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ABSTRACT: This article systematically elaborates on the dual role of DNA methylation in the initiation and
progression of gastric cancer and its potential clinical applications in precision oncology. As a core epigenetic
mechanism, DNA methylation drives the multistage development of gastric cancer through the coordinated
dysregulation of genome-wide hypomethylation and promoter-specific hypermethylation, playing a key role in
chronic inflammation and epigenetic reprogramming, particularly in the context of Helicobacter pylori infection.
The article focuses on analyzing the central pathogenic mechanisms of DNA methylation, including the silencing
of tumor suppressor genes, induction of genomic instability, promotion of the CpG island methylator phenotype,
and facilitation of epithelial-mesenchymal transition. It further explores the clinical utility of DNA methylation as a
biomarker for early diagnosis, prognosis evaluation, recurrence monitoring, and prediction of therapeutic response in
gastric cancer. Moreover, the article reviews epigenetic therapeutic strategies represented by hypomethylating agents
and their potential and challenges when combined with chemotherapy or immunotherapy, envisioning an integrated
precision medicine model based on methylation profiling.
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1 Introduction

Gastric cancer stands as a formidable global health challenge, ranking among the leading causes of
cancer-related mortality worldwide [1]. Its high fatality rate is intrinsically linked to late-stage diagnosis
and the limited efficacy of conventional therapies for advanced disease [2]. This clinical reality underscores
an urgent need to deepen our molecular understanding of gastric carcinogenesis and to identify novel
strategies for early intervention and targeted treatment [3]. For decades, the quest to unravel the biology of
gastric cancer has largely navigated the terrain of genetic alterations, focusing on mutations, amplifications,
and deletions within the DNA sequence itself. While this genetic landscape provides a crucial blueprint, it
fails to fully explain the complex initiation and progression of the disease [4]. A significant piece of the
puzzle lies in the dynamic and reversible layer of regulatory information superimposed upon the genetic
code, a realm governed by epigenetics [5].

Among the various epigenetic mechanisms, DNA methylation reigns as a cornerstone, involving the
covalent addition of a methyl group to the cytosine base within cytosine-phosphate-guanine dinucleotide
sequences. This modification, meticulously orchestrated by DNA methyltransferases, does not alter
the primary DNA sequence but exerts profound control over gene expression patterns [6]. In normal

Copyright © 2026 The Authors. Published by Tech Science Press. This work is licensed under a Creative Commons Attribution 4.0 International
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.techscience.com/journal/or
http://www.techscience.com
http://doi.org/10.32604/or.2026.079753
https://www.techscience.com/doi/10.32604/or.2026.079753
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


2 Oncol Res. 2026;34(9):3

cellular physiology, DNA methylation plays pivotal roles in essential processes such as genomic imprinting,
X-chromosome inactivation, and silencing of transposable elements, thereby maintaining genomic stability
and cellular identity [7]. However, in the context of cancer, this precisely calibrated system becomes
profoundly dysregulated, contributing directly to malignant transformation. The aberration manifests as
a paradoxical and coordinated dual pattern [8]. On one edge of the sword, widespread genome-wide
hypomethylation occurs, particularly at repetitive elements and intergenic regions [9]. This loss of
methylation erodes genomic architecture, promotes chromosomal instability, and can inadvertently activate
latent proto-oncogenes and endogenous retroviral elements. On the opposing edge, a contrasting process
of focal, promoter-specific hypermethylation targets the CpG islands of numerous tumor suppressor genes.
This hypermethylation acts as a molecular switch, hermetically silencing critical genes involved in cell
cycle control, apoptosis, DNA repair, and cellular adhesion [10].

This double-edged dysregulation is not a random occurrence in gastric cancer but is often initiated
and perpetuated by chronic environmental insults, most notably infection with Helicobacter pylori [11].
This bacterial pathogen acts as a potent epigenetic disruptor, inciting a state of chronic inflammation
that remodels the methylome of gastric epithelial cells [12]. This process initiates a field defect, a
precancerous landscape of epigenetic alterations that sets the stage for the classic Correa cascade, the
stepwise progression from chronic gastritis through atrophy, intestinal metaplasia, dysplasia, and ultimately
invasive adenocarcinoma [13]. At each histological stage, specific DNA methylation marks accumulate,
serving as both drivers of malignant progression and potential biomarkers for risk stratification [14].

The discovery of distinct molecular subtypes of gastric cancer by comprehensive genomic profiling
efforts, such as those by The Cancer Genome Atlas, has further cemented the central role of epigenetics.
Notably, the Epstein-Barr virus positive subtype is characterized by an extreme degree of CpG island
hypermethylation, designated the CpG Island Methylator Phenotype, which silences a vast array of
genes [15]. Furthermore, methylation-mediated silencing of the MLH1 mismatch repair gene is a key
mechanism leading to microsatellite instability, another prominent molecular subtype with significant
therapeutic implications [16]. These insights transition the role of DNA methylation from a peripheral
phenomenon to a central pathogenic driver, intricately woven into the molecular fabric of gastric cancer
subtypes [17].

Beyond its fundamental role in tumorigenesis, the very properties that make DNA methylation
a potent driver of cancer also render it an exceptionally attractive target for clinical translation [18].
First, its chemical stability and the defined nature of CpG sites make methylation alterations highly
detectable and quantifiable biomarkers [19]. Second, unlike irreversible genetic mutations, abnormal
methylation patterns are, in principle, reversible, opening a therapeutic window for pharmacological
intervention. Consequently, the clinical relevance of DNAmethylation in gastric cancer is rapidly expanding
across a triad of applications [20]. In diagnostics, methylation signatures in tissues and, more recently, in
circulating cell-free DNA from blood liquid biopsies offer promise for non-invasive early detection and
monitoring. In prognostication, specific methylation profiles correlate with clinical outcomes, guiding
patient management [21]. Most excitingly, in therapeutics, drugs that inhibit DNA methyltransferases can
reverse silencing of tumor suppressor genes and immunogenic viral elements, potentially restoring drug
sensitivity and enhancing the efficacy of emerging immunotherapies [22].

Therefore, this review aims to comprehensively dissect the dual role of DNA methylation as a
double-edged sword in gastric cancer [23]. We will delve into the mechanisms by which methylation
aberrations orchestrate the multi-stage process of gastric carcinogenesis, from initial environmental insult
to metastatic dissemination [24]. We will then critically examine how this knowledge is actively shaping
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the frontier of precision oncology, focusing on the development of methylation-based biomarkers for early
detection and minimal residual disease monitoring, and on the strategic targeting of the methylome
in combination with conventional and immune-based therapies [25]. By synthesizing insights from
fundamental biology to clinical trials, this discussion seeks to illuminate the path toward integrating
epigenetic strategies into the holistic management of gastric cancer, ultimately aiming to turn this molecular
double-edged sword into a precise instrument for improving patient outcomes [26] (Fig. 1).

 

Figure 1: Comparison of DNA methylation in normal cells and gastric cancer cells. Figure Legend: Schematic
representation of the proposed relationship among H. pylori infection, altered DNA methylation patterns in gastric
mucosal cells, and progression to gastric cancer. Chronic infection with H. pylori is associated with dysregulated
methylation, including both hypermethylation (Hyper-Me) and hypomethylation (Hypo-Me) events, which may
contribute to the transformation of normal gastric mucosal cells into gastric cancer cells. Moderate methylation levels
are observed in intermediate or transitional states. The model highlights the potential role of epigenetic modifications
in H. pylori-induced gastric carcinogenesis. Original figure drawn independently using Adobe Illustrator (Version
29.7, Adobe Inc., USA, official website: https://www.adobe.com/).

2 The Cascade of Aberrant DNA Methylation in Gastric Carcinogenesis

2.1 H. pylori Infection and Chronic Inflammation

The development of gastric cancer is not a sudden event but a multistep, progressive cascade. At the
inception of this complex sequence, chronic infection and the ensuing inflammation play a pivotal role [27].
H. pylori infection, the strongest environmental risk factor, establishes a foundation for the epigenetic
remodeling and malignant transformation of the gastric mucosa by inducing chronic active gastritis that
can persist for decades [11]. This bacterium acts not merely as an inflammatory pathogen but as a potent
epigenetic disruptor. Among its virulence factors, particularly in pathogenic strains, cytotoxin-associated
gene A stands out as a core effector molecule responsible for inducing aberrant DNA methylation [4]. Upon
injection into gastric epithelial cells via a type IV secretion system, cytotoxin-associated gene A activates a
suite of critical intracellular signaling pathways, including nuclear factor kappa B and mitogen-activated
protein kinase cascades [28]. This signal transduction leads to the sustained production of pro-inflammatory
cytokines and directly or indirectly upregulates the activity and expression of DNA methyltransferases. The
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consequence is the de novo methylation of CpG islands within the promoter regions of specific genes [29].
The silencing of the mismatch repair gene MLH1 serves as a classic example, directly leading to the
emergence of the specific molecular phenotype known as microsatellite instability [30]. Furthermore,
other genes involved in cell cycle control and apoptosis, such as TYMS, frequently become early targets
of this bacterium-mediated methylation event [30]. Thus, through factors like cytotoxin-associated gene
A, H. pylori functions as a trigger for epigenetic reprogramming, setting gastric mucosal cells on a path
toward dysregulated gene expression [31].

A critical, yet often underappreciated, aspect of this process is the long-term persistence of certain
methylation marks, even after the successful eradication of H. pylori. The biological basis for this
persistence lies in the concept of epigenetic memory within long-lived gastric stem and progenitor cells.
Unlike differentiated epithelial cells, which are continuously shed and replaced, gastric stem cells possess
self-renewal capacity and extended lifespans, allowing acquired methylation patterns to be propagated
through multiple cell divisions. These cells serve as permanent reservoirs of epigenetic abnormalities: once
a methylation mark is established in a stem cell, it becomes heritable through DNA replication via the
maintenance methyltransferase DNMT1 [32].

Importantly, the reversibility of methylation changes upon H. pylori eradication is gene-specific and
context-dependent, demanding a clear distinction between reversible methylation changes and persistent
field defects. Reversible changes typically occur in differentiated gastric epithelial cells. When the
inflammatory trigger is removed, these short-lived cells are eventually replaced by newly differentiated,
non-methylated progeny, explaining why methylation of certain genes (e.g., CDH1, p16, COX2) can decrease
or disappear after successful eradication [29]. In contrast, persistent changes are those acquired in the
gastric stem/progenitor cell compartment. These self-renewing cells enable the stable propagation of
epigenetic abnormalities across generations, creating a permanent field defect. For instance, methylation
of MLH1 in patients with established intestinal metaplasia does not significantly change after eradication,
suggesting that certain events become “fixed” in advanced precancerous lesions [33].

Thus, the persistence of H. pylori-associated methylation is not a deterministic guarantee of malignant
progression but rather represents an increased risk state—an epigenetically primed field defect that creates
a permissive microenvironment for subsequent genetic hits. This nuanced understanding is clinically
important: it explains why eradication therapy significantly reduces but does not completely eliminate
gastric cancer risk, and it underscores the need for risk-stratified surveillance strategies targeting individuals
with evidence of persistent field defects [34].

This concept of a persistent, epigenetically altered field directly underpins field cancerization, wherein
histologically normal tissue harbors accumulated molecular abnormalities that confer elevated cancer
risk [35]. Field cancerization describes a histologically appearing normal tissue field that has already
accumulated molecular abnormalities, granting it a higher risk of malignant transformation. DNA
methylation markers serve as ideal indicators of such molecular defects [3]. Research shows that abnormal
methylation patterns similar to those in gastric cancer can be detected in gastric mucosa that has not
yet undergone histological cancerous change, particularly in individuals infected with H. pylori. These
methylation changes, such as silencing marks on tumor suppressor genes, persist as molecular scars. Even
after successful eradication of H. pylori, some methylation patterns may endure [36]. This persistence
explains why eradication therapy significantly reduces but does not completely eliminate gastric cancer
risk in previously infected individuals. These pre-existing, scattered epigenetic abnormalities across a
susceptible field constitute a fertile soil for cancer development [37]. In this sense, DNA methylation is
not only a driver of cancer but also an early molecular gauge that records and defines the precancerous
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field effect [38]. It provides a crucial clue for understanding how cancer gradually evolves from a field of
epigenetically damaged tissue and suggests that interventions targeting these early methylation events
may hold preventive value [39]. Therefore, the inflammation triggered by H. pylori and the accompanying
methylation reprogramming together form the irreversible opening movement in the carcinogenic cascade
of gastric cancer [40] (Fig. 1).

2.2 Evolution of the Methylation Landscape along the Correa Cascade

Following the initial insult by H. pylori, the gastric mucosa embarks on a well-defined pathological
journey known as the Correa cascade, a stepwise progression from chronic gastritis to invasive
adenocarcinoma. This histological transformation is paralleled and likely driven by a dynamic and
cumulative reprogramming of the DNA methylome. The methylation landscape does not shift abruptly but
evolves in a gradual manner, with specific alterations marking and potentially propelling each precancerous
stage [41].

The first significant step is chronic atrophic gastritis, characterized by the loss of specialized gastric
gland cells. This stage witnesses the emergence of a more pronounced and organized aberrant methylation
pattern. While the initial H. pylori-induced changes might be somewhat scattered, atrophy is associated
with the targeted silencing of genes crucial for normal gastric differentiation and function [42]. For instance,
genes involved in acid secretion and mucosal defense begin to show increased promoter methylation [43].
This epigenetic silencing contributes to the functional loss of the gastric epithelium, creating a permissive
microenvironment. Importantly, the degree of methylation at this stage, particularly in specific gene panels,
has been proposed as a quantitative biomarker to assess the extent of atrophy and stratify cancer risk,
offering a molecular mirror to the histological changes [44].

The process advances with intestinal metaplasia, where the gastric lining is replaced by intestinal-type
epithelium. This morphological shift is underpinned by a profound epigenetic switch. Methylation changes
during metaplasia often target promoters of genes that are key to maintaining gastric cell identity, effectively
silencing the gastric genetic program [45]. Concurrently, there is evidence of hypomethylation at loci
associated with intestinal differentiation, facilitating this cellular reprogramming [45]. The methylation
profile of metaplastic tissue becomes more complex and starts to overlap significantly with that of frank
carcinomas [46]. Certain methylation marks, such as the silencing of specific developmental transcription
factors, are so strongly associatedwithmetaplasia that they are considered hallmarks of this stage, solidifying
its role as a critical point of no return in the carcinogenic pathway [46].

The transition to dysplasia, or intraepithelial neoplasia, represents the penultimate stage before
invasion and is marked by overt cellular and architectural atypia. The methylation landscape at this stage
intensifies and converges toward a clearly neoplastic signature [47]. There is a marked increase in the
density and number of hypermethylated genes, particularly those involved in robust tumor suppression,
cell adhesion, and DNA damage response. The global hypomethylation that promotes genomic instability
also becomes more pronounced. This combination creates a powerful epigenetic drive for uncontrolled
proliferation and impaired DNA repair. In high-grade dysplasia, the methylation patterns are virtually
indistinguishable from invasive cancer, underscoring its status as a direct precursor [48]. The epigenetic
alterations in dysplasia are not merely passenger events but are functionally implicated in conferring the
hallmark capabilities of pre-malignant cells [49].

Finally, the culmination of this multistep process is invasive adenocarcinoma. The methylation profile
of the established carcinoma is a complex mosaic, reflecting its clonal evolution and heterogeneity [50].
It carries forward and amplifies all prior alterations: widespread promoter hypermethylation of tumor
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suppressor genes, extensive global hypomethylation leading to genomic chaos, and the characteristic CpG
Island Methylator Phenotype observed in specific molecular subtypes like EBV-positive tumors. New
layers of methylation dysregulation may also emerge, driving processes such as epithelial-mesenchymal
transition and metastasis through the silencing of cell adhesion molecules like E-cadherin. At this stage, the
methylome is both a historical record of the carcinogenic journey and an active engine of tumor progression,
maintaining the malignant phenotype and contributing to therapeutic resistance.

Importantly, while the Correa cascade provides an invaluable histopathological framework, recent
evidence cautions against viewing it as a universal or strictly linear sequence. First, an alternativemetaplastic
lineage—spasmolytic polypeptide-expressing metaplasia (SPEM)—has been identified as a parallel pathway
that may precede or coexist with intestinal metaplasia. SPEM arises from chief cell transdifferentiation
or stem cell reprogramming following parietal cell loss and, under chronic inflammatory conditions, can
progress to dysplasia independently of the classic intestinal metaplasia route [51]. Second, genomic
profiling studies have revealed that molecular alterations do not always accumulate in a stepwise fashion.
For instance, TP53 mutations can already be detected at the low-grade intraepithelial neoplasia stage, and
intestinal metaplasia shows no significant mutational correlation with early gastric cancer in some cohorts,
suggesting that the “point of no return” may occur earlier than traditionally appreciated and that different
precursor lesions may give rise to cancer through convergent evolution [52]. Third, mixed-type gastric
cancer (exhibiting both intestinal and diffuse features) demonstrates intratumoral heterogeneity that cannot
be explained by a single linear trajectory [53]. These nuances do not invalidate the Correa cascade but
rather enrich our understanding of gastric carcinogenesis as a complex, multi-pathway process [51]. They
also have direct clinical implications: biomarker panels must account for pathway heterogeneity, early
detection strategies might target SPEM as an earlier intervention point, and precision oncology approaches
need to accommodate both convergent and divergent evolutionary dynamics [54].

The sequential and additive nature of methylation changes across the Correa cascade provides
compelling evidence that epigenetic dysregulation is a fundamental driver, not a late consequence, of
gastric neoplasia [55] (Fig. 2).

 

Figure 2: Cascade reaction and key mechanism of abnormal DNA methylation driving gastric cancer occurrence.
Timeline depicting the stepwise pathological progression of gastric carcinogenesis (Correa cascade) from normal
mucosa to gastric cancer (GC). Arrow 1 (between Normal mucosa and Chronic Gastritis): Indicates the initiation of
the Correa cascade, where H. pylori infection triggers the first wave of epigenetic alterations (e.g., MLH1 promoter
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methylation) even before overt histological changes. Arrow 2 (between Chronic Gastritis and Atrophy): Represents
the progression of both pathological severity and methylation burden, marking the transition to chronic atrophic
gastritis. Arrow 3 (between Atrophy and Intestinal Metaplasia): Denotes the critical transition point, where epigenetic
silencing (e.g., E-cadherin) drives cellular reprogramming toward an intestinal phenotype. Arrow 4 (between Intestinal
Metaplasia and Dysplasia): Signifies the acceleration of epigenetic dysregulation, characterized by increasing global
hypomethylation and CIMP emergence, propelling the mucosa toward frank neoplasia. The four upward arrows
between successive stages collectively indicate the progressive, unidirectional, and cumulative nature of the Correa
cascade. Beneath each histopathological stage, key epigenetic alterations driven by H. pylori infection are shown.
These methylation events accumulate progressively: H. pylori-induced promoter methylation of genes, including
MLH1, occurs during chronic gastritis; E-cadherin gene silencing arises at the intestinal metaplasia stage. In advanced
stages, global genomic hypomethylation and the CpG island methylator phenotype (CIMP) become prominent,
accompanied by activation of inflammatory pathways such as NF-κB and MAPK cascades, and inactivation of
tumor suppressor genes, including TYMS. The figure illustrates the integration of histopathological progression with
underlying epigenetic and molecular mechanisms in gastric cancer development. Original figure drawn independently
using Adobe Illustrator (Version 29.7, Adobe Inc., USA, official website: https://www.adobe.com/).

2.3 Epstein-Barr Virus Infection as a Potent Epigenetic Driver

While H. pylori represents the most prevalent bacterial risk factor for gastric cancer, viral pathogens
also play a significant etiological role, with Epstein-Barr virus (EBV) being the most well-characterized.
EBV-associated gastric cancer (EBVaGC) accounts for approximately 8–10% of all gastric cancer cases
globally and exhibits a distinct molecular landscape defined by extreme epigenetic dysregulation [15].

Unlike H. pylori, which induces a gradual accumulation of methylation changes over decades, EBV
infection drives a more profound and rapid epigenetic reprogramming. The virus establishes latent infection
in gastric epithelial cells, during which viral latency proteins (such as LMP2A and EBNA1) and non-coding
RNAs (including EBERs and BART miRNAs) interact with the host epigenetic machinery. These viral factors
recruit DNA methyltransferases (DNMTs) to specific genomic loci, leading to widespread and concerted
CpG island hypermethylation [56].

This process results in the CpG Island Methylator Phenotype (CIMP), which is most extreme in
EBVaGC. The hypermethylation landscape in these tumors silences a vast array of tumor suppressor genes,
including TYMS (p16), PTEN, and the mismatch repair gene MLH1, contributing to genomic instability and
uncontrolled proliferation. Notably, EBV-mediated methylation also frequently targets genes involved in
immune signaling, paradoxically contributing to immune evasion while simultaneously rendering these
tumors exquisitely sensitive to immune checkpoint inhibitors. The high PD-L1 expression characteristic
of EBVaGC, partly driven by epigenetic mechanisms, further supports the clinical observation that these
patients derive substantial benefit from immunotherapy.

Thus, EBV infection represents a paradigm of pathogen-driven epigenetic oncogenesis, distinct from
but complementary to the H. pylori-induced field defect. The recognition of EBVaGC as a distinct molecular
subtype with a unique methylation signature has profound implications for diagnosis, prognosis, and the
selection of targeted immunotherapeutic strategies.

3 Key Pathogenic Mechanisms

The aberrant DNAmethylation patterns observed across the gastric carcinogenesis cascade are notmere
epiphenomena but act through distinct, powerful mechanisms to confer hallmark cancer capabilities [57].

https://www.adobe.com/
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These mechanisms operate in concert, dismantling cellular defense systems and activating pro-tumorigenic
processes, thereby solidifying the role of the methylome as a central oncogenic driver.

3.1 Tumor Suppressor Gene Silencing

A principal oncogenic consequence of promoter-specific hypermethylation is the heritable
transcriptional silencing of tumor suppressor genes [58]. However, it is critical to recognize that this
relationship is neither binary nor absolute. In gastric cancer, as in other malignancies, promoter methylation
patterns are frequently incomplete and heterogeneous, with individual CpG sites within a given promoter
showing variable methylation levels across different tumor cells and even within the same tumor due
to subclonal evolution [59,60]. Complete methylation of all CpG residues in a promoter region is not
required for functional effects; rather, methylation at critical regulatory sites can be sufficient to impair
transcription factor binding [61]. Moreover, the functional consequences of promoter methylation are
profoundly contingent on the pre-existing chromatin context. A particularly instructive finding comes from
studies of Polycomb group protein (PcG)-marked promoters. Promoters marked by PcG proteins in normal
tissues are preferentially targeted for de novo hypermethylation in cancer, yet—paradoxically—frequently
remain transcriptionally active [62,63]. This “PcG+ paradox” indicates that methylation’s repressive effect
is not absolute but contingent on the underlying chromatin landscape. Furthermore, DNA methylation
does not operate in isolation; transcriptional silencing often requires the concerted action of promoter
hypermethylation with repressive histone modifications (e.g., H3K27me3) and the absence of active marks
(e.g., H3K4me3) [64,65]. With these complexities acknowledged, several genes stand as well-validated
examples of methylation-associated silencing in gastric cancer. RASSF1A, a key regulator of microtubule
stability and apoptotic signaling, is frequently methylated in gastric tumors [11]. Its silencing disrupts
mitotic progression and impairs the cellular response to pro-apoptotic signals, promoting unchecked
proliferation. Similarly, the runt-related transcription factor 3, RUNX3, a crucial regulator of transforming
growth factor beta-induced growth inhibition and apoptosis, is commonly inactivated via methylation [4].
Loss of RUNX3 function renders cells insensitive to growth-suppressive cues. The CDH1 gene, encoding
the cell adhesion protein E-cadherin, represents another critical target. Its methylation-mediated silencing
is a pivotal event in the loss of epithelial cohesion, directly facilitating cellular detachment, invasion,
and the initiation of metastasis. Finally, methylation of the MLH1 promoter is a cornerstone event in a
subset of gastric cancers [66]. MLH1 is essential for DNA mismatch repair, and its silencing leads to high
microsatellite instability, a phenotype characterized by widespread mutations and which carries significant
implications for prognosis and therapy response [67]. The collective silencing of these and numerous other
gatekeeper genes across diverse pathways creates a permissive cellular environment for tumorigenesis
(Table 1).

DNA methylation plays a direct and instrumental role in facilitating cancer spread by driving the
epithelial-mesenchymal transition (EMT). EMT is a developmental program co-opted by carcinoma cells
to lose epithelial features like adhesion and polarity and gain migratory, invasive mesenchymal traits.
Hypermethylation serves as a stable switch to silence critical epithelial maintainers. The silencing of the
CDH1 gene, which encodes E-cadherin, is the canonical example, leading to the dissolution of adherens
junctions. Beyond E-cadherin, hypermethylation targets other epithelial integrity genes, such as those
encoding cytokeratins and components of tight junctions. This coordinated epigenetic repression enables
cells to detach from the primary tumor, invade the surrounding stroma, and ultimately metastasize.
The stability of methylation marks ensures that these pro-metastatic phenotypic changes are heritably
maintained in disseminating tumor cells, contributing to the establishment of lethal secondary tumors.
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Table 1: Key tumor suppressor genes silenced by promoter hypermethylation in gastric cancer.

Gene Functional Pathway Methylation Frequency in GC Clinical Association Reference

RASSF1A
Apoptosis, Microtubule Stability,

Cell Cycle High (40–60%) Associated with poor differentiation, advanced stage; an
independent prognostic factor for poorer survival. [68]

RUNX3
TGF-β Signaling, Apoptosis,

Growth Inhibition High (30–70%) Correlates with tumor progression, lymph node metastasis,
and serves as a prognostic marker. [69]

CDH1 (E-cadherin) Cell-Cell Adhesion, Invasion
Suppression

Variable (20–50%, higher in
diffuse-type)

Hallmark of diffuse-type GC; strongly linked to EMT,
invasion, and hereditary diffuse GC. [70]

MLH1 DNA Mismatch Repair ~15–20% of sporadic GC
Causative for MSI-H phenotype; biomarker for

immunotherapy response and favorable prognosis in
early stages.

[71]

TYMS (p16) Cell Cycle Control (G1/S
checkpoint) High (30–50%) Associated with Lauren intestinal type; early event in

carcinogenesis; prognostic marker. [72]

SFRP1/2 WNT Signaling Pathway
(Extracellular Inhibitor) High (SFRP1: ~50%; SFRP2: ~40%) Frequent early event; leads to constitutive WNT activation;

associated with poor prognosis. [73]

DAPK Apoptosis, Autophagy Moderate to High (30–60%) Associated with advanced stage, metastasis, and poorer
survival; a potential therapeutic target. [74]

MGMT
DNA Repair (Alkylation

Damage) Moderate (20–40%) Predicts sensitivity to alkylating agents (e.g., temozolomide);
associated with specific mutation signatures. [75]

CHFR Mitotic Checkpoint, Cell Cycle Moderate (~30–50%) Associated with chromosomal instability; potential predictor
of taxane sensitivity. [76]

RASSF2 RAS Signaling Inhibitor,
Apoptosis Moderate (30–50%) Member of the RASSF family; correlates with tumor size and

advanced stage; cooperative role with RASSF1A. [77]

Note: EMT, epithelial-mesenchymal transition; GC, gastric cancer; MSI-H, microsatellite instability-high; dMMR, mismatch repair-deficient; TGF-β, transforming growth factor-beta.
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Context-Dependent Consequences of Promoter Methylation

The functional impact of promoter methylation depends critically on several layers of context, moving
beyond a simple binary model.

CpG island versus non-CpG island promoters. Promoters can be stratified by CpG density. CpG
island promoters, typically unmethylated in normal cells, show increased methylation in cancer—a feature
associated with transcriptional repression of tumor suppressors. In contrast, non-CpG island promoters,
normally methylated in healthy tissues, often become hypomethylated in tumors, potentially activating
oncogenes [78,79]. The functional consequences thus differ fundamentally based on promoter type.

Polycomb group protein occupancy as a modifier. As discussed above, PcG+ promoters exhibit a
paradoxical resistance to methylation-induced silencing [62]. Single-cell analyses have revealed that within
a single tumor, subpopulations of cells can harbor distinct methylation patterns at the same locus, leading
to heterogeneous gene expression that may facilitate adaptation and therapeutic resistance [59].

Cooperative epigenetic mechanisms. DNA methylation does not operate in isolation. The combination
of promoter hypermethylation with repressive histone modifications (e.g., H3K27me3) creates a more
stable silencing state than either modification alone [64]. In gastric cancer, studies have demonstrated that
transcriptional silencing can require both epigenetic layers [65].

These contextual dependencies have profound implications for interpreting methylation data.
Methylation of a promoter does not guarantee gene silencing; the functional outcome depends on
methylation density, location of methylated CpGs relative to transcription factor binding sites, and
chromatin state [80]. Future studies must move beyond binary methylation calls toward quantitative,
context-aware assessments.

3.2 Genomic Instability

Opposing the focal hypermethylation is a genome-wide loss of methylation, particularly at repetitive
DNA elements such as Long Interspersed Nuclear Element 1 sequences. This global hypomethylation
erodes genomic architecture. In normal cells, methylation of these repetitive sequences suppresses their
recombination and transposition [81]. Their demethylation in gastric cancer leads to chromosomal
instability, including translocations, deletions, and amplifications. Furthermore, hypomethylation can
directly activate silenced proto-oncogenes or facilitate their overexpression by altering chromatin structure
at their regulatory regions. This combination of increasedmutational burden from structural rearrangements
and the aberrant activation of growth-promoting genes creates a potent engine for genetic diversity and
clonal evolution, fueling tumor heterogeneity and adaptation [82].

3.3 CpG Island Methylator Phenotype

A subset of gastric cancers exhibits a concerted hypermethylation of numerous CpG islands, a feature
termed the CpG Island Methylator Phenotype. CIMP is not a random event but is tightly linked to specific
molecular etiologies [83]. It is most prominently and intensely observed in Epstein-Barr virus-positive
gastric cancers, where viral factors are thought to drive widespread epigenetic silencing. CIMP is also
a hallmark of microsatellite unstable tumors, often initiated by the methylation-mediated silencing of
the MLH1 gene [84]. This phenotype represents an extreme form of epigenetic dysregulation, where the
simultaneous silencing of hundreds of genes, many involved in development and differentiation, defines a
distinct biological and clinical subgroup with unique vulnerabilities.
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3.4 Epithelial-Mesenchymal Transition and Metastasis

DNA methylation plays a direct and instrumental role in facilitating cancer spread by driving the
epithelial-mesenchymal transition. EMT is a developmental program co-opted by carcinoma cells to lose
epithelial features like adhesion and polarity and gain migratory, invasive mesenchymal traits. Methylation
serves as a stable switch to silence critical epithelial maintainers. The silencing of the CDH1 gene, as
mentioned, is the canonical example, leading to the dissolution of adherens junctions. Beyond E-cadherin,
methylation targets other epithelial integrity genes, such as those encoding cytokeratins and components
of tight junctions. This coordinated epigenetic repression enables cells to detach from the primary tumor,
invade the surrounding stroma, and ultimately metastasize [85]. The stability of methylation marks
ensures that these pro-metastatic phenotypic changes are heritably maintained in disseminating tumor
cells, contributing to the establishment of lethal secondary tumors [81].

3.5 Mechanistic Relationship between Hypermethylation and Hypomethylation

A critical conceptual question arising from the dual dysregulation of the methylome is whether
promoter-specific hypermethylation and global hypomethylation represent mechanistically linked events
or parallel, independent phenomena. Is the relationship between hypermethylation and hypomethylation
a linear progression or an alternative evolution model?This distinction has important implications
for understanding the fundamental biology of gastric carcinogenesis and for developing rational
therapeutic strategies.

3.5.1 Linked or Parallel Phenomena?

Accumulating evidence suggests that these two processes may arise through partially distinct molecular
mechanisms. Promoter CpG island hypermethylation is primarily driven by the aberrant recruitment of
DNA methyltransferases (DNMTs) to specific genomic loci. Many hypermethylated genes in gastric cancer
are normally marked by polycomb repressive complex (PRC) components in embryonic stem cells, and
this “bivalent” chromatin state may predispose them to aberrant methylation in cancer [83]. In contrast,
global hypomethylation, particularly at repetitive elements such as LINE-1 sequences, is associated with
inadequate maintenance of methylation during DNA replication, potentially due to age-related declines in
DNMT1 fidelity or replication stress [81].

Despite their independence, emerging evidence suggests potential mechanistic links between these
two phenomena. First, the genomic instability driven by global hypomethylation may indirectly promote
hypermethylation by disrupting the expression or function of epigenetic modifiers. Second, both processes
may converge downstream of common upstream drivers. Chronic inflammation induced by H. pylori
infection, for instance, can simultaneously upregulate DNMT expression (promoting hypermethylation)
and induce oxidative stress that impairs maintenance methylation (contributing to hypomethylation) [31].
Third, the two processes may be temporally coordinated: hypermethylation of specific tumor suppressor
genes often occurs early in carcinogenesis, establishing a “field defect,” while global hypomethylation tends
to accumulate progressively with advancing disease stage.

3.5.2 Linear vs. Alternative Evolutionary Models?

The aberrant DNA methylation patterns observed across the gastric carcinogenesis cascade are
not mere epiphenomena but act through distinct, powerful mechanisms to confer hallmark cancer
capabilities. Importantly, these mechanisms do not operate in a simple linear sequence—with promoter
hypermethylation preceding global hypomethylation—but rather reflect a coordinated, often simultaneous,
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reprogramming of the methylome. Recent comprehensive methylome analyses have revealed that
CpG island hypermethylation and CpG-poor region hypomethylation are not independent events but
represent a coordinated epigenetic landscape that emerges simultaneously from the early stages of
neoplastic transformation. In normal-appearing gastric mucosa of patients who subsequently develop
post-eradication gastric cancer, substantial CpG island hypermethylation is already detectable, accompanied
by hypomethylation at approximately 4000 CpG sites—many of which are located near oncogenes such as
CDH17, HNF4A, and CD44, with methylation levels inversely correlated with gene expression. Critically, a
strong positive correlation exists between these two classes of alterations, suggesting that they are driven
by common upstream mechanisms rather than independent sequential processes [5].

Furthermore, mechanistic studies have identified that a single molecular alteration—deletion of the
replication foci targeting sequence (RFTS) domain of DNMT1—can reprogram both focal hypermethylation
and global hypomethylation in parallel during malignant transformation [86]. This finding provides
compelling evidence that these seemingly opposing epigenetic changes may share a common mechanistic
origin rather than representing distinct temporal stages.

3.5.3 Focal Hypermethylation and Cloning of Heterogeneous Precursor Cell Populations and Epigenetic Diverse
Cell States

However, the occurrence of gastric cancer may result from heterogeneous precursor cell populations
and epigenetic diverse cell states rather than from a single uniform methylation trajectory. Under chronic
inflammatory conditions, partially dedifferentiated or replication-stressed epithelial cells are already
unstable or have overall methylation maintenance changes, and may also serve as permissible substrates
for subsequent focal hypermethylation and clonal selection.

Recent advances in organoid technology have provided direct experimental evidence for this model.
Studies using human gastric intestinal metaplasia organoids have revealed that metaplastic epithelium
spans a spectrum from hybrid gastric/intestinal differentiation to advanced intestinal differentiation, with
single-cell transcriptomes demonstrating multiple coexisting lineage trajectories [86]. Critically, these
organoid studies identified a cell-matrix adhesion-independent subpopulation that displays chromosome 20
gain but lacks key cancer driver mutations, potentially representing the earliest neoplastic precursor [87].

This discovery confirms that some dedifferentiated or replication-stressed epithelial cells may serve
as permissive substrates for subsequent epigenetic alterations. It is worth noting that these precursor
populations had already exhibited epigenetic dysregulation of multiple intestinal and gastric genes before
obtaining classical driver mutations, suggesting that the epigenetic “pre-start” state may precede and
promote clonal expansion.

The cellular origin of these coordinated alterations is equally complex. Human gastric intestinal
metaplasia organoids have revealed that precancerous epithelium is not a homogeneous entity but spans a
spectrum from hybrid gastric/intestinal differentiation to advanced intestinal differentiation, with multiple
lineage trajectories coexisting within the same tissue [86]. Single-cell transcriptomics has identified
distinct cycling and quiescent stem and progenitor populations, including STMN1+ cycling isthmus
stem cells that may serve as the cell of origin for intestinal metaplasia [86]. Among these populations,
hybrid metaplastic cells exhibit impaired differentiation potential, high lineage plasticity beyond gastric or
intestinal fates, and reactivation of a fetal gene program—features that render them particularly susceptible
to epigenetic deregulation [86]. Importantly, a subset of metaplastic organoids develops a cell-matrix
adhesion-independent subpopulation that acquires chromosome 20 gain in the absence of canonical cancer
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driver mutations, representing the earliest neoplastic precursor [87]. These epigenetically primed cells
exhibit deregulated methylation of multiple intestinal and gastric genes prior to malignant transformation.

The vulnerability of these precursor populations to epigenetic disruption is exacerbated by chronic
inflammation. Oxidative stress, a hallmark of H. pylori-induced gastritis, directly impairs methylation
maintenance through multiple mechanisms. Chloramines produced by activated neutrophils inhibit DNMT1
activity and deplete S-adenosylmethionine, the universal methyl donor, leading to site-specific decreases in
DNA methylation that preferentially affect replicating cells and chromosomal end regions [54]. This cell
cycle dependence explains why replication-stressed epithelial cells within inflamed mucosa are particularly
susceptible to methylation instability. The resulting epigenetic heterogeneity creates a diverse landscape
upon which selective pressures act. Experimental evolution studies using TP53-deficient gastric organoids
have demonstrated that initially rare subclones with shared transcriptional programs repeatedly attain clonal
dominance, revealing stringent selection and clonal interference during premalignant progression [88].
This process leads to marked phenotypic convergence despite diverse epigenetic starting states, explaining
the emergence of stereotyped methylation patterns—such as the CpG island methylator phenotype—in
established gastric cancers [5].

Thus, the relationship between hypermethylation and hypomethylation is usually coordinated and
complex, and cannot be fully captured through a single linear timeline or parallel relationship. On the
contrary, these changes arise from the dynamic interactions among common mechanism drivers (such
as DNMT1 dysregulation, oxidative stress), heterogeneous cellular substrates (such as mixed stem cells,
replication stress progenitor cells), and clonal selection pressure that shapes the epigenetic landscape in
evolution. This integrated model accommodates both synergy and heterogeneity, providing a more accurate
framework for understanding gastric cancer and developing epigenetic biomarkers and therapies.

4 DNA Methylation as a Clinical Biomarker in Gastric Cancer

4.1 Diagnosis and Early Detection

The high mortality rate of gastric cancer is predominantly linked to late-stage diagnosis, a point at
which therapeutic options become severely limited and prognosis is often unfavorable [89]. Consequently,
the development of robust biomarkers that enable accurate and early detection stands as a critical objective
for improving patient outcomes. DNA methylation has emerged as a particularly promising candidate for
this role, owing to its early occurrence in the carcinogenic cascade, its inherent chemical stability, and its
compatibility with highly sensitive detection methodologies such as methylation-specific polymerase chain
reaction and bisulfite sequencing [90].

A significant body of research has validated the diagnostic utility of tissue-based methylation assays
employing specific gene panels. For instance, a well-characterized panel featuring markers like MINT25,
LOX, and ADAMTS9 has demonstrated high sensitivity and specificity in distinguishing malignant gastric
tissue from both adjacent normal mucosa and benign lesions. The diagnostic power of such panels lies not
only in their ability to confirm the presence of established carcinoma but also in their potential to detect
molecular abnormalities in precancerous states, such as high-grade dysplasia [91]. This capability suggests
a role for methylation markers in risk stratification, potentially identifying individuals with pre-malignant
conditions who would benefit from intensified surveillance or early intervention, thereby shifting the
clinical management paradigm towards a more preventative approach [92].

Despite the promising diagnostic performance of these methylation markers, several technical
limitations inherent to the detection methodologies must be acknowledged to ensure accurate
clinical interpretation.
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Bisulfite conversion artifacts. Bisulfite sequencing, while considered the gold standard for DNA
methylation analysis, is associated with well-documented technical artifacts. First, incomplete conversion
of unmethylated cytosines to uracil represents a major concern, with reported conversion efficiencies
ranging from 95–98% rather than the theoretical 99.5–99.7% [93]. Even minimal residual unconverted
cytosines (1–5%) can be misinterpreted as methylated CpG sites, leading to false-positive methylation calls,
particularly in GC-rich regions such as CpG islands, where secondary structures may impede complete
conversion [94]. Second, bisulfite treatment inherently causes substantial DNA degradation. The harsh
chemical conditions induce depyrimidination, resulting in DNA fragmentation and biased recovery of intact
fragments. This degradation is particularly problematic for low-input samples and leads to uneven genome
coverage, with systematic underrepresentation of GC-rich regions [95].

Methylation-specific PCR bias. Methylation-specific PCR, widely used for its simplicity and sensitivity,
carries inherent design-related biases. As noted in technical guidelines, MSP primers must contain at
least one CpG site, ideally positioned at the 3′-end to maximize discrimination between methylated
and unmethylated templates [96]. However, this design constraint limits the ability to assess single
CpG methylation status within CpG islands. Furthermore, the requirement that both methylated and
unmethylated primer pairs target the same CpG sites while maintaining similar annealing temperatures
often proves challenging, potentially introducing amplification bias [97]. Importantly, MSP is fundamentally
qualitative or semi-quantitative at best; the exponential nature of PCR amplification can exaggerate
minor differences in initial template abundance, leading to overestimation of methylation levels when the
signal-to-noise ratio is low. These technical considerations underscore the need for rigorous validation of
diagnostic methylation assays before clinical implementation.

4.2 Circulating Tumor DNA

To overcome the limitations of tissue-based approaches, the field has pivoted toward liquid biopsy,
a revolutionary paradigm centered on the analysis of circulating tumor DNA. ctDNA comprises short
fragments of tumor-derived DNA shed into the bloodstream through processes such as apoptosis, necrosis,
and active secretion. It carries the complete molecular signature of the tumor, including its unique epigenetic
landscape. The analysis of ctDNA methylation patterns offers distinct advantages over mutation-based
liquid biopsies [98]. Aberrant promoter methylation is an early and nearly universal event in gastric
carcinogenesis, affecting a high proportion of tumor cells. This makes methylated ctDNA signals potentially
more abundant and homogeneous than low-frequency somatic mutations, which can be challenging to
detect against the background of wild-type DNA, especially in early-stage disease or cases with low tumor
burden.

Several specific gene methylation markers have been extensively validated for ctDNA-based gastric
cancer detection. The Septin 9 (SEPT9) gene is one of the most well-characterized cfDNA methylation
biomarkers; while clinically approved for colorectal cancer screening, accumulating evidence supports
its diagnostic utility in gastric cancer, with reported sensitivity of 70–80% and specificity exceeding 90%.
Another promising panel combines RNF180 and RPRM, which has demonstrated superior diagnostic
performance in plasma and gastric juice samples, with a combined sensitivity of approximately 70%
and specificity of 90%. The CDH1 (E-cadherin) gene, frequently methylated in diffuse-type gastric
cancer, represents a valuable marker for detecting this aggressive histological subtype through cfDNA
analysis. Classical tumor suppressor genes including p16/TYMS, RUNX3, and RASSF1A have also been
successfully detected in cfDNA from gastric cancer patients, with methylation frequencies ranging
from 30–60% depending on the gene and tumor stage [68,69,71]. For enhanced diagnostic accuracy,
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multi-gene methylation panels have been developed; for instance, the panel comprising MINT25, LOX, and
ADAMTS9 has shown high sensitivity and specificity (>85%) in discriminating gastric cancer from benign
gastric conditions.

Technological advancements in ultra-deep, targeted bisulfite sequencing and digital droplet PCR
have enabled the sensitive and specific detection of these trace methylation signals in plasma. This has
unlocked a transformative, non-invasive tool with applications across the entire clinical spectrum of
gastric cancer management. In the setting of early detection and screening, panels of highly specific
gastric cancer methylation markers analyzed from a simple blood draw hold promise as a cost-effective
and accessible triage test. Such a test could identify asymptomatic, high-risk individuals in the general
population who should then proceed to confirmatory endoscopic evaluation, thereby increasing screening
efficiency and compliance. Following curative-intent surgery, the presence or absence of methylated
ctDNA serves as a powerful tool for minimal residual disease monitoring. A positive post-operative ctDNA
signal can indicate residual microscopic disease and predict imminent clinical relapse months before it
becomes radiographically apparent, allowing for early intervention with adjuvant therapy. For patients
with advanced disease undergoing systemic treatment, serial quantitative monitoring of specific methylated
ctDNA markers provides a dynamic, real-time barometer of therapeutic efficacy. A rapid decline in ctDNA
levels may indicate a favorable response, while its persistence or rise can signal primary or acquired
resistance, enabling timely therapeutic adjustments. Finally, during surveillance, periodic ctDNA testing
acts as a molecular radar for recurrence, offering a highly sensitive method to detect disease resurgence. By
converting tumor DNA into a circulating, repeatedly accessible informant, ctDNA methylation analysis is
fundamentally shifting gastric cancer care from a reactive, imaging-based model to a proactive, molecularly
guided precision oncology approach [99] (Fig. 3).

 

Figure 3: Application Workflow of ctDNA Methylation-Based Liquid Biopsy in Gastric Cancer Management.
Schematic illustration of the liquid biopsy workflow using circulating tumor DNA (ctDNA) methylation analysis
for gastric cancer. The process begins with venous blood collection from the patient, followed by ctDNA extraction
and subsequent methylation profiling. The resulting methylation data are applied across diverse clinical scenarios,
including early screening, auxiliary diagnosis, minimal residual disease (MRD) monitoring, therapeutic efficacy
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evaluation, and early recurrence warning. This non-invasive approach enables dynamic and personalized management
throughout the gastric cancer care continuum. Original figure drawn independently using Adobe Illustrator (Version
29.7, Adobe Inc., USA, official website: https://www.adobe.com/).

Methodological challenges in low-frequency allele detection. While ctDNA methylation analysis offers
tremendous promise for non-invasive cancer management, the detection of low-frequencymethylated alleles
in circulation presents significant technical challenges with major clinical implications, particularly for
minimal residual disease monitoring. Standard bisulfite sequencing approaches may fail to distinguish true
biological methylation heterogeneity from technical artifacts such as incomplete conversion or PCR errors.
As demonstrated by Warnecke et al. [97], PCR-induced mutations occur at frequencies of approximately
0.1–1% per base, which can confound the detection of rare methylated alleles.

Moreover, recent evidence from mitochondrial DNA methylation studies highlights that non-CpG
methylation can bias bisulfite PCR toward amplification of low or unmethylated templates [100]. While
this finding pertains primarily to mitochondrial DNA, it raises broader concerns about the specificity of
primer design across different sequence contexts.

In the context of circulating tumor DNA analysis, the extremely low abundance of tumor-derived
fragments (often <0.1% of total cell-free DNA) exacerbates these technical challenges. Digital droplet
PCR and ultra-deep bisulfite sequencing have been developed to address these limitations, achieving
detection limits as low as 0.01% for methylated alleles [81]. However, these approaches require rigorous
validation and quality control measures, including the use of unique molecular identifiers to correct for
PCR duplication bias, spike-in controls, and replicate analyses, to ensure that detected signals reflect
true biological methylation rather than technical noise. Establishing limit-of-blank and limit-of-detection
parameters for each assay is essential before clinical deployment.

4.3 Prognosis and Recurrence Monitoring

4.3.1 Correlation of Methylation Signatures with Tumor Stage, Lauren Classification, and Survival

Beyond its diagnostic utility, the DNA methylome provides a rich source of prognostic information,
offeringmolecular insights that refine risk stratification beyond conventional clinicopathological parameters.
The association between specific methylation signatures and established prognostic factors, such as
tumor stage and Lauren classification, is well-documented. Tumors exhibiting a high degree of promoter
hypermethylation, particularly within genes governing critical pathways like cell cycle control and DNA
repair, frequently correlate with more advanced pathological stages and aggressive phenotypes. For
instance, the Lauren intestinal subtype, often linked to a multi-step carcinogenesis model, may show
distinct methylation patterns, such as frequent TYMS silencing, associated with its specific biological
behavior [101]. More importantly, numerous studies have established that specific methylation profiles
serve as independent predictors of overall and disease-free survival. A global assessment, like the CpG
Island Methylator Phenotype, or the methylation status of single genes like RUNX3 or RASSF1A, can stratify
patients into groups with significantly different clinical outcomes, identifying those with a higher likelihood
of disease progression and mortality [102].

4.3.2 Methylation Biomarkers for Predicting Postoperative Recurrence and Metastatic Risk

This prognostic power translates directly into a crucial clinical application: the prediction of
postoperative recurrence and metastatic risk. Following curative resection, the primary clinical challenge
is identifying which patients harbor occult microscopic disease destined to relapse. Methylation markers
detected in postoperative tissue or, more dynamically, in plasma ctDNA, have emerged as powerful tools for
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this purpose. The presence of tumor-specific methylation signals in post-operative blood samples, a state
known as molecular residual disease, is a potent predictor of subsequent clinical recurrence. Patients with
detectable methylated ctDNA after surgery exhibit a dramatically higher risk of relapse compared to those
with undetectable MRD. Furthermore, the specific pattern of methylation can offer clues about the nature
of the relapse; for example, methylation signatures associated with epithelial-mesenchymal transition may
portend a higher risk of distant metastasis. This capability for early, post-operative risk assessment enables
a more personalized approach to adjuvant therapy. High-risk patients identified by methylation markers
could be candidates for more intensive treatment or closer surveillance, while low-risk patients might be
spared unnecessary adjuvant chemotherapy, aligning with the goals of precision oncology to maximize
efficacy while minimizing toxicity [9].

4.3.3 Methylation Biomarkers for Dynamic Therapeutic Response Monitoring

The static assessment of prognosis naturally extends into the dynamic monitoring of therapeutic
efficacy, representing a paradigm shift towards real-time, personalized cancer management. Methylation
biomarkers, particularly when analyzed in serial liquid biopsies, offer an unprecedented window into the
molecular response of a tumor to treatment, overcoming the limitations of delayed and often imprecise
radiographic evaluations.

During systemic therapy for advanced gastric cancer, whether with chemotherapy, targeted agents, or
immunotherapy, the quantitative changes in circulating tumor DNA methylation levels serve as a highly
sensitive pharmacodynamic readout. A rapid and significant decrease in the concentration of tumor-specific
methylated ctDNA fragments following treatment initiation often correlates with a favorable tumor response
and improved progression-free survival. This molecular response can be detected within days or weeks,
far earlier than any shrinkage observable on computed tomography scans. Conversely, the persistence
of or an increase in methylated ctDNA signals, even in the context of seemingly stable imaging findings,
may indicate primary resistance or the emergence of clonal populations resistant to therapy [9]. This early
warning allows clinicians to consider altering the treatment strategy before clinical progression occurs,
potentially improving outcomes [103].

This application is especially promising in the context of immunotherapy. The efficacy of
immune checkpoint inhibitors is known to be influenced by the tumor’s epigenetic state. For instance,
hypomethylating agents can sensitize tumors to immunotherapy by upregulating antigen presentation
and interferon signaling. Monitoring the methylation status of genes involved in these pathways within
ctDNA could provide insights into the dynamic remodeling of the tumor immune microenvironment
during treatment and help predict or confirm response to immunotherapeutic regimens [104]. Thus, by
transforming ctDNA into a “liquid molecular thermometer,” DNA methylation analysis enables a shift from
reactive, scan-based decision-making to a proactive, biomarker-guided approach, optimizing therapeutic
sequences and improving the personalization of care for patients with gastric cancer.

4.4 Prediction of Therapeutic Response

The ultimate goal of biomarker development in oncology is to guide therapeutic decisions, moving
beyond generic protocols toward truly personalized medicine. DNA methylation profiles hold significant
promise for predicting a tumor’s inherent sensitivity or resistance to specific treatments, thereby enabling
the selection of the most effective therapy from the outset [15].
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4.4.1 Predicting Chemotherapy Sensitivity

Chemotherapy remains a cornerstone of treatment for gastric cancer, yet responses are heterogeneous.
The methylation status of specific genes involved in drug metabolism and DNA repair pathways can serve
as predictive biomarkers for chemotherapy efficacy. A prime example is the prediction of sensitivity to
fluoropyrimidine-based regimens, such as 5-fluorouracil. The enzyme thymidylate synthase is a critical
target of 5-FU, and its expression levels are inversely correlated with treatment response. The promoter
methylation status of the TYMS gene, which encodes thymidylate synthase, has been investigated as
a regulator of its expression [105]. Hypomethylation of the TYMS promoter, leading to high enzyme
expression, is associated with 5-FU resistance. Conversely, hypermethylation and subsequent low
expression may predict better sensitivity. Similarly, the methylation status of the DPYD gene, involved
in 5-FU catabolism, can influence drug toxicity and efficacy. Beyond fluoropyrimidines, methylation
of the MGMT promoter, which leads to silencing of the DNA repair protein O6-methylguanine-DNA
methyltransferase, predicts sensitivity to alkylating agents like temozolomide by impairing the cell’s
ability to repair drug-induced DNA damage [105]. Integrating these methylation markers into clinical
decision-making could help stratify patients into those most likely to benefit from standard chemotherapy
and those who should be considered for alternative regimens, thereby avoiding ineffective treatment and
its associated toxicity [106].

4.4.2 Predicting Response to Immune Checkpoint Inhibitors

The advent of immunotherapy has revolutionized cancer treatment, but reliable biomarkers for patient
selection are crucial. DNAmethylation plays a dual role inmodulating the tumor immunemicroenvironment
and has emerged as a key predictor of response to immune checkpoint inhibitors. The most established
link is through the microsatellite instability-high phenotype, which is frequently caused by epigenetic
silencing of the MLH1 mismatch repair gene via promoter hypermethylation. MSI-H tumors harbor a high
tumor mutational burden and neoantigen load, making them highly responsive to PD-1 blockade [84].
Therefore, detecting MLH1 promoter methylation in tumor tissue serves as a robust predictive biomarker
for immunotherapy benefit in gastric cancer [107].

BeyondMSI-H, the broader CpG IslandMethylator Phenotype, especially the extreme CIMP observed in
EBV-positive gastric cancers, is also associated with favorable responses to immunotherapy. The widespread
promoter hypermethylation in CIMP-high tumors can lead to transcriptional silencing of multiple genes, but
it also frequently induces the expression of endogenous retroviral elements, creating a state of “viral mimicry.”
This triggers a constitutive interferon response and enhances tumor immunogenicity, making these tumors
more visible and vulnerable to the immune system. Consequently, a CIMP-high methylation signature,
detectable through specific gene panels, may identify a broader subset of patients beyond those with
MSI-H who are likely to respond to immune checkpoint inhibitors [108]. Thus, DNA methylation analysis
provides a powerful framework for identifying gastric cancer patients who stand to gain the most from
immunotherapy, encompassing both the well-defined MSI-H pathway and the emerging CIMP-associated
mechanisms of immune sensitization (Table 2).
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Table 2: DNA methylation biomarkers with clinical translation potential in gastric cancer.

Biomarker/Gene
Panel Sample Type Clinical

Application

Detection
Platform/Assay

Modality
Performance Characteristics/Key Information Research Stage Reference

Septin 9 (SEPT9) Plasma Diagnosis/Early
Detection

qMSP; commercial assay
(Epi proColon)

Sensitivity ~70–80%, specificity ~90–95%. Clinically approved
for other cancers (e.g., colorectal).

Clinical
Validation/Early
Clinical Use

[109]

RNF180/RPRML Plasma, Gastric
Juice Diagnosis qMSP Combined detection in plasma: sensitivity ~70%, specificity

~90%. Performance is superior in gastric juice. Clinical Validation [92]

MINT25, LOX,
ADAMTS9 Panel

Tissue, Gastric
Juice Diagnosis MSP; bisulfite

sequencing
In tissue: sensitivity and specificity > 85%. Effective in

discriminating GC from benign conditions in gastric juice. Clinical Validation [56]

ctDNA Multi-gene
Methylation Panel Plasma

MRD Monitoring,
Response

Evaluation, Relapse
Warning

Targeted bisulfite
sequencing; ddPCR

Ultra-high sensitivity (<0.1% tumor fraction). Dynamic
changes strongly correlate with clinical outcome.

Clinical
Research/Translational

Validation
[110]

MLH1 Tissue
Diagnosis,
Prognosis,
Prediction

MSP; qMSP
Methylation causes the MSI-H phenotype; primary cause of
sporadic Lynch syndrome cases. Strong predictive biomarker

for immune checkpoint inhibitor response.

Clinical Use (for
MSI/dMMR testing) [71]

EBV Methylation
Signature Tissue Prognosis,

Prediction

Bisulfite sequencing;
targeted methylation

panel

Associated with EBV-positive GC. These tumors have
distinct clinicopathological features and high PD-L1

expression, suggesting potential heightened sensitivity to
immunotherapy.

Clinical
Research/Translational

Validation
[111]

CDH1 (E-cadherin) Tissue Diagnosis,
Prognosis MSP; qMSP

High methylation frequency in diffuse-type GC. Associated
with tumor invasiveness, poor prognosis, and hereditary

diffuse gastric cancer.
Clinical Research [70]

RUNX3, RASSF1A,
DAPK Prognostic

Panel
Tissue Prognosis MSP; qMSP

Methylation status of a multi-gene panel can serve as an
independent prognostic risk stratification factor, significantly

correlating with overall and disease-free survival.
Clinical Validation [112]

TYMS/DPYD
Methylation Status Tissue Prediction qMSP; bisulfite

sequencing

Predicts potential sensitivity to fluoropyrimidine-based
chemotherapy (low TYMS expression) or toxicity risk

(DPYD).

Exploratory/Clinical
Research [105]

MGMT Tissue Prediction MSP; qMSP Promoter methylation leads to gene silencing and may
predict sensitivity to alkylating agents (e.g., temozolomide).

Exploratory/Clinical
Research [71]

Note: MSP, Methylation-Specific PCR, qMSP, quantitative Methylation-Specific PCR; RNF180, ring finger protein 180; RPRM, Reprimo, TP53 Dependent G2 Arrest Mediator
Homolog;MINT25, Methylated IN Tumor 25; ADAMTS9, ADAM Metallopeptidase with Thrombospondin Type 1 Motif 9;MLH1, MutL Homolog 1; ctDNA, circulating tumor
DNA; EBV, Epstein-Barr virus; CDH1, Cadherin 1; RUNX3, Runt-Related Transcription Factor 3; RASSF1A, Ras Association Domain Family Member 1A; DAPK, Death-Associated
Protein Kinase; TYMS: Thymidylate Synthase;MGMT , O6-Methylguanine-DNA Methyltransferase; ddPCR, Droplet Digital Polymerase Chain Reaction; GC: Gastric Cancer;
PD-L1, programmed death-ligand 1.
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5 Therapeutic Strategies Targeting DNA Methylation

The central role of DNA methylation in driving gastric carcinogenesis makes it an exceptionally
attractive therapeutic target. Strategies targeting DNA methylation primarily focus on reversing aberrant
epigenetic silencing, aiming to restore the function of suppressed tumor suppressor genes and re-establish
normal gene expression programs. These approaches range from direct pharmacological inhibition of the
methylation machinery to rational combinations with existing therapies, representing a paradigm shift in
gastric cancer treatment that moves beyond targeting genetic mutations alone [113].

5.1 Hypomethylating Agents

Hypomethylating agents, also known as demethylating drugs, constitute the first generation of
epigenetic therapies. Their primary mechanism of action is to inhibit DNA methyltransferases, the enzymes
responsible for establishing and maintaining DNA methylation patterns [114].

5.1.1 Nucleoside Analogues

The most clinically advanced HMAs (HMAs, Hypomethylating Agents) are nucleoside analogues,
primarily azacitidine and its deoxy derivative, decitabine [115]. These drugs are structurally similar to
cytidine and are incorporated into newly synthesized DNA during cell division. Once incorporated, they
form a covalent, irreversible complex with DNA methyltransferases, effectively trapping and depleting
the cellular pool of these enzymes. During subsequent rounds of DNA replication in the absence of
functional DNMTs, methylation marks cannot be faithfully copied to the daughter strands, leading to
passive, genome-wide DNA demethylation. This process is not random but preferentially affects regions
with high replication rates, such as actively dividing cancer cells. The consequent global reduction in
methylation, particularly at the hypermethylated promoters of tumor suppressor genes, can lead to their
transcriptional reactivation. This reactivation can restore critical cellular functions like cell cycle control,
apoptosis, and differentiation, thereby inhibiting tumor growth and survival. It is important to note that
the effects are not instantaneous and require cell division, explaining the delayed clinical response often
observed with these agents [116].

5.1.2 Preclinical Models and Early Clinical Trials

Preclinical studies in gastric cancer cell lines and xenograft models have provided compelling
proof-of-concept for HMAs. Treatment with decitabine or azacitidine has been shown to induce global DNA
hypomethylation, reactivate silenced tumor suppressor genes such as p16/TYMS, RASSF1A, and E-cadherin,
and exert potent anti-proliferative and pro-apoptotic effects. Importantly, these drugs have demonstrated
efficacy even in chemoresistant models, suggesting their potential to overcome drug resistance [117].

Despite these promising preclinical results, the translation of HMAs into effective single-agent
therapies for solid tumors, including gastric cancer, has been challenging, as reflected in early-phase
clinical trials. The limitations are multifactorial. First, pharmacokinetics and toxicity: As systemic
agents, HMAs affect all rapidly dividing cells, leading to dose-limiting hematological toxicities such as
neutropenia and thrombocytopenia, which mirror their use in myeloid malignancies. Achieving sufficient
drug concentrations in solid tumors without intolerable side effects is difficult. Second, lack of specificity:
The genome-wide demethylation induced by HMAs is a double-edged sword. While it may reactivate tumor
suppressors, it can also potentially demethylate and activate oncogenes or parasitic genomic elements, with
unpredictable consequences. Third, tumor heterogeneity and adaptive resistance: Epigenetic states are
dynamic [118]. Tumors may develop resistance through mechanisms independent of DNA methylation, or
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subpopulations of cancer stem cells with different epigenetic landscapes may survive treatment. Fourth,
biomarker deficiency: Most trials have lacked robust biomarkers to identify the subset of patients most likely
to respond, such as those with a high degree of promoter hypermethylation. Consequently, while early trials
have shown occasional responses and disease stabilization, consistent and durable single-agent activity in
unselected gastric cancer populations has not been established. These experiences have underscored that
the future of epigenetic therapy likely lies not in monotherapy but in rational combination strategies. This
perspective is further supported by the understanding that DNA methylation operates within a broader
chromatin context; stable gene silencing often involves coordinated repressive histone modifications that
may not be fully reversed by hypomethylating agents alone. Thus, combination approaches targeting both
DNA methylation and histone modifications hold particular promise.

5.2 Novel Combination Therapeutic Paradigms

The limitations of single-agent HMAs have spurred the development of innovative combination
strategies. The rationale is to exploit the ability of demethylating agents to “re-sensitize” cancer cells to
other treatments by reversing specific epigenetic blocks.

5.2.1 Combination with Chemotherapy or Targeted Therapy: Reversing Resistance

A key mechanism of resistance to conventional chemotherapy and targeted agents is the epigenetic
silencing of genes critical for drug sensitivity. HMAs can be used to reverse this silencing, thereby restoring
therapeutic vulnerability. For instance, resistance to 5-fluorouracil can be associated with the overexpression
of thymidylate synthase. As the TYMS gene promoter can be regulated by methylation, pretreatment with
an HMA might lower TS expression and re-sensitize cells to 5-FU. Similarly, resistance to platinum drugs
can involve the silencing of DNA repair genes; their reactivation could theoretically restore sensitivity,
although the effect might be complex [119]. In the realm of targeted therapy, resistance to trastuzumab
in HER2-positive gastric cancer has been linked to epigenetic silencing of PTEN. Preclinical evidence
suggests that decitabine can restore PTEN expression and re-establish sensitivity to HER2 inhibition [120].
These combinations aim to use low, non-cytotoxic doses of HMAs as “epigenetic primers” to modulate the
expression of specific pathways, followed by standard cytotoxic or targeted agents. This approach could
broaden the efficacy of existing drugs and overcome acquired resistance, offering a new lease on life for
established therapies [121].

5.2.2 Combination with Immunotherapy: Enhancing Tumor Immunogenicity

The most promising and mechanistically sophisticated combination paradigm pairs HMAs with
immune checkpoint inhibitors. This synergy is rooted in the ability of DNA demethylation to fundamentally
reshape the tumor-immune microenvironment. HMAs can enhance tumor immunogenicity through several
interconnected mechanisms. First, viral mimicry: By inducing global DNA hypomethylation, HMAs can
reactivate dormant endogenous retroviral elements embedded in the human genome. The transcription
and translation of these ERV sequences generate double-stranded RNA and viral-like proteins, which are
detected by the cell as a viral infection. This triggers a potent innate immune response characterized by
the production of type I and III interferons. This “viral mimicry” state creates a pro-inflammatory tumor
microenvironment, recruits immune cells, and upregulates antigen presentation machinery on tumor cells.
Second, antigen upregulation: HMAs can directly reactivate genes encoding cancer-testis antigens and other
tumor-associated antigens, increasing the repertoire of targets available for immune recognition. Third,
reversal of immune silencing: Tumors often epigenetically silence genes involved in antigen processing and
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presentation or in the IFN signaling pathway itself [122]. Demethylation can restore these critical circuits,
making tumors more visible to T cells [123].

When this HMA-induced “hot” immunological state is combined with PD-1/PD-L1 checkpoint blockade,
the effects are synergistic. The activated T cells, recruited and primed by the HMA, are now unleashed
from inhibitory signals by the immunotherapy. This combination has shown remarkable success in other
CIMP-high malignancies like myelodysplastic syndrome and is the subject of intense investigation in
gastric cancer. Preclinical models of gastric cancer confirm that decitabine upregulates PD-L1 and enhances
response to anti-PD-1 therapy. Early-phase clinical trials are actively exploring this combination, particularly
in biologically relevant subgroups such as EBV-positive (extreme CIMP) and MSI-H gastric cancers, where
the epigenetic and immune dysregulation are intrinsically linked [124]. This strategy represents the frontier
of epigenetic-immuno-oncology, aiming to convert immunologically “cold” gastric tumors into “hot” ones
susceptible to immune-mediated destruction.

5.3 Current Challenges

While the therapeutic potential of targeting DNA methylation is immense, significant challenges
impede its seamless translation into routine clinical practice for gastric cancer. A primary and formidable
obstacle is the lack of tissue specificity inherent to current hypomethylating agents, leading to dose-limiting
systemic toxicity. As nucleoside analogues, drugs like azacitidine and decitabine are incorporated into the
DNA of all rapidly dividing cells. This results in profound on-target, off-tumor effects, most notably severe
myelosuppression including neutropenia and thrombocytopenia, which mirrors their established toxicity
profile in hematological malignancies [125]. Achieving therapeutic drug concentrations within solid tumors
without inducing intolerable hematological toxicity remains a delicate and often unsuccessful balance,
limiting the dose intensity that can be safely administered. Compounding this issue is the unresolved
question of the optimal therapeutic regimen. The appropriate dose, schedule, and duration of treatment for
solid tumors are empirically derived and poorly defined. Should HMAs be administered in low, prolonged
“epigenetic priming” doses or in higher, pulsed regimens? What is the ideal sequence and timing when
combining them with chemotherapy or immunotherapy? For instance, preclinical data often suggest that
a period of HMA pretreatment is necessary to alter the epigenetic landscape before immune cells can
effectively engage, but this paradigm requires rigorous clinical validation [126]. Finally, and critically, the
field suffers from a pronounced lack of validated predictive biomarkers. Administering these agents to
an unselected gastric cancer population is likely to yield low response rates and expose many patients to
unnecessary toxicity. There is an urgent need to identify which patients harbor tumors that are “addicted”
to or highly dependent on specific epigenetic silencing for survival, such as those with a high CpG
Island Methylator Phenotype or specific patterns of tumor suppressor gene hypermethylation [127]. The
development of robust biomarkers, potentially detectable in blood-based liquid biopsies, to predict which
patients will derive clinical benefit is essential for the rational and cost-effective application of these therapies.
Overcoming these intertwined challenges of toxicity, regimen optimization, and patient selection is the
crucial next step required to unlock the full clinical potential of epigenetic therapy in gastric cancer [128].

6 Conclusion

The journey of DNA methylation in gastric cancer, from a fundamental biological mechanism to a
cornerstone of clinical innovation, illustrates a paradigm shift in oncology. Its dual role as both a driver of
carcinogenesis and a reservoir of biomarkers underscores its central position in the disease’s molecular
architecture. The epigenetic landscape, reshaped by factors like H. pylori infection, creates a permissive
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field for malignancy, silencing tumor suppressors and destabilizing the genome. This very stability and
specificity of methylation marks, however, render them ideal clinical tools. The advent of liquid biopsy,
detecting tumor-derived methylated DNA in blood, is revolutionizing patient management by enabling
non-invasive diagnosis, real-time monitoring of treatment response, and early detection of relapse long
before clinical symptoms arise [129].

Translating this profound understanding into tangible patient benefit is the critical next frontier. This
requires bridging the gap between laboratory discovery and bedside application. For biomarkers, robust
clinical trials must validate multi-gene methylation panels, moving them from research tools to standardized
diagnostics that can guide everyday therapeutic decisions. For treatment, the challenge is to evolve beyond
the limitations of first-generation drugs. Future strategies will likely hinge on developing more selective
epigenetic modulators and designing intelligent combination therapies, particularly with immunotherapy,
where demethylating agents can effectively “prime” the tumor immune microenvironment. Success in
these endeavors fundamentally depends on identifying the right patients through predictive biomarkers,
ensuring that these powerful interventions are delivered to those most likely to respond.

The ultimate promise lies in a fully integrated model of precision care. Imagine a future where a
simple blood test profiles an individual’s epigenetic risk, enabling personalized prevention. At diagnosis, a
tumor’s methylome is instantly decoded, guiding prognosis and predicting the optimal therapeutic path.
For advanced disease, epigenetic therapies are strategically deployed to resensitize tumors to treatment
and unleash the immune system. By mastering the epigenetic code of gastric cancer, we are not merely
adding another tool to our arsenal; we are fundamentally redefining the approach to the disease, aiming
to transform it from a lethal threat into a manageable condition through earlier interception, sharper
classification, and smarter, more effective treatment [130].
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Abbreviation

DNMTs DNA methyltransferases
CpG cytosine-phosphate-guanine
EBV Epstein-Barr virus
CIMP CpG Island Methylator Phenotype
MSI microsatellite instability
LINE-1 Long Interspersed Nuclear Element 1
HMA hypomethylating agents
ctDNA circulating tumor
MSI-H microsatellite instability-high
MRD minimal residual disease
5-FU 5-fluorouracil
PD-L1 programmed death-ligand 1
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