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Gastric cancer (GC) is one of the deadliest malignancies worldwide. Complex disease heterogeneity, late diagnosis, and

suboptimal therapies result in the poor prognosis of patients. Besides genetic alterations and environmental factors, it has

been demonstrated that alterations of the epigenetic machinery guide cancer onset and progression, representing a

hallmark of gastric malignancies. Moreover, epigenetic mechanisms undergo an intricate crosstalk, and distinct

epigenomic profiles can be shaped under different microenvironmental contexts. In this scenario, targeting epigenetic

mechanisms could be an interesting therapeutic strategy to overcome gastric cancer heterogeneity, and the efforts

conducted to date are delivering promising results.
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1. Introduction

Gastric cancer (GC) represents one of the most challenging issues for medical oncology, with 1 million people affected

worldwide and patient 5-year survival rates ranging from 5% to 69%, depending on the stage of the disease at diagnosis

. Incidence and mortality rates are highly variable by region, as Eastern countries register higher morbidities. GC is

influenced by several risk factors such as diet, active tobacco smoking, and Helicobacter pylori infections, recognized as

the main risk factor for about 90% of newly diagnosed non-cardia gastric cancers . The disease is characterized by a

wide heterogeneity at the histopathological, onset location, and molecular levels, resulting in a complex scenario for

patients’ clinical management and prognosis. Current treatment algorithms for GC are not able to effectively face this

heterogeneity, thus creating a need for precision medicine strategies. Regarding genetic features, gastric cancers are

defined by remarkable epigenetic alterations playing an active role both at the early stages of carcinogenesis and in the

advanced disease. Several studies have highlighted the role of epigenetic dysregulation in GC onset and progression, in

particular focusing on which driver epigenetic mechanisms could be targeted as a therapeutic approach for GC treatment

. Despite this, to date no epigenetic therapies are available for GC clinical management, and given the importance of

the gastric epigenome as a main point for molecular pathogenesis and progression, effective epigenetic treatments could

open a new landscape for management of the disease.

2. Gastric Cancer

GC is the 3rd most diagnosed and the 5th deadliest malignancy worldwide, accounting for 1 in every 12 cancer-related

deaths . Even though the majority of GCs are histologically classified as adenocarcinomas, GC is a heterogeneous

disease that presents through different phenotypes, growth patterns, anatomic locations, and molecular characteristics,

and therefore different classification systems have been proposed.

2.1. Anatomical, Histological, and Molecular Classification of Gastric Cancer

Gastric carcinogenesis is triggered by the interaction of different risk factors, and emerges through sequential

histopathologic stages, including chronic gastritis, atrophic gastritis, intestinal metaplasia, dysplasia, and cancer . As

other luminal gastrointestinal organs, stomach cells undergo a rapid and continuous turnover, with the multipotent stem

cells residing at the top of the renewal pyramid and governing organ homeostasis . Hence, for their longevity and self-

renewal properties, it has been suggested that gastric stem cells could represent the GC cells of origin, being ideal targets

for the accumulation of genetic alterations and field cancerization, and the expansion of pro-tumorigenic mutant clones 

. Interestingly, it has been highlighted that pre-cancerous lesions are characterized by a distinctive epigenetic field

cancerization, mainly influenced by H. pylori infection .

Classification based on cancer anatomical location identifies cardia (gastroesophageal junction) and non-cardia (true

gastric) tumors, which also differ in terms of incidence, regional distribution, treatment, and prognosis . Recently,

Tumor-node-metastasis (TNM) staging stystem introduced further parameters to identify gastroesophageal carcinomas,
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taking into account the tumor epicenter and the location where the tumor mass extends .

The Lauren classification, based on histological features, divides GCs into diffuse-, intestinal-, and mixed type, depending

on tissue architecture and glandular patterns. Diffuse-type identifies non-cohesive and poorly differentiated tumors, with

no gland formation, while intestinal-type tumors are moderate to differentiated tumors, with glandular structure not strictly

related to a specific risk factor. Mixed type presents intermediate or characteristics from both previous types .

The successive WHO classification identifies five GC subtypes, mainly depending on the histological patterns of the

tumor, that is, tubular, papillary, mucinous, and poorly cohesive subtypes and rare variants have been identified. Tubular

carcinomas are characterized by low- to high-grade nuclear atypia with poorly differentiated cancer cells, distinguished

from the papillary subtype that presents with finger-like processes of cuboidal or cylindrical cells. Mucinous carcinomas

are so classified with the identification of 50% extracellular mucin, while poorly cohesive tumors have cancer cells alone

or organized in small aggregates; this subtype includes signet-ring cells tumors. The mixed tumors, as their name implies,

include a heterogeneous mix of the previous subtypes . 

The Cancer Genome Atlas (TCGA) program proposed the first molecular approach for GC classification. Genomic

profiling of 295 primary gastric adenocarcinomas identified 9% of Epstein–Barr virus (EBV) positive tumors, 22% of

microsatellite unstable, 20% of genomically stable, and 50% of chromosomally stable tumors . Interestingly, these

subgroups showed associations with histological subtypes and tumor locations, i.e., EBV positive tumors are mostly

located in the fundus or body of the stomach, with higher prevalence in men (81%); chromosomally unstable

adenocarcinomas are more frequent in the gastro-esophageal junction, whereas genomically stable tumors more often

present with diffuse-type histology. Another classification based on transcriptome molecular signature identified four

gastric cancer subtypes on the basis of clinically relevant features. Hypermutated tumors with microsatellite instability

(MSI), microsatellite-stable (MSS) tumors were divided into mesenchymal subtype and epithelial subtypes, furtherly

divided into MSS/TP53+ and MSS/TP53- .

2.2. Gastric Cancer Clinical Management

For early GC, surgery remains the best treatment option . Total or partial gastrectomy are the most common surgical

modalities, together with a lymphadenectomy . Pre-, peri- and post-operative chemotherapy approaches are

highlighted to improve the outcome of patients, since these treatments prolong the 5-year overall survival (OS) of patients

of 10-15% .

Survival of patients with metastatic disease is very poor, ranging from 4 to 12 months . A large set of cytotoxic

compounds are commonly used for treatment of advanced GC, such as fluoropyrimidines, platinum-based agents,

taxanes, epirubicin, and irinotecan. These were initially used as monotherapies, but randomized trials and a meta-analysis

showed a benefit in survival achieved by combination chemotherapy . To date, the most common cytotoxic strategy is

the combination of a fluoropyrimidine with a platinum-based compound .

On the basis of the results of the Trastuzumab for Gastric Cancer (ToGA) trial, trastuzumab plus chemotherapy has been

approved as a first-line therapy for patients carrying Her-2 amplification . To date, this is the only targeted therapy

approved in first-line treatment for GC management, and in recently published results from a phase 2 trial, the conjugate

trastuzumab deruxtecan led to significant improvement in response rates and OS in pre-treated GC patients . However,

this molecular targeted therapy is available only for patients with Her2 amplification/overexpression (no more than 20% in

frequency) . The VEGFR-2 inhibitor ramucirumab, even though it did not confer survival benefit as a first-line treatment,

was approved as a second-line treatment alone or in combination with paclitaxel, depending on the performance status of

patients, on the basis of the results of the REGARD and RAINBOW trials . Other precision medicine approaches

have been attempted or are still under investigation, e.g., targeting of EGFR, VEGFR, FGFR, or the HGF receptor c-Met,

but no significant improvements in OS of patients have been reached .

Immunotherapeutic strategies for GC are still under investigation, with some interesting emerging indicators of evidence

. It was reported that PD-L1 expression is related to patient prognosis and response to immune checkpoint inhibitors

(ICIs), and patients with EBV positive and MSI tumors could benefit from ICI treatment, for the increased number of neo-

antigens and consequent immunogenicity . However, none of these biomarkers has been validated, and results from

large clinical trials are needed to confirm the use of immunotherapy as a therapeutic option for gastric cancer treatment.
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3. Epigenetics of GC

Epigenetic alterations are recognized to be both early tumor-promoting and advanced-stage events in GC .

Environmental and genetic factors, such as diet, age, smoking, and chronic inflammation consequent to H. pylori and EBV

infections, are able to remodel gastric epigenetic machinery, actively paving the way for gastritis and ulcer development

until metaplasia, dysplasia, and tumor development . Another study analyzed the mutation status of 55 cancer-related

genes, and a total of 485,512 methylation spots (482,421 in CpG sites and 3091 in non-CpG sites), finding that epigenetic

aberrations could affect many cancer-related pathways . Thus, there is an increasing interest about GC epigenetic

events, aiming to better understand GC physiopathology and, more importantly, to find relevant targets for translational

medicine. In this context, recent investigations proposed new classifications of GCs based on different epigenetic profiles

rather than on somatic alterations subtyping, identifying gene methylation panels able to predict the prognosis of patients

and the risk of GC metastasis . In this section, we discuss the main histone and DNA epigenetic modifications

characterizing GC, while the role of non-coding RNAs and their potential therapeutic interest in gastrointestinal cancers

have been recently reviewed elsewhere .

3.1. DNA Methylation

Repeated CG dinucleotide sequences, often found in CpG islands (CGIs), are located in the promoter region of half of the

genes, playing a central role in gene expression regulation. Methylation occurring at the 5-position of cytosines within

CpG dinucleotides is a reversible process catalyzed by DNA methyltransferases (DNMTs), resulting in the formation of 5-

methylcytosine (5mC) and gene expression inhibition. The methylation process is reverted by ten-eleven translocation

(TET) proteins, that demethylate DNA oxidizing 5-mC to 5-hydroxymethylcytosine (5-hC), and can re-activate gene

expression . Through the TCGA molecular characterization, two subgroups of tumors with high methylation levels at

multiple loci emerged, both identified as CpG island methylator phenotype (CIMP). These subgroups showed distinct

methylation profiles and belong to EBV-positive tumors and the MSI subtype, referred to as gastric CIMP . As other

malignancies, GCs present global genomic DNA hypomethylation accompanied by focal hypermethylation. Generally,

global hypomethylation is responsible for proto-oncogene activation and genomic instability, whereas focal

hypermethylation has been implicated in turning off tumor suppressor genes.

Loss of oncosuppressor CDH1 is a major feature of GC. Promoter hypermethylation, loss of heterozygosity (LOH),

somatic mutations, and deletions affecting this gene have been related to both intestinal and diffuse GC, as well as

germline mutations are considered to be the genetic cause of hereditary diffuse GC . Interestingly, methylation of

CDH1 promoter has been found in 50% of hereditary diffuse GCs, and generally cooperates with genomic alterations,

acting as a “second hit” to definitively silence the gene . CDH1 hypermethylation is an early event in GC onset.

It has been strictly related to H. pylori infection , and has also clinical significance, being able to predict worse (OS)

and disease-free survival (DFS) of patients .

Important methylation-altered genes in GC are those involved in DNA mismatch repair (MMR) pathway. This process has

a central role in maintaining the stability of the genome , and its epigenetic deregulation has been highlighted in

various tumors including sporadic GC, while gene mutations affecting the main genes of the process are considered the

molecular fingerprint for hereditary gastric disorders (i.e., Lynch syndrome) . Methylation of promoter regions of MLH1
and MLH2 has been related to GC onset and progression in 108 GC specimens, and to chemoresistance to oxaliplatin

. Interestingly, methylation of MLH1 predicted poor OS for advanced-stage GC patients, especially when combined with

loss of oncosuppressor O(6)-methylguanine-DNA methyltransferase in two different cohorts of 135 and 68 GC patients

(MGMT), while it was found to be a biomarker of better prognosis in resectable GC patients . As expected, loss of

MLH1 is frequently observed in the gastric CIMP subgroup, having a strong relation with MSI tumors .

Several studies reported that aberrant methylation affects genes involved in cancer-related pathways able to influence the

prognosis of GC patients. These include hypermethylation of RASSF1A, involved in cell cycle regulation, hypomethylation

of HRAS, a component of RAS pathway , hypermethylation of the negative regulator of β-catenin/Wnt pathway

DKK3 , and hypomethylation of proto-oncogene c-MYC .

The CDKN2A gene encodes for p16, that inhibits CDK, resulting in cell cycle arrest, and has often been found as target

for promoter methylation in GC and other gastrointestinal and solid malignancies . Moreover, methylation of the

CDKN2A promoter was also found in gastric pre-cancerous lesions in association with H. pylori and EBV infections,

demonstrating that it could be implicated in gastric carcinogenesis . 

Even though RUNX3 is not frequently mutated in GC, the loss of RUNX3 is involved in GC development . The promoter

region of this gene was found hypermethylated in most of the patients affected by GC (75 GC patients), with respect to

cases of gastritis or non-neoplastic tissues (99 and 109, respectively) . Key epigenetically deregulated genes in gastric
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cancer are reported in Table 1.

Table 1. Key epigenetically dysregulated genes in gastric cancer.

Target                        Role                                                   Ref.

CDH1                          Cell–cell adhesion                             

MLH1, MLH2            DNA repair                                          

MGMT                       DNA repair                                         

DKK3                         Wnt signaling pathway regulation     

RADSSF1A               Cell cycle regulation                          

HRAS                         Component of RAS pathway            

c-MYC                       Transcription factor                            

CDKN2A                   Cell cycle regulation                           

 

DNA methylation is an enzymatic reversible process catalyzed by a family of DNMTs. DNMT1 is responsible for

maintaining the symmetrically methylated CGIs during DNA replication, with a role in genomic imprinting. DNMT3A and

DNMT3B are able to act as de novo DNA methyl transferases, whereas DNMT2 has been identified as a tRNA

methyltransferase . DNMTs play a pivotal role in gene transcription regulation during normal development, and

although expression itself does not necessarily mean increased functionality, aberrant DNMT expression has been related

to carcinogenesis in almost all malignancies, including GC, as inactivation of several tumor suppressor genes occurs in a

DNMT-dependent manner . 

Other studies focused on the different DNMT gene polymorphisms, finding conflicting results about possible associations

between specific a single-nucleotide polymorphism (SNP) and DNMT activity and prognosis of patients ,
with the DNMT1 rs16999593 variant emerging as associated with enhanced risk of GC development in two different meta-

analyses .

Multiple pathways in gastric carcinogenesis regulate DNMT expression. H. pylori and EBV infections result in chronic

inflammation within the gastric mucosa, affecting epigenetic machinery and modulating DNMT expression through the

release of oncogenic proteins such as CagA,and inflammatory responses mediated by tumor-associated macrophages

(TAMs) . Moreover, DNMT1 expression is regulated by the tumor suppressor APC through the downstream pathway

APC/β-catenin/TCF , and mutation or loss of APC may result in uncontrolled DNMT1 expression. Interestingly, while in

colon cancers the APC gene is recurrently affected by somatic mutations, it has been found that APC promoter

hypermethylation is a frequent event in GC patients, even though somatic mutations were also found in a small

percentage of patients .

3.2. Histone Modifications

Histones are a family of evolutionarily highly conserved basic proteins, which organize in octamers to wrap DNA into

nucleosomal structures. Nucleosomes are characterized by histones projecting their N-terminal tails that can be post-

translationally modified at single amino acid residues through different mechanisms. These include covalent modifications

such as methylation, acetylation, phosphorylation, ribosylation, ubiquitination, and sumoylation  that are able to

influence gene expression by changing chromatin accessibility to RNA polymerase II and transcription factors . In this

section, we discuss the two main histone modifications involved in gastric carcinogenesis which are also of interest for

epigenetic therapeutic targeting, namely histone methylation and histone acetylation.

3.2.1. Histone Methylation

Methylation of histone tails largely occurs at lysine residues, which could be mono- (me1), di- (me2), or tri-methylated

(me3). This reversible epigenetic mechanism is catalyzed by histone methyltransferases (HMTs) and reverted by histone

demethylases (HDMs). Histone methylation plays a dual role in gene expression regulation because, depending on the

specific amino acid residue and the number of methyl groups bound, this epigenetic mechanism leads to repression or

activation of gene transcription . DNA and histone methylation are paired and cooperating mechanisms, with DNMTs

and HMTs involved in an intense crosstalk impacting on chromatin conformation and accessibility . In fact, the H3K27
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methylating enzyme EZH2 is able to recruit DNMTs and, vice versa, DNMT1 and DNMT3a are able to bind the H3K9

histone methyltransferase KMT1A. Similar to DNA methylation, deregulation in histone modifications has been linked to

gastric carcinogenesis and tumor progression. High H3K9me3 levels have been associated with T stage and gastric

cancer recurrence, and it was also able to predict a worse prognosis of GC patients . One of the most studied HMTs is

EZH2, a Polycomb complex protein that methylates H3K27. This enzyme has been shown to interact with DNMTs and

shape a carcinogenic methylation profile, and it was found upregulated in many malignancies including GC, predicting

worse prognosis of patients and modulating the expression of E-cadherin in vitro .

In the last few years, several data reported the role of EHMT2 (G9a), the HMT targeting H3K9 and H3K27, in promoting

carcinogenesis of several malignancies and in predicting depth of infiltration, lymphatic invasion, TNM staging, and

prognosis of patients, including patients with GC . Inhibition of G9a in GC cell lines suppressed cell growth via cell

cycle arrest and autophagy. Interestingly, the authors of that study found a direct control of G9a on mTOR expression,

linked to mono- but not di-methylation of H3K9, which was decreased after G9a inhibition .  Recently, it was

demonstrated that upregulated G9a forms a functional complex with p300 and glucocorticoid receptor that induces the

expression of ITGB3. Interestingly, G9a catalytic activity is not needed for this effect, but this complex promotes cell

invasion and migration in GC cell lines, suggesting that it could be a tumor biomarker for targeted therapy .

3.2.2. Histone Acetylation

Acetylation at lysine residues of histone tails is an epigenetic mechanism that promotes euchromatin conformation and

gene expression activation. This reaction is catalyzed by a family of histone acetyltransferases (HATs), and reverted by

the so-called histone deacetylases (HDACs) . On the one hand, HATs are a large family of enzymes divided into three

main subfamilies, each one targeting a preferential substrate—the GNAT family mainly targets H3, the MYST family

mainly targets H4, whereas p300/CREB-binding protein targets both histones. Interestingly, it has been reported that

acetylation can also occur on non-histone substrates, a mechanism often affecting cancer-related pathways . On the

other hand, HDACs are divided into the following four classes: class I (HDAC 1, 2, 3, 8, with mainly nuclear localization),

class IIa and IIb (HDACs 4, 5, 7, and 9, and 6 and 10, respectively, with no preferential localization nucleus/cytoplasm),

class III (including the sirtuins), and class IV (HDAC 11) . Deregulation in HDAC expression has been linked to

carcinogenesis, as HDAC aberrant expression has been found in several malignancies in association with the silencing of

tumor suppressor genes . In GC, global hypo-acetylation has been linked to HDACs’ class I aberrant expression ,

and reduced levels of acetylated H4 have been found in 72% of 18 GC patients, significantly correlated with T stage,

tumor depth invasion, and lymph node metastasis . Noguchi et al. were able to correlate high levels of sirtuin1 (class

III HDAC) with advanced tumor progression and worse prognosis in a large case series of patients, and they also found

decreased levels of p53 expression and histone acetylation at H4K16 and H3K9 . Another evidence that HDACs could

prevent apoptosis in GC is provided by the capability of HDAC3 to directly downregulate PUMA (p53-upregulated

mediator of apoptosis) gene expression in GC cell lines, with the inhibition of HDAC3 thus restoring PUMA expression.

Moreover, the authors found elevated levels of HDAC3 in GC specimens, predicting a significant decrease in OS of

patients . Similar results were achieved by Feng and colleagues who found that downregulation of PUMA in GC

specimens was correlated with decreased OS of patients, and that HDAC3 inhibition alone was able to restore PUMA
expression and trigger p53-mediated apoptosis .

4.Current and New Epigenetic Strategies for Gastric Cancer Treatment

As epigenetic aberrations are a relevant hallmark in GC onset and development, several approaches for epigenetic

treatment have been proposed (Table 2). As occurs for other solid malignancies, and in spite of numerous preclinical

investigations, these therapies have not reached clinical practice yet, albeit there are some interesting emerging indicators

of evidence.

 

Table 2. Examples of preclinical and clinical evidences of epigenetic strategies for gastric cancer treatment.
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Abbreviations: 5-FU: 5-fluorouracil; DAC: decitabine; DMNT: DNA methyltransferase; GC: gastric cancer; HDAC: histone

deacetylase; HMT: histone methyltransferase; MNU: N-nitroso-N-methylurea; SAHA: suberoylanilide hydroxamic acid;

TSA: trichostatin A; VA: valproic acid.

 

To date, two classes of epigenetic drugs achieved the best results in experimental GC treatment, namely DNMT inhibitors

(DNMTi) and HDAC inhibitors (HDACi). DNMTi are distinguished into nucleoside (e.g., 5-azacitidine and 5-aza-dC or

decitabine (DAC)) and non-nucleoside (hydralazine) analogues, depending on their ability to integrate in the newly

synthesized DNA . Compounds from the former group are the only FDA-approved epigenetic monotherapies for the

treatment of hematological malignancies. However, their efficacy in solid tumors remains low. This poor performance may

be related to their high metabolic clearance in vivo and their instability within the acidic tumor microenvironment of solid

tumors . Nevertheless, more promising results in clinical trials have been achieved through combination therapies .

The therapeutic effect of 5-aza-dC was tested in H. pylori-positive gerbils, with a consistent diminution of GC incidence

and a decreased overall CGI methylation. Interestingly, treatment with 5-aza-dC induced diminished levels of IL-1β and

NOS2 and upregulation of TNF, a CGI-lacking gene not affected by methylation , suggesting that this treatment is able

to reprogram the H. pylori-dependent oncogenic chronic inflammation. The same cancer-preventing effect was

demonstrated in mice treated with carcinogen N-nitroso-N-methylurea (MNU), together with a restoration of the proto-

oncogenic axis Gdf1-SMAD2/3, frequently found activated in GC .

DAC was able to inhibit matrix metalloproteinases 2 and 9 (MMP-2 and MMP-9) activity through the upregulation of their

inhibitors TIMP-1 and TIMP-2 in vitro, reducing invasiveness of cells. More importantly, DAC treatment reduced the levels

of pAKT, implicated in tight junction dynamics and MMP activation . Another study tested the effect of DAC on 17 GC

cell lines, finding an increased reduction in cell growth in the 17 CIMP cell lines .

The great potential of DNMTi in GC stands in overcoming resistance in chemotherapy and radiotherapy treatments. In

fact, aberrant methylation patterns, especially in tumor suppressor genes involved in programmed cell death processes,

have been linked to chemoresistance to 5-FU, platinum-based and irinotecan treatments, and resistance to radiation

therapies . In this setting, priming with 5-azacitidine prior to standard chemotherapy has been investigated in a clinical

trial. Patients with resectable gastro-esophageal cancers were treated with the epigenetic agent prior to neoadjuvant

epirubicin–oxaliplatin–capecitabine, achieving an overall response rate of 67%, and 25% benefited of complete response.

Interestingly, the authors demonstrated hypomethylation of tumor-associated loci for all doses of 5-azacitidine, and that

hypomethylation levels tended to be associated with the therapeutic response . In another study conducted on five GC

cell lines, epigenetic treatments were also able to increase radiosensitivity in three of them, re-establishing the expression

of tumor suppressor genes involved in apoptosis . In this direction, further studies are needed to better understand the

interaction of epigenetic treatments and radiation therapy, given that these interesting results seem to be cell-type

associated. Thus, despite the described side effects of epigenetic agents , the combination of these with chemo- and

radiotherapy is a promising strategy and a hot topic for GC treatment, to maximize the potential of cytotoxic agents and

radiation therapy. In recent years, non-nucleoside epigenetic compounds are attracting growing interest, because of their

lower toxicity and the ability to bind and inhibit the catalytic domain of DNMTs, without integrating in DNA, and thus

avoiding the non-specific effects of nucleoside analogues .

In GC, most of the preclinical evidences of epigenetic treatment have been provided through HDAC inhibition. HDACi

compounds are biochemically divided into the following four classes: short-chain fatty acids, hydroxamates, cyclic

tetrapeptides, and benzamides .

Like DNMT inhibition, HDACi are able to synergize with chemotherapeutic agents  and radiation therapy . For

this reason, the ability of HDACi to act as priming drugs for chemotherapy agents was investigated. A recent study

showed that treatment of the GC cell line AGS with different HDACi prior to chemotherapy agents resulted in a better

binding of chemotherapies to chromatin, with lower doses needed to achieve maximum efficacy when the drugs were

administered in combination . However, data from a phase II clinical trial combining HDACi (Vorinostat) with

capecitabine–cisplatin in advanced GC patients showed an objective response rate of 42%, not appearing to improve the

clinical outcome of patients, and with a considerable rate of grade 3–4 adverse events .

Another preclinical study proved that HDACi treatment re-established the expression of tumor suppressor

genes PER1 and PER2, mainly known as circadian regulators, that are involved in cell cycle arrest, apoptosis, and loss of

clonogenic activity . Valproic acid, largely used as a anticonvulsant drug, has been recently studied for its HDACi

ability, and it was demonstrated to target HDAC1/2 and the HDAC1/PTEN/Akt axis in GC cell lines, inhibiting cell growth

and triggering apoptosis .

103. Lei, Z.; Tan, I.B.; Das, K.; Deng, N.; Zouridis, H.; Pattison, S.; Chua, C.; Feng, Z.; Guan, Y.K.; Ooi, C.H.; et al.
Identification of molecular subtypes of gastric cancer with different responses to PI3-kinase inhibitors and 5-fluorouracil.
Gastroenterology 2013, 145, 554–565.

104. Feng, L.; Pan, M.; Sun, J.; Lu, H.; Shen, Q.; Zhang, S.; Jiang, T.; Liu, L.; Jin, W.; Chen, Y.; et al. Histone deacetylase 3
inhibits expression of PUMA in gastric cancer cells. J. Mol. Med. 2013, 91, 49–58.

105. Yang, W.; Mok, M.T.S.; Li, M.S.M.; Kang, W.; Wang, H.; Chan, A.W.; Chou, J.L.; Chen, J.; Ng, E.K.W.; To, K.F.; et al.
Epigenetic silencing of GDF1 disrupts SMAD signaling to reinforce gastric cancer development. Oncogene 2016, 35,
2133–2144.

106. Niwa, T.; Toyoda, T.; Tsukamoto, T.; Mori, A.; Tatematsu, M.; Ushijima, T. Prevention of helicobacter pylori-induced
gastric cancers in gerbils by a DNA demethylating agent. Cancer Prev. Res. 2013, 6, 263–270.

107. Shin, D.Y.; Kim, G.Y.; Kim, C.G.; Kim, W.J.; Kang, H.S.; Choi, Y.H. Anti-invasive effects of decitabine, a DNA
methyltransferase inhibitor, through tightening of tight junctions and inhibition of matrix metalloproteinase activities in
AGS human gastric carcinoma cells. Oncol. Rep. 2012, 28, 1043–1050.

108. Zouridis, H.; Deng, N.; Ivanova, T.; Zhu, Y.; Wong, B.; Huang, D.; Wu, Y.H.; Wu, Y.; Tan, I.B.; Liem, N.; et al. Methylation
subtypes and large-scale epigenetic alterations in gastric cancer. Sci. Transl. Med. 2012, 4, 156ra140.

109. Hernández-Rosas, F.; Hernández-Oliveras, A.; Flores-Peredo, L.; Rodríguez, G.; Zarain-Herzberg, Á.; Caba, M.;
Santiago-Garcia, J. Histone deacetylase inhibitors induce the expression of tumor suppressor genes per1 and per2 in
human gastric cancer cells. Oncol. Lett. 2018, 16, 1981–1990.

110. Sun, J.; Piao, J.; Li, N.; Yang, Y.; Kim, K.Y.; Lin, Z. Valproic acid targets HDAC1/2 and HDAC1/PTEN/Akt signalling to
inhibit cell proliferation via the induction of autophagy in gastric cancer. FEBS J. 2019, 287, 2118–2133.

111. Dong, J.; Zheng, N.; Wang, X.; Tang, C.; Yan, P.; Zhou, H.-B.; Huang, J. A novel HDAC6 inhibitor exerts an anti-cancer
effect by triggering cell cycle arrest and apoptosis in gastric cancer. Eur. J. Pharmacol. 2018, 828, 67–79.

112. Fattahi, S.; Golpour, M.; Amjadi-Moheb, F.; Sharifi-Pasandi, M.; Khodadadi, P.; Pilehchian-Langroudi, M.; Ashrafi, G.H.;
Akhavan-Niaki, H. DNA methyltransferases and gastric cancer: Insight into targeted therapy. Epigenomics 2018, 10,
1477–1497.

113. Xiong, K.; Zhang, H.; Du, Y.; Tian, J.; Ding, S. Identification of HDAC9 as a viable therapeutic target for the treatment of
gastric cancer. Exp. Mol. Med. 2019, 51, 100.

114. Schneider, B.J.; Shah, M.A.; Klute, K.; Ocean, A.; Popa, E.; Altorki, N.; Lieberman, M.; Schreiner, A.; Yantiss, R.;
Christos, P.J.; et al. Phase I study of epigenetic priming with azacitidine prior to standard neoadjuvant chemotherapy
for patients with resectable gastric and esophageal adenocarcinoma: Evidence of tumor hypomethylation as an
indicator of major histopathologic response. Clin. Cancer Res. 2017, 23, 2673–2680.

115. Yoo, C.; Ryu, M.H.; Na, Y.S.; Ryoo, B.Y.; Lee, C.W.; Kang, Y.K. Vorinostat in combination with capecitabine plus
cisplatin as a first-line chemotherapy for patients with metastatic or unresectable gastric cancer: Phase II study and
biomarker analysis. Br. J. Cancer 2016, 114, 1185–1190.

116. Zhou, Z.; Li, H.-Q.; Liu, F. DNA Methyltransferase Inhibitors and their Therapeutic Potential. Curr. Top. Med. Chem.
2018, 18, 2448–2457.

117. Pirola, L.; Ciesielski, O.; Balcerczyk, A. The Methylation Status of the Epigenome: Its Emerging Role in the Regulation
of Tumor Angiogenesis and Tumor Growth, and Potential for Drug Targeting. Cancers 2018, 10, 268.

118. Qiu, H.; Yashiro, M.; Shinto, O.; Matsuzaki, T.; Hirakawa, K. DNA methyltransferase inhibitor 5-aza-CdR enhances the
radiosensitivity of gastric cancer cells. Cancer Sci. 2009, 100, 181–188.

119. Regel, I.; Merkl, L.; Friedrich, T.; Burgermeister, E.; Zimmermann, W.; Einwächter, H.; Herrmann, K.; Langer, R.;
Röcken, R.; Hofheinz, R.; et al. Pan-histone deacetylase inhibitor panobinostat sensitizes gastric cancer cells to
anthracyclines via induction of CITED2. Gastroenterology 2012, 143, 99–109.

120. Zopf, S.; Ocker, M.; Neureiter, D.; Alinger, B.; Gahr, S.; Neurath, M.F.; Di Fazio, P. Inhibition of DNA methyltransferase
activity and expression by treatment with the pan-deacetylase inhibitor panobinostat in hepatocellular carcinoma cell
lines. BMC Cancer 2012, 12, 386.

121. Curry, E.; Green, I.; Chapman-Rothe, N.; Shamsaei, E.; Kandil, S.; Cherblanc, F.L.; Payne, L.; Bell, E.; Ganesh, T.;
Srimongkolpithak, N.; et al. Dual EZH2 and EHMT2 histone methyltransferase inhibition increases biological efficacy in
breast cancer cells. Clin. Epigenet. 2015, 7, 84.

122. Lou, H.; Pan, H.; Huang, Z.; Wang, Z.; Wang, D.I. Inhibition of G9a promoted 5-fluorouracil (5-FU) induced gastric
cancer cell apoptosis: Via ROS/JNK signaling pathway in vitro and in vivo. RSC Adv. 2019, 9, 14662–14669.

[116]

[117] [117]

[106]

[105]

[107]

[108]

[72]

[114]

[118]

[112]

[85]

[98]

[113][119] [6]

[100]

[115]

[109]

[110]



A role for HDAC9 as a targetable biomarker has been recently proposed by Xiong et al., highlighting its aberrant

expression and a correlation with patients’ survival. Interestingly, the authors found that pharmacological targeting of

HDAC9 inhibits cell survival and induces cell cycle arrest with consequent apoptosis, synergizing with the effects of

cisplatin . Similarly, Dong et al. uncovered the anticancer effects of a specific HDAC6i, able to induce cell cycle arrest

and apoptosis. Moreover, the authors observed a decrease in neo-angiogenetic biomarkers and a loss in mitochondrial

membrane potential . Since not all epigenetic targets are equally expressed in GC, these are nice examples that

targeting a specific epigenetic effector could be a good strategy for better tailoring precision medicine and possibly

diminishing the side effects observed with pan-HDACi . In fact, the therapeutic mechanism of action of HDACi is not

fully understood, and HDACs have a wide range of targets, not only increasing histone acetylation, but also through a

plethora of antitumoral mechanisms, including direct cytotoxic effects . Interestingly, in a preclinical model of

hepatocellular carcinoma, treatment with an HDAC pan-inhibitor resulted in the downregulation of DNMT expression and

activity .

Considering the side effects of a pan-inhibition, and that epigenetic mechanisms often cooperate with each other to shape

an aberrant profile, a targeted dual inhibition of epigenetic mechanisms could be an attractive strategy to test in GC

models. A dual targeting of two HMTs, EZH2 and G9a, was performed in preclinical models of breast cancer. The authors

of that study demonstrated a global restoration of gene expression, and inhibition of cell growth. Moreover, they found that

the dual inhibition achieved the re-expression of a subset of genes that would not be re-expressed with a single agent

. Nevertheless, further studies are needed to assess the toxicity profile of such treatment. In GC cells, depletion of

HMT G9a  increased the chemosensitivity of cells to 5-FU . Moreover, G9a can be recruited by other epigenetic

inhibitors to exert autophagy-mediated apoptosis , and can form transcriptional regulator complexes with DNMTs,

maintaining an active crosstalk with these molecules . Moreover, Wozniak et al. demonstrated, in breast cancer cells,

that G9a is regulated by 5-aza-dC through a dose-dependent post-transcriptional mechanism, and the addition of siRNA

blocking both G9a and DNMT1 resulted in increased expression of tumor suppressor genes, suggesting that multiple

layers of epigenetic deregulation cooperate in a single cellular context . Dual inhibition of G9a and DNMT1 has been

successfully attempted in preclinical models of hepatocellular carcinoma. The effective antitumoral activity in vitro and in

vivo of the tested compound was demonstrated, with a synergistic effect with chemotherapy and other epigenetic drugs.

Interestingly, dual targeting of G9a and DNMT1 reprogrammed the metabolic adaptation to hypoxia of cancer cells, with a

diminished glucose intake and a general diminished expression of glycolytic enzymes . Similar to other malignancies,

GC is addicted to glucose consumption, aerobic glycolysis, and the establishment of an acidic microenvironment through

accumulation of lactic acid, resulting in a growth advantage for cancer cells via adaptation to hypoxia . In this scenario,

it could be useful to clarify how epigenetic targeting could remodel metabolic activity of cancer cells, forcing them to a less

advantaged condition and a less aggressive metabolic behavior.

In the era of immuno-oncology, GC has revealed to be a tumor with weak immunogenicity, and despite encouraging

results, the response rates in clinical trials with immune checkpoint inhibitors remain limited . In this setting,

emerging data on immunotherapy for GC highlight that expression of immune biomarkers is epigenetically regulated, and

that epigenetic mechanisms are able to predict clinical response to immune checkpoint inhibitors .

Moreover, the aberrant epigenome of GC was revealed to contribute to cancer immunoediting and to immune escape of

cancer cells . Conversely, activated immune cells were able to induce the downregulation of tumor suppressor genes

through DNMT1 recruitment and activation . Aberrant epigenome of cancer cells and an exhausted T-cell tumor

infiltrate are features deeply characterizing GC, and represent a possible walkable way for new treatment strategies.

Moreover, in CIMP gastrointestinal malignancies and other non-gastric tumors, epigenetic strategies targeting the cancer

epigenome could increase cancer immunogenicity likely to respond to immunotherapeutic agents by reprogramming the

tumor immune microenvironment. Moreover, a recent study in GC demonstrated that unresponsiveness to anti-PD-1

antibodies could be the result of epigenetic silencing of PD-L1 . Hence, in the near future, an attractive

approach could be a strategy to test the combination of epigenetic and immunotherapeutic agents in GC models.
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