS-7 accelerated the progression of GC[84]. Undoubtedly, circRNAs are of great
value in research and are emerging as a rising star in the field of cancer biology and

therapy. We listed some important circRNAs, as well as their targets and functions in
Table 3.
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Table 3 Important circRNAs and their targets and biological functions in gastric cancer

circRNAs Expression Targets Functions Ref.
circFAM73A Up miR-490-3p/ HMGA2 Cell proliferation, migration, CSC-like properties, chemosensitivity [132]
circAFF2 Up miR-6894-5p/ ANTXR1 Cell proliferation, migration, invasion [133]
circHIPK3 Up miR-637 /AKT1 Tumorigenesis [134]
circVAPA Up miR-125b-5p/STAT3 Chemosensitivity [135]
circMAP7D1 Up HER2 Cell proliferation, apoptosis [136]
circ_0006282 Up miR-144-5p/YWHAB Cell proliferation, metastasis [137]
circ_0081146 Up miR-144/ HMGB1 Cell growth, migration, invasion [138]
circ. SMAD4 Up miR-1276/ CTNNB1 Tumorigenesis [139]
circNEK9 Up miR-409-3p/MAP7 Cell proliferation, migration, invasion [140]
circ_0004104 Up miR-539-3p/RNF2 Cell proliferation, metastasis, glutaminolysis [141]
circPVT1 Up miR-152-3p Chemosensitivity [142]
hsa_circ_0023409 Up miR-542-3p/ IRS4 Cell proliferation, metastasis [143]
circ_0044516 Up miR-149-5p/HuR Cell proliferation, migration, invasion, tumor growth [144]
circLMO7 Up miR-30a-3p/ WNT2 Cell growth, metastasis [145]
hsa_circ_0001829 Up miR-155-5p/SMAD2 Cell growth, metastasis [146]
circCUL3 Up miR-515-5p/STAT3/HK2  Cell proliferation, glucose consumption, lactate production, ATP quantity [147]
circTMEMS7A Up miR-142-5p/ULK1 Cell proliferation, metastasis [148]
circPTPN22 Down EMT Cell proliferation, migration, EMT, invasion [149]
hsa_circ_0004872 Down miR-224/Smad4/ADAR1  Cell proliferation, migration, invasion, tumor growth, metastasis [150]
hsa_circRNA_0009172 Down miR-485-3p/NTRK3 Cell proliferation, migration, invasion, tumor growth [151]
circ_002059 Down miR-182/ MTSS1 Cell proliferation, migration [152]
circ-ITCH Down miR-199a-5p/ Klotho Metastasis [153]
circCUL2 Down miR-142-3p/ ROCK2 Cell transformation, chemosensitivity, tumorigenesis [154]
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TRANSLATIONAL APPLICATION OF EPIGENETICS

Researches on epigenetics not only revealed the underlying mechanism of cancer
initiation and progression, but also provided novel diagnostic and prognostic
candidate biomarkers and therapeutic targets. To the best of our knowledge,
biomarkers in GC ranges from pivotal proteins, non-coding RNAs to plenty of
modifications with various specificity and sensitivity, as well as epigenetic liquid
biopsy, some of which have already shown favorable clinical utility (Table 4). Liquid
biopsy is a simple, fast and non-invasive alternative to surgical biopsies, as blood or
body fluid sample is always easy to collect. A sum of circulating tumor cells (CTCs)
and cell-free nucleic acids (cfNAs) including DNA, mRNA and microRNAs could be
detected in patient blood or body fluid[85]. Available information obtained from
liquid biopsy could help doctors with cancer diagnosis and evaluation of clinical
outcomes. Up to now, most of epigenetic liquid biopsies in GC were aberrant DNA
methylations such as 5-methylcytosine (5mC), 5-hydroxymethylcytosine (5hmC),
CDA40 and GHSR hypermethylation and they even could be used to identify specific
cancer types[86-88]. Moreover, CTCs were often detected based on miRNA or mRNA
PCR assay due to its low concentration in blood.

From the therapeutic perspective, targets involved in epigenetic modifications are
potential drug targets and they are mainly divided into two groups including enzymes
in histone acetylation (HAT or HDAC) and methylation (DNMT or DMT), and non-
coding RNAs (miRNA or IncRNA). Some epigenetic drugs have been approved by
FDA such as HDAC inhibitors (SAHA) in treatment of cutaneous T-cell lymphoma
and DNMT inhibitors (vidaza, decitabine) in treatment of myelodysplatic syndromes
[2]. However, most of epigenetic drugs are undergoing clinical or preclinical tests and
none of them were currently ready for clinical utility in GC. As the rapid development
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Genes Purpose Findings Ref.
RUNX3 Diagnosis/ prognosis Methylation status correlates with liver metastasis [155]
MLH1 Diagnosis/ prognosis Methylation status correlates with tumor stage [156]
RASSFIA Diagnosis/prognosis Methylation status correlates with advanced stage, and lymph node positivity [157]
MGMT Diagnosis/ prognosis Methylation status correlates with distant metastasis [156]
ANOS1 Diagnosis Expression correlates with tumor progression [158]
RPRML Prognosis Expression correlates with survival [159]
CTD-2510F5.4 Diagnosis/ prognosis Expression correlates with clinicopathological classification and survival [160]
IncRNA-GC1 Diagnosis Circulating exosomal level correlates with early detection and disease progression [161]
mesothelin Diagnosis Expression correlates with Peritoneal Recurrence [162]
MiR-379-5pMiR-410-3p Prognosis Expression correlates with metastasis [163]
S§100A9 Diagnosis /Prognosis Expression correlates with tumor aggressiveness [164]
Notch1/2/3/4 Prognosis Expression correlates with immune infiltration [165]
KAT2A Diagnosis Expression correlates with depth of tumor invasion and tumor stage [166]

Table 5 Examples of epigenetic drugs in gastric cancer

Drugs Targets Status Ref.
Clinical
Vorinostat + capecitabine + cisplatin HDAC Completed phase II test [167]
Vorinostat + folinic acid+ 5[ /fluorouracil+ HDAC Completed phase I test [168]
irinotecan
Azacytidine + DNMT Completed phase I test [169]
epirubicin/oxaliplatin/capecitabine
Cholecalciferol + HDACi HDAC Induce apoptosis in GC cells; Prevent bone loss in preliminary trials;  [170,
171]
Preclinical
SAHA HDAC Suppress proliferation, induce apoptosis, chemosensitivity in GC cells  [172,
173]
LBH589 HDAC Suppress proliferation, induce chemosensitivity [174,
175]
Resveratrol HAT, HDAC Suppress proliferation, invasion, tumorigenesis in GC cells [176,
177]
Curcumin HAT, HDAC Suppress viability, proliferation, migration, induce autophagy, [178,
apoptosis in GC cells 179]
Quercetin HAT, HDAC Induce apoptosis, cell cycle arrest in GC cells [180,
181]
Garcinol HAT, HDAC, Suppress oxidation, inflammation, tumorigenesis in GC cells [182,
SIRTUIN 183]
Sodium butyrate HAT, HDAC Induce apoptosis in GC cells [184]
Tenovin 6 SIRTUIN Induce apoptosis, autophagy in GC cells [185]
DZNEP HMT Suppress proliferation, apoptosis, invasion, induce apoptosis in GC [186,
cells 187]
GSK126 HMT Suppress proliferation, cell cycle angiogenesis EMT, tumorigenesis in ~ [188,
GC cells 189]
Compound 26 Lysine demethylase ~ Suppress growth, migration, invasion in GC cells [190]
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of GC epigenetics research in recent decades, it is of great significance to integrate
existing findings to ensure efficient translation applications (Table 5).

CONCLUSION

Accumulating evidence revealed the critical role of epigenetic alterations in cancer
initiation and progression. Herein, we comprehensively discussed the functions and
mechanisms of epigenetic factors in GC. Drugs targeted HAT, HDAC, DNMT are
undergoing preclinical and clinical trials, which is promising for improving the
efficacy and survival to GC. However, epigenetic studies in GC are still challenged by
lack of innovative findings in new types of histone modifications. Succinylation and
sumoylation, for instance, have already been reported to participate in tumorigenesis
and progression in other gastrointestinal cancers including esophageal, colorectal and
liver cancer. We believe combined technologies like single cell sequencing and
multiple protein omics sequencing will further broaden epigenetic investigation in
gastric malignancy and GC patients will benefit from numerous epigenetic drugs in
the future.
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