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ABSTRACT

Gastrointestinal (Gl) cancers impose a significant disease burden, underscoring the critical importance
of accurate prognosis prediction and treatment response evaluation. DNA methylation, one of the most
extensively studied epigenetic modifications, has gained prominence due to its reliable measurement
across various sample types. Numerous studies have reported that DNA methylation was linked to the
diagnosis, prognosis and treatment response in malignancies, including Gl cancers. While its diagnostic
role in Gl cancers has been comprehensively reviewed. Recent research has increasingly highlighted its
potential in prognosis prediction and treatment response evaluation. However, no existing reviews
have exclusively focused on these two aspects. In this review, we retrieved relevant studies and
included 230 of them in our discussion, thereby providing an overview of the clinical applicability of
aberrant DNA methylation in these two fields among patients with esophageal, gastric, colorectal,
pancreatic cancers, and hepatocellular carcinomas. Additionally, we discuss the limitations of the
current literature and propose directions for future research. Specifically, we emphasize the need for
standardized DNA methylation methodologies and advocate for the integration of gene panels, rather
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than single genes, to address tumor heterogeneity more effectively.

1. Introduction

Gastrointestinal (GI) cancers, which affects the gastrointestinal
tract and accessory organs, account for approximately
4.78 million new cases and 3.23 million deaths annually world-
wide, presenting a major clinical challenge [1]. This under-
scores the need for strategies to reduce mortality through
precise survival predictions and more effective treatments.
The tumor-node-metastasis (TNM) staging system, established
by the American Joint Committee on Cancer (AJCQ), is
acknowledged as the standard prognostic tool [2]. The TNM
staging system classifies tumors based on the depth of inva-
sion (T), lymph node involvement (N), and the presence of
distant metastases (M) [2]. Nevertheless, survival outcomes
among patients within the same TNM stages vary greatly,
highlighting the need for additional prognostic indicators.
Moreover, therapeutic efficacy remains limited when applied
broadly, emphasizing the importance of identifying biomar-
kers that can predict treatment response.

Epigenetic changes, including DNA methylation and his-
tone modifications, are heritable changes in gene expression
that do not cause permanent alteration of the underlying DNA
sequences [3-5]. DNA methylation, the most extensively stu-
died epigenetic change, has been reported to be involved in
the initiation and progression of cancers, by mediating the

transcriptional silencing of tumor suppressor genes through
hypermethylation, and resulting in the aberrant activation of
oncogenes via hypomethylation [6]. Recently, it has garnered
significant interest in clinical practice, including diagnosis,
prognosis prediction and treatment response evaluation,
owing to its advantage of easily accessibility [7]. Its utility in
early detection, based on tissue or noninvasive samples, has
been comprehensively studied and reviewed, and some DNA
methylation-based biomarkers, such as SEPT9 methylation in
plasma, have been approved by the U.S. Food & Drug
Administration (FDA) for the early detection of colorectal can-
cer (CRC), and by the National Medical Products
Administration (NMPA) for the early detection of gastric cancer
(GQ) [8-10]. Recently, numerous studies have reported that
aberrant DNA methylation, especially CpG island methylator
phenotype (CIMP), is associated with the prognosis and treat-
ment response of Gl cancers. However, some ambiguous con-
clusions exist, and to our knowledge, no relevant reviews have
comprehensively summarized these two aspects.

In this review, we focus on DNA methylation in Gl cancers,
including esophageal, gastric, colorectal, pancreatic cancers, as
well as hepatocellular carcinoma, and provide an overview of
the potential of DNA methylation signatures for prognosis
prediction and treatment response evaluation. Moreover, we
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Article highlights

o Gastrointestinal (Gl) cancers present clinical challenges, requiring
precise survival predictions and better treatments. TNM staging,
though standard, shows variability in outcomes, necessitating addi-
tional markers. Broad therapies often fail, highlighting the need for
predictive biomarkers.

o Epigenetic changes, including DNA methylation, involve heritable
gene expression alterations without modifying DNA sequences.
DNA methylation, widely studied, plays a key role in cancer patho-
genesis and has gained clinical interest due to its accessibility.

e Aberrant DNA methylation includes regional DNA hypermethylation
and global DNA hypomethylation. DNA hypermethylation usually
results in decreased expression of relevant genes, particularly tumor
suppressor genes. On the other hand, DNA hypomethylation is linked
to the increased gene expression, leading to chromosomal instability
(CIN) and inappropriate activation of oncogenes.

o DNA methylation frequently occurred at the 5-position of cytosine
residues (5mC or 5-methyl cytosine) within a CpG dinucleotide
sequence. Some regions are characterized by a particularly high
CpG content, known as ‘CpG islands’. In normal cells, CpG islands
are typically unmethylated; however, hypermethylation of these CpG
islands is a characteristic feature of the CpG Island Methylator
Phenotype (CIMP).

o The utility of DNA methylation in early detection is well-studied, with
recent research emphasizing its role in prognosis and treatment
response prediction in Gl cancers.

o Several methods are available for measuring aberrant DNA methyla-
tion. The most widely applied technique for assessing CIMP status is
MSP/gMSP, although some studies utilized COBRA and other meth-
ods. For detecting the methylation status of single genes, various
methods have been employed, which might partly lead to discre-
pancy in conclusion.

¢ In the context of prognosis prediction in Gl cancers, CIMP status has
been extensively studied. Research has shown that CIMP-positive
status is associated with poor survival outcomes in patients with
HCC. However, findings for CRC patients have been inconsistent,
partly due to variations in the gene panels used to assess CIMP
status and differences in the definition of CIMP-high across studies.
Moreover, some aberrant DNA methylation gene loci have also been
reported to be linked to prognosis and show a promise for future
clinical application: LINE-1 hypomethylation in CRC patients; CDKN2A/
p16, MLH1, CDHT in GC patients; and DIRAST, EPB41L3, LINE-1, APC in
ESCC patients.

e For treatment response evaluation, inconsistent results were
obtained toward the CIMP status and chemotherapy efficacy, might
largely be due to the ambiguous conclusions regarding its association
with cancer prognosis. Additionally, the aberrant methylation of
certain genes, such as MGMT and TFAP2E in CRC; DAPK, CDKN2A
and RPRM in GC, have emerged as promising biomarkers for evalua-
tion treatment response.

e Advances in high-throughput technologies have streamlined the
assessment of DNA methylation, enhancing its utility. As a result,
DNA methylation analysis shows great promise as a key biomarker for
prognosis and treatment response in precision medicine.

e The CIMP status is expected to be implemented in the future for
prognosis prediction and treatment response evaluation, pending the
standardization of DNA methylation panels, a clear definition of CIMP,
and subsequent external validation.

discuss the current limitations and future prospects of DNA
methylation research. We hope that this review will help
translate these findings on DNA methylation in Gl cancers
into clinical practice.

2. Methods

PubMed, Cochrane Library, Embase, and Google Scholar were
initially searched to retrieve studies reporting data on DNA

methylation from January 2000 to July 2024. The following
Medical Subject Heading (MeSH) terms were used alone or in

combination with the logical operators “OR” or “AND” to
obtain the maximum number of articles: “Stomach
Neoplasms,” “Colorectal Neoplasms,” “Esophageal
Neoplasms,” “Liver Neoplasms,” “Pancreatic Neoplasms,”

“DNA methylation,” “Epigenomics” “Prognosis,” “Treatment
Outcome.” We excluded repetitive as well as non-English stu-
dies. After an initial screening of titles and abstracts, full-text
copies of each article were retrieved. Each relevant article was
subsequently reviewed, and 230 representative scientific
papers were finally selected. The inclusion and exclusion cri-
teria are provided in Table S1, and the flow diagram is avail-
able in Figure S1.

3. DNA methylation and cancer

DNA methylation, the addition of a methyl group to the
specific DNA region by DNA methyltransferases (DNMTs), is
one of the most commonly studied epigenetic alteration in
malignancies, including Gl cancers, and plays an indispensable
role in the genome integrity maintenance and its relevant
regulation [4,11-14]. DNA methylation is predominantly
found at the 5’-position of cytosine residues (5mC or 5-methyl
cytosine) within a CpG dinucleotide sequence. Some regions
in the genome are characterized by a particularly high CpG
content, known as ‘CpG islands’ [15]. In normal cells, these
CpG islands are typically unmethylated. However, CpG islands
are frequently hypermethylated in cancer cells, participating in
the initiation and progression of cancer. A subset of tumors is
characterized by widespread hypermethylation of CPG islands
in the promotor region of genes, defined as CIMP [11]. In
malignancies, including Gl cancers, global DNA hypomethyla-
tion and aberrant regional DNA hypermethylation are
observed [16]. DNA hypermethylation usually results in
decreased expression of relevant genes, particularly tumor
suppressor genes [17]. On the other hand, DNA hypomethyla-
tion is linked to increased gene expression, commonly occur-
ring in the highly repetitive DNA sequences, such as Long
Interspersed Nucleotide Element (LINE-T), Short Interspersed
Nuclear Element (SINE), Intracisternal A Particle (IAP) and Alu
elements, leading to chromosomal instability (CIN) and inap-
propriate activation of oncogenes [18-20].

Several methods are available for measuring aberrant DNA
methylation, which can be broadly classified into two major
categories: single-gene techniques and whole-genome techni-
ques [21]. Single-gene techniques include bisulfite conversion-
based detection [such as Methylation-Specific PCR (MSP)/
Quantitative Methylation-Specific PCR (gMSP),
Pyrosequencing, Methylation-Specific High-Resolution
Melting (MS-HRM), combined bisulfite restriction analysis
(COBRA)], and methylation-sensitive restriction enzyme
(MSRE)-based techniques [such as MSRE PCR, Methylation-
Sensitive Multiplex Ligation-Dependent Probe Ampilification
(MS-MPLA)]. The whole-genome techniques encompass meth-
ods for determining global DNA methylation (such as Mass
Spectrometry) and genome-wide DNA methylation profiling
[such as DNA Methylation Arrays, Next-Generation
Sequencing (NGS)] [21]. The most widely applied technique



for assessing CIMP status is MSP/gMSP, although some studies
utilized COBRA and other methods. For detecting the methy-
lation status of single genes, various methods have been
employed, which might partly lead to discrepancy in conclu-
sion. Therefore, standardization of the measurement methods
is warranted. Among the detection methods, MSP and COBRA
exhibit favorable performance in terms of sensitivity and spe-
cificity, yet each presents unique advantages and disadvan-
tages. For instance, MethyLight (@ form of MSP), excels in
terms of high specificity but is limited by its expense and
inability to discern methylation heterogeneity. Consequently,
investigators might select the most suitable methodology
based on the specific context of application, considering
each method’s distinct benefits and limitations (Table S7).
Furthermore, samples used for detecting DNA methylation
status include tumor tissue and body fluids (such as peripheral
blood and peritoneal washes). Studies have shown that the
methylation status of DNA in tumor tissue is highly correlated
with that in plasma DNA [22-24]. Circulating tumor DNA
(ctDNA), which carries cancer-specific genetic and epigenetic
signatures, offers the potential for dynamic monitoring of DNA
methylation in plasma to evaluate treatment efficacy and
survival outcomes [22,23].

In terms of prognosis prediction in Gl cancers, particularly
CRC and GC, CIMP status and aberrantly methylated genes
have been subjects of extensive study. The majority of the
published studies have reported that CIMP-positive status is
correlated with dismal survival outcome in patients with hepa-
tocellular carcinoma (HCC), while inconsistent conclusions
have been drawn for patients with CRC, limiting its clinical
applicability [25-27]. This discrepancy might partly stem from
variations in the gene panels used to quantify CIMP and
difference in the definition of CIMP-high across studies. For
instance, Shuji Ogino et al. defined CIMP status based on the
methylation of eight CIMP specific promoters (CACNAIG,
CDKN2A (p16), CRABPI1, IGF2, MLH1, NEUROGIT, RUNX3 and
SOCS1), characterizing CIMP-high as more than 6 out of 8
methylated markers, CIMP-low as 1 to 5 out of 8 methylated
markers, and CIMP- negative as 0 out of 8 methylated markers
[28]. Besides, the CIMP panel described by Vedeld et al.
includes CACNATG, IGF2, NEUROG1, RUNX3 and SOCST, with
samples showing a PMR value =10 for =3 out of 5 markers
considered CIMP high, no DNA methylation as CIMP negative,
and all others as CIMP-low [26]. Moreover, some aberrant DNA
methylation gene loci have also been reported to be linked to
prognosis and show promise for future clinical application:
LINE-1 (hypomethylation) in CRC patients [29]; CDKN2A/p16,
MLH1, CDH1 in GC patients [30-32]; and DIRAS1, EPB41L3,
LINE-1, APC in esophageal squamous cell carcinoma (ESCC)
patients [33-36].

For treatment response evaluation, most studies have
focused on the role of CIMP status in chemotherapy, though
further exploration in the context of targeted therapies is
warranted. CIMP status has been reported to be associated
with chemotherapy efficacy, but inconsistencies exist, likely
due to the ambiguous conclusions regarding its association
with cancer prognosis. Further investigations are needed,
including the unification of CIMP definition, analysis of homo-
genous participants, and standardized treatment regimes.
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Mechanically, studies have reported that CIMP-high patients
exhibit higher level of intracellular folate (a substance posi-
tively correlated with 5-FU efficacy) and lower level of g-glu-
tamyl hydrolase (an enzyme negatively associated with folate
concentration), compared to those with CIMP- low [37].
Additionally, the aberrant methylation of certain genes, such
as MGMT and TFAP2E in CRC [38,39]; DAPK, CDKN2A and RPRM
in GC [30,40,41], has emerged as promising biomarkers for
evaluating treatment response. External validation of pre-
viously reported DNA methylation signatures in large cohorts,
along with further exploration of additional DNA methylation
biomarkers, is anticipated. Establishing standardized measure-
ment methods and analyzing homogenous population groups
will be crucial prerequisites for these advancements.

4. DNA methylation in colorectal cancer

Epigenetic instability, such as the CIMP subclass of CRC, along
with other factors including CIN, microsatellite instability (MSI),
altered tumor microenvironments, and metabolic changes,
plays a significant role in the molecular pathogenesis of CRC
[42-44]. CIMP, a molecular subclass first identified in 1999, is
implicated in the pathogenesis of 15-20% of CRC cases.
Individuals with CIMP high status exhibit elevated methylation
levels in the gene promotor region [45,46]. Several gene
panels have been applied to designate CIMP, with the most
acknowledged one is a panel consisting of five genes:
CACN3A1G, IGF2, NEUROGI1, RUNX3, and SOCST [47]. CIMP-
positive status is more commonly observed among female
patients with proximal tumor location, MSI-high, and KRAS/
BRAF mutations [48,49]. The molecular classification of CRC,
widely accepted for its translational potential, incorporates
CIMP status and categorizes CRC patients into four subtypes:
CMS1 through CMS4. Of these, CMS1 is characterized by glo-
bal hypermethylation (CIMP-high), while the other subtypes
exhibit intermediate or low methylation patterns (CIMP-low)
[50]. Patients classified as CMS1 comprise approximately 14%
of CRC cases and tend to have worse survival outcomes after
relapse compared to other subtypes [50]. Furthermore, the
hypermethylation or hypomethylation of specific DNA regions
has also been reported to have prognostic significance.

4.1. Prognosis prediction

Among DNA methylation signatures, CIMP status is widely
regarded as one of the most promising prognostic indicators
in CRC and has been extensively studied [6]. Nevertheless,
discrepancies exist regarding the prognostic role of CIMP in
CRC among study results; the majority of studies have
reported that CIMP correlates with poor survival outcomes,
including a cohort of 1035 CRC patients by Vedeld et al.
[hazard ratio (HR)=1.89, 95% confidence interval (Cl):
1.34-2.65, p<0.001] and in another study conducted by
Barault et al. (HR=2.90, 95% CI: 1.53-5.49, p=0.001) [25,26].
Nevertheless, the study by Ogino et al. reported a contrary
result in patients with stage |-IV colon cancer, showing
reduced mortality (HR=0.44, 95% CI: 0.22-0.88), whereas
other studies found no correlation between CIMP status and
patients’ survival outcomes [28,51,52]. Studies pointed out
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that the unfavorable prognosis of patients with CIMP-positive
status might result from the co-existing V600E BRAF muta-
tions, which is recognized as an indicator of poor prognosis
[53,54]. Additionally, MSI status is considered as another con-
founding factor, as differences in prognosis have been
observed between CIMP-positive patients with MSI-high ver-
sus those with microsatellite stable (MSS) tumors [5-year over-
all survival (OS) rate: 80.5% vs. 45.2%] [55]. Nevertheless,
a meta- analysis of 33 studies involving 10,635 individuals
concluded that CIMP positive patients frequently exhibit an
unfavorable survival outcome toward OS and disease-free
survival (DFS), regardless of MSI status [56]. The discrepancy
across studies might be partly due to co-existing prognostic
factors, such as MSI and BRAF status. Therefore, the prognostic
value of CIMP status warrants further investigation in large
cohorts, with subsequent subgroup analyses in terms of prog-
nostic baseline clinical-pathological variables. Moreover, the
varied criteria used to classify CIMP status, such as the number
of methylated markers, might also contribute to the conflict-
ing results. For instance, one study categorized patients based
on the number of the methylated markers as CIMP-P1 (5-6
markers), CIMP-P2 (7-8 markers), and CIMP-negative (0-4 mar-
kers), the survival analysis showed that patients with CIMP-
negative or CIMP-P2 present a favorable survival outcome,
compared to patients with CIMP-P1 [57]. Overall, the conflict-
ing conclusions regarding the prognostic role of CIMP in CRC
may be attributed to several factors, including the gene panels
utilized to define CIMP, the criteria for classifying CIMP-high
status, and baseline characteristics of the study participants,
such as MSI and BRAF status.

On the other hand, the prognostic value of CIMP in rectal
cancer has been less frequently studied, and the conclusions
drawn are consistent, indicating a negative correlation
between CIMP status and patient survival [58,59].

In addition to CIMP status, the aberrant methylation of
specific DNA loci has been reported to be associated with
the development of CRC and has the potential to act as
a prognostic marker [13]. Hypermethylation in promotor
regions leads to the inactivation and dysfunction of relevant
genes, including tumor suppressor genes such as CDKN2A
(p16), PTCH1 and E-cadherin; DNA repair genes such as MLH1
and MGMT; and apoptosis-related genes such as Apafl, Bcl2,
and p53 [60-63]. The most widely investigated gene is
CDKN2A (p16), a tumor suppressor gene that acts as a cyclin-
dependent kinase inhibitor, blocking the transition from the
G1 to S phase [25,64,65]. Hypermethylation of this gene has
been reported as an indicator of unfavorable survival outcome
in several independent studies and a subsequent meta-
analysis [64-68]. Furthermore, several other aberrantly methy-
lated gene loci have been reported to be prognostic, but
remain in the early stages of investigation owing to small
sample sizes, heterogenous methodologies, or a lack of exter-
nal validation. In addition to tissue-based analyses, aberrantly
methylated genes such as SEPT 9, HLTF, TACT and others,
detected in blood-based samples, have also been reported
to have prognostic value [69,70]. For example, methylated
SEPT 9 in peripheral blood has been reported as a risk factor
of cancer-specific mortality among patients with stage I-llI
CRC (HR=2.69, 95%Cl: 1.26-5.73, p<0.05) [69]. Apart

from that, the dynamic changes in methylation levels could
serve as a prognostic indicator. Barault et al. reported that
a decrease in DNA methylation levels of five genes (EYA4,
GRIA4, ITGA4, MAP3K14-AS1, and MSC) was associated with
prolonged progression-free survival (PFS) in stage IV CRC
patients (HR=0.48, 95%C: 0.17-0.87, p=0.039) [71]. In
another study, an increase in the levels of hypermethylated
WIF1 and NPY in cell-free DNA (cfDNA) was observed among
patients with localized CRC who experienced relapse, as well
as among those with metastatic CRC who exhibited progres-
sive disease (PD) [72]. Moreover, a DNA methylation-based risk
model established by incorporating several genes showed
favorable performance in detecting recurrence [Area Under
the Curve (AUC) =0.825, 95%Cl: 0.680-0.970], which indicates
that comprehensively considering the methylation status of
multiple genes might provide more accurate information than
provided by a single gene. Additionally, individuals with
a high methylation risk score exhibited poorer survival than
those with low risk score (HR=4.349, 95%C/: 1.783-10.61,
p = 0.002) [73]. This indicates that a comprehensive assess-
ment of the methylation profiles across multiple genes
demonstrates superior performance and exhibits potential
for clinical utility.

Moreover, DNA hypomethylation has also been reported to
be prognostic. Ogino et al. reported that patients with LINE-1
hypomethylation had worse survival outcome compared to
their counterparts (HR=1.85, 95%Cl: 1.25-2.75, p=0.002)
[74]. A consistent result was obtained by Inamura et al. in
a large population, particularly among those with MSI-high
status [29]. A meta-analysis further confirmed a negative asso-
ciation between LINE-1 hypomethylation and the prognosis of
CRC patients by pooling data from 13 independent studies
involving 3620 patients [75]. Recently, a meta-analysis quanti-
tatively synthesized the prognostic impact of previously
reported DNA methylation biomarkers and further evaluated
their prognostic value in an external validation cohort of 2,303
patients. Nine genes were confirmed with consistent results
compared to previous studies, among these, CDKN2A, WNT5A,
MLH1, and EVL were identified as the most promising DNA
methylation biomarkers for prognostication [76] (Table S2).

Accumulating evidence supports the prognostic value of
aberrant DNA methylation signatures in patients with CRC.
Among these, CIMP status, CDKN2A, MLH1 and LINE-1 are
considered as promising biomarkers expected to be applied
in the future, following the standardization of measurement
methods, the selection of homogenous participants, the uni-
fication of CIMP-high definitions and large cohort-based exter-
nal validation.

4.2. Treatment response evaluation

CIMP, the most widely studied prognostic DNA methylation
signature, has also shown potential in predicting chemother-
apy response in CRC. Some studies have reported that CIMP-
positive patients do not benefit from and may even experi-
ence worse survival outcome after receiving 5-Fluorouracil
(5-FU)-based adjuvant chemotherapy [67,77]. However, one
study has reported an opposing conclusion [78]. This incon-
sistency might predominantly derived from the discrepancy in



its prognostic role. Moreover, CIMP status has been identified
as a predictive marker for adjuvant irinotecan (with a 5-year
OS rate of 69% in the irinotecan/5-FU arm vs. 56% in the 5-FU
arm) and oxaliplatin (HR=1.46, 95% CI: 1.15-1.87, p=0.002)
[79,80]. While CIMP shows promise in predicting treatment
efficacy, it is crucial to first verify its prognostic significance.

Moreover, MGMT hypermethylation has been associated
with a favorable response to adjuvant 5-FU in advanced CRC
tumors and preoperative chemoradiotherapy in patients with
advanced rectal cancers (particularly to dacarbazine) [81,82].
MGMT hypermethylation also predicts a better outcome in the
treatment of metastatic CRC patients with alkylating agents
(median PFS: 2.1 vs. 1.8 months, p=0.008) [38]. Additionally,
aberrant methylation of genes such as TFAP2E, COD1, SRBC,
etc. has been linked to the treatment response of cytotoxic
agents, including docetaxel, gemcitabine, and 5-FU in CRC
patients [83-85]. Regarding targeted therapy, which is another
vital treatment option for CRC patients, relevant studies are
relatively scarce. However, HPP1 methylation in plasma is con-
sidered as a predictor of non-responsiveness to bevacizumab-
containing therapy [86]. Furthermore, CREBT methylation might
serve as an indicator of the efficacy of radiotherapy in patients
with rectal cancer [87]. Moreover, among stage IV CRC patients,
a decrease in the average methylation level of a gene panel in
cfDNA near the time of radiological assessment was reported to
be associated with partial response (PR) or stable disease (SD),
while no indicator of PD was observed [71] (Table S2).

Overall, CIMP status is the most extensively investigated
DNA methylation biomarker for evaluating treatment response
in CRC patients. We believe it is worthwhile to further validate
the predictive role of CIMP status in chemotherapy and to
explore its potential in targeted treatment through larger,
prospective studies. Additionally, MGMT hypermethylation
and TFAP2E hypermethylation could also be considered poten-
tial biomarkers for evaluating the treatment response [81,85].

5. DNA methylation in gastric cancer

The Cancer Genome Atlas (TCGA) classification, a molecular
classification system developed based on factors such as
mutation patterns, DNA methylation, and biological pathway
dependencies, plays a critical role in precise survival predic-
tion and the selection of appropriate therapeutic agents in
GC. The TCGA classification system stratified patients into
four subtypes: the Epstein Barr virus (EBV) subtype, the MSI
subtype, the CIN subtype, and the genome stable subtype
[88]. The EBV subtype, associated with the presence of the
EBV, accounts for approximately 9% of GC cases [6]. This
subtype exhibits genome-wide increases in DNA methylation,
known as ‘CIMP’, and is considered to have the highest level
of DNA methylation [89]. The MSI subtype, which occurs in
approximately 22% of cases, is characterized by
a microsatellite unstable genome caused by the hypermethy-
lation of DNA repair genes such as MLH1, MGMT, PMS2, and
MSH2 [18]. This subtype is also noted for its high tumor
mutation burden and a hypermethylated CIMP epigenome,
albeit to a lesser extent than the EBV subtype [18]. The CIN
subtype (approximately 50% of cases) and the genome stable
subtype (around 20% in frequency) are defined by relative
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genetic stability [18]. In these latter two subtypes, epigenetic
alteration plays a dominant role in the pathogenesis of GC by
activating oncogenes and suppressing tumor suppressor
genes [18].

Etiological factors of GC including chronic inflammation
(such as Helicobacter pylori or EBV), smoking and age lead to
aberrant DNA methylation changes [90,91]. Helicobacter pylori
infection is linked to regional DNA hypermethylation and
hypomethylation of Alu repeat elements in human gastric
mucosae [92,93]. The complete or partial reversal of methyla-
tion at cancer-related genes such as CDH1, MGMT and COX2
has been observed in patients receiving Helicobacter
pylori eradication treatment [94-96]. In contrast, EBV-induced
hypermethylation is thought to result from direct pathogen
infection, leading to modulation of host DNMT1 activity and
downregulation of the TET2 (a demethylase), rather than
through inflammation-related intermediate pathways [90,97].

5.1. Prognosis prediction

The widely studied prognosis-related genes in GC include
CDKN2A, which is methylated in all EBV subtype GC; MLH1,
which is methylated in the majority of MSI GC and mediates
the MSI phenotype; and CDH1, which is commonly methylated
in diffuse GC and in GC arising from hereditary diffuse GC
syndrome [6,98,99]. Shi et al. analyzed the prognostic value of
DNA methylation markers in 119 GC cases and reported that
the methylation of CDKN2A, along with MGMT, RASSF2 and
FLNc, associated with poor survival outcome [30]. Studies by
Shigeyasu et al. reported that hypermethylation of MLHT is an
indicator of improved overall survival in GC (p=0.026) [31].
Aberrant methylation of CDHT was reported to be linked to
worse survival in GC [32].

Moreover, several other genes have also been reported to
be prognostic in GC. Aberrant methylation of THBST, a gene
involved in the transition of cancer cells to the mesenchyme,
can be detected in peritoneal lavage fluid, serum and tissue,
and is associated with peritoneal metastasis and adverse
survival outcome in GC (tissue: HR=4.377, 95%Cl:
1.880-10.190, p=0.001; serum: HR=3.838, 95%Cl
1.691-8.71, p=0.001; peritoneal lavage fluid: HR=4.015, p <
0.001) [100]. Teng et al. observed that methylation of PRDM5,
a transcription factor, is associated with tumor proliferation
and poor prognosis in GC [101]. Xu et al. examined the
prognostic role of BCL6 B methylation in 309 GC patients
from two independent study cohorts and reported that the
BCL6 B methylation is linked to worse OS (RR=2.14, 95%
CI11.36-3.36, p=0.001) [102]. Aberrant methylation of DAPK
was reported to confer dismal survival [40]. Another study
echoed this observation by investigating the prognostic value
of DAPK and TMS1 (TMS1: p=0.0123; DAPK: p = 0.0464) [103].
Methylation of HOXAT1, considered a candidate tumor sup-
pressor gene, was detected in GC tissue and was highly
correlated with worse survival: the survival time of those
without HOXAT1 promoter methylation was 2 times longer
than patients who have methylated HOXAT1 promoter (HR=
2.4, 95%Cl:1.19-4.86, p = 0.015) [104]. In addition to the genes
mentioned above, the aberrant methylation of other genes
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has also been reported to correlate with patients’ survival
outcomes.

CIMP has also been detected in GC tissue and reported to
be associated with GC survival, although it has been studied
less frequently compared to CRC [105]. There is a discrepancy
in the prognostic effect of CIMP across studies in GC. Some
studies have observed a positive correlation between CIMP
positivity and GC survival, while others have reported the
opposite correlation [31,106]. A meta-analysis that included
10 studies with a total of 918 patients failed to observe
a significant prognostic role of CIMP status in GC, highlighting
the need for prospective large cohort studies [107] (Table S3).

Aberrant methylated genes, such as CDKN2A, MLH1, and
CDH1, have been investigated in several studies and are con-
sidered to be associated with patient prognosis. However,
since most of these studies were conducted with relatively
small sample size, their external applicability is limited. CIMP
status has also been investigated in GC, but the inconsistency
in study results indicates the necessity of further research in
large cohorts.

5.2. Treatment response evaluation

The DNA methylation signatures with the capacity to predict
treatment response have been less frequently studied, and rele-
vant research has primarily focused on its utility in the chemother-
apy setting for GC. Sugita et al. reported that methylation of either
BNIP3 or DAPK predicted lower response to 5-FU-based che-
motherapy by analyzing 80 stage I-IV GC cases (p =0.0007) [40].
Methylation of DAPK, along with TMS1, was also reported to
correlate with a poor response to 5-FU in patients with recurrent
GC [103]. Additionally, aberrant methylation of RPRM and CDKN2A
has been reported to be associated with low response to 5-FU or
5-FU-based chemotherapy [41,108]. (TableS3)

To date, some aberrantly methylated genes, including DAPK,
CDKN2A and RPRM, have been reported to be linked to treatment
response in GC. However, the applicability of these findings is
restricted by limited sample size, underscoring the need for
further external validation in large cohorts. The exploration of
novel DNA methylation biomarkers is expected to contribute to
the development of precise medicine.

6. DNA methylation in esophageal squamous cell
carcinoma

Esophageal Cancer (EC) includes two prominent histological
subtypes: ESCC, the most prevalent subtype accounting for
more than 85% of EC cases, and esophageal adenocarcinoma
(EAC) [109,1101. In this review, we focus on ESCC. Although the
methylation status of several genes has been reported as
prognosticc DNA methylation markers that can be used to
predict treatment response remain scarce.

6.1. Prognosis prediction

Similar to other malignancies, several aberrantly methylated
genes have been reported as prognostic markers. Zhu et al.
reported that reduced expression of DIRAST, a tumor suppressor
gene in ESCC, is associated with poor survival (p =0.002) [33].

The hypermethylation induced reduction in the expression of
other tumor suppressor genes, such as EPB41L3, LINE-1, has also
been reported as an indicator of worse survival in ESCC [34].
Moreover, the hypermethylation of APC, RASSF2, CDHI,
DENND2D,CLK1, ZEB2 and DACT1/2 were also reported to be
linked to poor survival [111-114]. Additionally, a panel consist-
ing of several genes can be used to indicate the prognosis of
ESCC. Xi et al. reported that four CpG sites, identified by differ-
entially methylated CpG sites between cancerous tissue and
adjacent normal tissue, have the capacity to distinguish high-
risk individuals [115]. Besides DNA hypermethylation, the hypo-
methylation of LINE-1 has been associated with shorter DFS,
particularly in stage | ESCC (overall population: p < 0.001; stage
I: p=0.0006; stage lI-lll: p=0.11) [35]. Others studies have
echoed this conclusion [116]. CIMP positivity was reported to
be associated with poor survival in ESCC [117]. Furthermore,
a risk score that integrates the methylation status of multiple
genes has been reported to effectively stratify individuals at
high risk with poor survival outcomes [118] (Table S4).

The CIMP status, along with the hypermethylation of genes,
such as DIRAS1, EPB41L3, LINE-1, APC, etc., has been reported to
be associated with patient survival outcomes and is expected to
be applied in the future after validation in large cohorts.

6.2. Treatment response evaluation

Studies exploring DNA methylation signatures in prediction
treatment efficacy have primarily focused on chemoradiother-
apy, the fundamental treatment option in ESCC. A risk score
based on a six-CpG panel of DNA methylation biomarkers,
including IFNGR2, KCNK4, NOTCH4, NPY, PAX6 and SOX17, has
been reported to predict response to chemoradiation therapy in
ESCC, demonstrating a strong predictive capacity with an AUC
value of 0.930 [119]. Hamilton et al. reported that the mean
methylation levels of several genes, including p16, Reprimo,
MGMT, TIMP-3, and HPP1, were lower in responders to chemor-
adiotherapy compared to non-responders; notably, Reprimo
hypermethylation was linked to poor response to chemoradia-
tion (p=0.037) [120]. Moreover, PAX-5 methylation has been
identified as an indicator of poor response to cisplatin-based
chemotherapy (univariate analysis: HR =3.16, 95%Cl:1.55-6.59,
p=0.002; multivariate analysis: HR =3.12, 95%C(l:1.48-6.70, p =
0.003) [121]. Furthermore, the methylation of ZNF695 and FGF5
has been reported as an indicator of favorable response to
chemoradiotherapy [122,123]. Additionally, it has been reported
that CHFR hypermethylation correlates with enhanced sensitivity
to docetaxel and paclitaxel treatments, potentially serving as
a predictive biomarker for the selection of chemotherapeutic
agents [124] (Table S4). Overall, the prognosis and treatment
response-related DNA methylation signatures are less commonly
studied in ESCC. Further exploration of novel DNA methylation-
based biomarkers and validation of previously reported ones in
prospective, large-sample cohorts are warranted.

7. DNA methylation in hepatocellular carcinoma

The etiological factors of HCC, including hepatitis B virus
(HBV), hepatitis C virus (HCV), alcohol, and genotoxins, are



considered to induce epigenetic alterations, primarily DNA
methylation, thereby participating in the pathogenesis and
progression of HCC [125,126]. DNA methylation markers in
HCC have been investigated in several studies for their role
in prognosis prediction; however, studies assessing DNA
methylation signatures in relation to treatment response are
relatively limited.

7.1. Prognosis prediction

CIMP status has also been detected in HCC and is considered
a risk factor for the prognosis of HCC. Li et al. reported that
patients with CIMP-high exhibit the worst outcomes, com-
pared to those with CIMP-low or CIMP-medium (p =0.00054)
[27]. This conclusion has been supported by other relevant
studies and a meta-analysis incorporating 568 patients from
seven studies [127,128]. Aberrant methylation of several other
genes has been reported as prognostic among patients with
HCC. The hypermethylation of LCAT and hypomethylation of
SPP1 have been identified as significant prognostic factors,
with a risk model incorporating these two aberrantly methy-
lated genes demonstrating robust risk stratification capabil-
ities (HR=2.81, p<0.001) [129]. The hypermethylation-
induced reduction of FES was reported to indicate worse OS
and PFS among patients undergoing hepatectomy [130].
Additionally, BMP4 hypermethylation is associated with poor
survival outcomes (HR=3.431, 95%C/:1.333-8.833, p=0.011)
[131]. In some cases, the prognostic value of specific methyla-
tion sites preferentially exists in HCC with corresponding etiol-
ogy. For instance, the methylation status SOCS3 negatively
impacts the prognosis of patients with HBV-induced HCC,
but is not relevant to the survival outcome in general HCC
cases [132]. Thus, epigenetic changes might be closely corre-
lated with the etiology of HCC and considering the etiological
factors when examining the prognostication of aberrant DNA
methylation might provide valuable information.

Moreover, hypomethylation of specific genes can also indi-
cate the prognosis of HCC. For instance, the increased expres-
sion of K19, induced by hypomethylation, is a survival risk
factor (p =0.025) [133]. Cao et al. reported that hypomethyla-
tion-induced high expression of FOXKT is an indicator of poor
survival in stage I-IV HCC patients, based on the analysis of
TCGA dataset [134]. LINE-1 hypomethylation has also been
detected in HCC, with patients exhibiting LINE-1 hypomethyla-
tion having inferior survival than those with LINE-1 normo-
methylation (p = 0.007) [135]. Furthermore, the extent of hypo-
methylation was also reported to be prognostic. A study com-
paring survival difference between patients with weak and
strong hypomethylation of CCAAT/enhancer-binding protein-
beta (C/EBPB) concluded that those with strong hypomethyla-
tion frequently present with worse survival outcomes (HR =
4.404, p=0.0026) [136]. This study underscores the pivotal
importance of consistent definitions across studies, as unifying
these definitions is essential for reliable conclusions.

The methylation level of a set of genes have also been
reported to be associated with prognosis and can be applied
to predict survival outcome. Xu et al. constructed a model
integrating TNM staging and a combined prognosis score (cp-
score) generated by comprehensively analyzing 8-methylation
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ctDNA panel, which showed encouraging prognosis prediction
capacity with an AUC value of 0.79 in the training dataset [22].
(Table S5)

In summary, CIMP status is a potential biomarker for prog-
nosis prediction in HCC. Although published studies have
reported its negative impact on HCC patients’ survival out-
come, external validation is required due to limited sample
size across studies. Further investigation is also needed to
validate the prediction role of remaining aberrantly methy-
lated genes.

7.2. Treatment response evaluation

The role of aberrant DNA methylation in treatment response
has been studied in the context of transarterial chemoembo-
lization (TACE) and targeted therapies, both of which are
foundational treatments for HCC. The methylation of SOCS1
has been reported to be associated with poor response to
TACE in 246 hCC patients (poor response rate in the methy-
lated group vs. the unmethylated group: 43.9% vs. 28.1%, p =
0.011) [137]. Saeki, I., et al. reported that patients with methy-
lated SEPT9 in serum exhibited worse survival outcomes after
receiving first-line treatment with lenvatinib or sorafenib (p =
0.022 and p=0.010 in the training and validation cohorts,
respectively) [138]. Additionally, the investigators constructed
a score that incorporates AFP levels, methylated SEPT9, and
ECOG performance status, which can be used to predict survi-
val in patients receiving molecular targeted regimes [138].
Further studies are warranted to explore the association
between DNA methylation marker and treatment efficacy in
HCC (Table S5).

Overall, the use of DNA methylation biomarkers in evaluat-
ing treatment response in HCC is still in its early stages, and
more research is needed.

8. DNA methylation in pancreatic adenocarcinoma

In this review, we focused on pancreatic adenocarcinoma
(PANCA), the most common subtypes of pancreatic cancer
(PC), accounting for approximately 90% of all PC cases [139].
The epigenetic alterations occurred in PANCA are less com-
prehensively studied, compared to CRC and GC. However, by
integrating DNA methylation signatures, copy number varia-
tions, and other factors, PANCA can be classified into different
subtypes, providing a pathway toward precise medicine [140].

Owing to its aggressive nature, the majority of patients
(>80%) are diagnosed at an advanced stage, leading to dismal
survival outcomes regardless of the treatment applied.
Consequently, there have been relatively few studies focused
on identifying biomarkers that signify patient survival and
treatment efficacy, and those that have been published often
involve small sample sizes.

8.1. Prognosis prediction

A study reported that the methylation of two genes,
TNFRSF10C and ACINT, in whole blood samples was an indica-
tor of worse OS (p=0.023 and p=0.012) [141]. Sato et al.
observed that patients with RPRM methylation frequently
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exhibited unfavorable OS in a cohort of 87 patients (p = 0.007)
[142]. Moreover, the hypermethylation of MUCT and MUC4
was reported to be associated with favorable survival [143].
In contrast, the hypermethylation-induced reduction in the
expression of RELN was reported to be linked to unfavorable
survival outcomes among patients with survival times exceed-
ing 16 months (HR=3.7, 95%CI: 1.13-12.25, p=0.03), but
failed to predict survival in all patients when not stratified by
survival time (HR=1.4, 95%Cl: 0.86-2.14, p=0.19) [144]. This
highlights the necessity of considering the survival times in
prognosis analysis of high aggressive tumor, such as PANCA.
The hypomethylation-induced increased expression of MET
and ITGA2 in PANCA tissue was reported to be associated
with worse survival [145]. Garcia-Ortiz et al. reported that the
methylation of NPTX2 in plasma was associated with dismal
outcome among patients with stage IV PANCA (p = 0.0067)
[146]. To date, no studies reporting the CIMP status and its
prognostication were available in PANCA [6]. In most studies
regarding DNA methylation-related prognostic analysis in
PANCA, the sample sizes are small, ranging from 30 to 118,
which hinders the ability to draw definitive conclusions
(Table S6).

8.2. Treatment response evaluation

Currently, studies investigating DNA methylation markers
related to treatment response are scarce. Among metastatic
pancreatic cancer patients receiving targeted therapy, high
methylation of NPTX2 in cell-free DNA fragment was reported
to be linked to PD, whereas undetectable or low NPTX2 methy-
lation is more frequently detected in patients with SD [23].

In aggregate, the clinical utility of aberrantly methylated
genes is still in the early stage of investigation, and their
translational potential is expected to be further explored in
the near future.

9. Limitations of current studies

Despite extensive research, several limitations persist in CRC
studies. Some studies have not incorporated or mentioned the
consideration of co-existing prognostic factors, such as MSI
status and BRAF mutations, when examining the prognostica-
tion of CIMP status. Moreover, the gene panels applied to
designate CIMP status and definition of high or low CIMP
status varied across studies, which leads to confusing conclu-
sions obtained from studies. Moreover, the role of DNA methy-
lation in evaluating treatment response has been investigated
across studies with diverse therapeutic regimens and lack
external validation, which limits its clinical applicability.

In GC-related studies, several challenges remain. Variability
in the gene panels used to define CIMP status results in
discrepancies between studies and the inconclusive results of
a meta-analysis regarding its prognostic value. Additionally,
there is a scarcity of studies examining its role in treatment
response assessment, with the existing literature limited by
small sample sizes.

The role of DNA methylation in prognosis prediction and
treatment response evaluation has been less extensively studied
in other Gl cancers. In ESCC, there is a scarcity of data on the

prognostic and predictive capacity of DNA methylation, particu-
larly regarding its utility in treatment response evaluation. In
HCC, studies on the prognostic value of CIMP status are hin-
dered by the absence of large-scale external validation, and the
development of DNA methylation biomarkers for treatment
response is still in nascent stages. In PANCA, research on DNA
methylation-based biomarkers for prognosis assessment is con-
strained by small sample sizes, and studies exploring their pre-
dictive value in treatment response are exceedingly rare.
Moreover, the majority of DNA methylation markers were
examined using tissue samples, the dynamic monitoring of
which is restricted, and investigation of DNA methylation
biomarkers based on peripheral blood are encouraged.

10. The prognostic role of DNMTs

DNA methylation, catalyzed by DNMTs, includes DNMT1,
which primarily maintains existing methylation patterns,
and DNMT3A and DNMT3B, which act as de novo methyl-
transferases targeting unmethylated CpG sites to establish
new methylation marks [147]. Previous studies have reported
a close association between DNMT1 mRNA expression levels
and CIMP status in CRC and GC [148]. In GC, DNMT expres-
sion levels were notably high, with 81.6% for DNMT1 and
DNMT3A, and 68.4% for DNMT3B, respectively [149]. A meta-
analysis further confirmed the association of these elevated
DNMT expression levels with an increased risk of GC [150].
Overexpression of DNMT1 is correlated with poor differentia-
tion, lymph node metastasis, and dismal survival outcomes in
GC patients [149,151-153]. Besides, the expression of
DNMT3A in GC is also a prognostic indicator, whereas
DNMT3B is not [154-156]. Among patients with CRC, high
expression of DNMT1 and DNMT3B is reported to be asso-
ciated with worse survival, as analyzed from the TCGA data-
base [157,158]. In ESCC, the expression level of DNMT1 is
65%, and moreover, the overexpression of DNMT3B is
reported to be an independent risk factor of patients’ prog-
nosis in multivariate analysis (OS: OR=4.28, p < 0.001; DFS:
OR=2.79, p<0.001) [159,160]. Relevant studies have indi-
cated that DNMT1 is overexpressed in HCC compared to
normal liver tissue (43% vs 0%), and patients with positive
DNMT1 expression have been observed to have shorter OS
and recurrence-free survival (RFS) (p <0.001) [161]. Another
study reported the consistent elevation of DNMT expression
(DNMT1: 14%, DNMT3A: 60%, DNMT3B: 9%) in HCC tissue,
with dismal survival observed among patients with high
DNMT3A and DNMT3B expression levels [162]. In PANCA,
the expression of DNMTs is also elevated and has been
reported to be prognostic [163-165]. Higher expression
levels of DNMT1 (78.7%), DNMT3A (23.9%), and DNMT3B
(77.3%) are observed, and patients with positive DNMT1
exhibited shorter OS than those with negative expression
(8.2 months vs. 11.6 months) [163]. Another study confirmed
the prognostic role of DNMT proteins in PANCA, and more-
over, the high expression of DNMT3B remained an indepen-
dent prognosticator in multivariate analysis (HR =3.142, 95%
Cl: 1.559-6.331, p=0.001) [164]. Collectively, DNMT expres-
sion is elevated in Gl cancers and linked to poor prognosis,
providing a rationale for exploring DNMT inhibitors as



therapeutic agents to enhance the efficacy of anticancer
treatments [4].

11. Conclusions

Advances in high-throughput measurement technologies
have greatly facilitated the convenient and efficient assess-
ment of DNA methylation, enhancing its applicability.
Therefore, DNA methylation analysis holds significant poten-
tial as a vital biomarker for indicating prognosis and treatment
response in the field of precision medicine.

To now, no DNA methylation signature with prognosis
prediction capacity or with treatment response evaluation
ability in Gl cancers has been approved by the FDA or
NMPA. Figure 1 summarizes some of these promising DNA
methylation biomarkers. Published studies have yielded het-
erogeneous conclusions and less convincing due to small
sample size, varying eligibility criteria and differing meth-
odologies used to detect DNA methylation status, etc.
Among them, the prognostic value of CIMP status has
been the most widely investigated and is anticipated to

Blood based DNA methylation

ESCC: MSH2, RASSF2

HCC: SEPT9

GC: CDH1, APC, CIMP, MINT2,
RNF180, TIMP3, XAF1

CRC: HLTF, HPP1,MGMT, SEPT9,
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be implemented in future for prognosis prediction and
treatment response evaluation, following the standardiza-
tion of DNA methylation panels, its definition and subse-
quent external validation.

12. Future perspectives

Overall, with the increasing application of genome-wide
methylation analyses, the external validation of previously
reported DNA methylation signatures and the identification
of additional DNA methylation markers is anticipated to deal
with the complexity of tumor biology. Firstly, in the realm of
biomarker validation and exploration, the deployment of
highly sensitive analytical technologies, in conjunction with
rigorous, bias-minimizing optimization and methodological
standardization, is of paramount importance. Secondly, con-
sidering the multi-clonal origins of tumors and the substantial
intratumoral heterogeneity of malignancies, the DNA methyla-
tion signatures derived from a single gene may be insufficient
to capture the entire landscape. Thus, a comprehensive ana-
lysis of the DNA methylation signatures across a panel of
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Figure 1. The aberrant DNA methylation biomarkers in Gl cancers in prognosis prediction and treatment response evaluation.
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genes is advocated. Additionally, the majority of DNA methy-
lation markers have been investigated in tissue samples, con-
straining the capacity for dynamic monitoring of disease
progression. Given the high concordance between DNA
methylation profiles detected in tissue and body fluids, the
clinical utility of detecting DNA methylation signatures in
plasma or blood emerges as a promising focus for future
research endeavors. Lastly, artificial intelligence (Al) and
machine learning are extensively advancing across various
research domains, demonstrating their potential to enhance
the clinical utility of DNA methylation signatures in Gl cancers.

Moreover, the transition of DNA methylation biomarkers
into clinical practice is largely constrained by two major obsta-
cles. One lies in the limited sensitivity and specificity of most
existing DNA methylation biomarkers, and the other lies in the
high cost of currently applied DNA methylation detection
methods. Addressing these issues will help facilitate the trans-
lation of DNA methylation biomarkers into routine clinical
practice. In summary, DNA methylation biomarkers are antici-
pated to play a significant role in the prognostic prediction
and treatment response evaluation in Gl cancers.

Acknowledgments

The graphics were created using BioRender.com.

Author contributions

Abudurousuli Reyila drafted the manuscript. Xianchun Gao revised the
manuscript, and Jun Yu commented on the study. Yongzhan Nie designed
and supervised the study.

Disclosure statement

The authors have no relevant affiliations or financial involvement with any
organization or entity with a financial interest in or financial conflict with
the subject matter or materials discussed in the manuscript. This includes
employment, consultancies, honoraria, stock ownership or options, expert
testimony, grants or patents received or pending, or royalties.

No writing assistance was utilized in the production of this manuscript.

Funding

This work was supported by the National Natural Science Foundation of
China (No. 82202837, 81730016, and 81972761).The funders had no role in
study design, data collection and analysis, decision to publish, or prepara-
tion of the manuscript.

References

Papers of special note have been highlighted as either of interest (+)
or of considerable interest (s¢) to readers.

1. Bray F, Laversanne M, Sung H, et al. Global cancer statistics 2022:
GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA A Cancer J Clinicians. 2024;74
(3):229-263. doi: 10.3322/caac.21834

2. Washington K. 7th edition of the AJCC cancer staging manual:
stomach. Ann Surg Oncol. 2010;17:3077-3079. doi: 10.1245/
s10434-010-1362-z

3. Nowsheen S, Aziz K, Tran PT, et al. Epigenetic inactivation of DNA
repair in breast cancer. Cancer Lett. 2014;342(2):213-222. doi: 10.
1016/j.canlet.2012.05.015

20.

21.

22.

23.

.Lu Y, Chan YT, Tan HY, et al. Epigenetic regulation in human

cancer: the potential role of epi-drug in cancer therapy. Mol
Cancer. 2020;19:79. doi: 10.1186/512943-020-01197-3

. Guo ZL, Liu W, Yang Y. DNA methylation in the genesis, progress

and prognosis of head and neck cancer. Holist Integ Oncol. 2023;2
(1):1-13. doi: 10.1007/544178-023-00037-w

. Grady WM, Yu M, Markowitz SD. Epigenetic alterations in the

gastrointestinal tract: current and emerging use for biomarkers of
cancer. Gastroenterology. 2021;160:690-709. doi: 10.1053/j.gastro.
2020.09.058

Shed light on the significance of epigenetic changes within the
gastrointestinal tract, highlighting their potential as biomar-
kers for cancer diagnosis and prognosis.

.Kou Y, Koag MC, Lee S. Promutagenicity of 8-chloroguanine,

a Major inflammation-induced halogenated DNA lesion.
Molecules. 2019;24:1420-3049. doi: 10.3390/molecules24193507

. Nie Y, Gao X, Cai X, et al. Combining methylated SEPTIN9 and

RNF180 plasma markers for diagnosis and early detection of gastric
cancer. Cancer Commun (Lond). 2023;43(11):1275-1279. doi: 10.
1002/cac2.12478

. Gao X, Liu H, Yu J, et al. DNA methylation biomarkers for early

detection of gastric and colorectal cancers. Cancer Biol Med.
2024;20:955-962. doi: 10.20892/j.issn.2095-3941.2023.0443

. Church TR, Wandell M, Lofton-Day C, et al. Prospective evaluation

of methylated SEPT9 in plasma for detection of asymptomatic
colorectal cancer. Gut. 2014;63:317-325. doi: 10.1136/gutjnl-2012-
304149

. Vedeld HM, Goel A, Lind GE. Epigenetic biomarkers in gastrointest-

inal cancers: the current state and clinical perspectives. Semin
Cancer Biol. 2018;51:36-49. doi: 10.1016/j.semcancer.2017.12.004

. Cao Q, Tian Y, Deng Z, et al. Epigenetic alteration in colorectal

cancer: potential diagnostic and prognostic implications. Int J Mol
Sci. 2024 15;25(6):3358. doi: 10.3390/ijms25063358
Provides a comprehensive overview of methylation markers in
CRC and their roles in diagnosis and prognosis.

. Luo XJ, Zhao Q, Liu J, et al. Novel genetic and epigenetic biomar-

kers of prognostic and predictive significance in stage II/lll color-
ectal cancer. Mol Ther. 2021;29(2):587-596. doi: 10.1016/j.ymthe.
2020.12.017

. Vymetalkova V, Vodicka P, Vodenkova S, et al. DNA methylation

and chromatin modifiers in colorectal cancer. Mol Aspects Med.
2019;69:73-92. doi: 10.1016/j.mam.2019.04.002

. Portela A, Esteller M. Epigenetic modifications and human disease.

Nat Biotechnol. 2010;28:1057-1068. doi: 10.1038/nbt.1685

. Zeng Y, Rong H, Xu J, et al. DNA methylation: an important bio-

marker and therapeutic target for gastric cancer. Front Genet.
2022;13:823905. doi: 10.3389/fgene.2022.823905

. Ball MP, Li JB, Gao Y, et al. Targeted and genome-scale strategies

reveal gene-body methylation signatures in human cells. Nat
Biotechnol. 2009;27:361-368. doi: 10.1038/nbt.1533

. Lander ES, Linton LM, Birren B, et al. Initial sequencing and analysis

of the human genome. Nature. 2001;409:860-921. doi: 10.1038/
35057062

. Wong CC, Li W, Chan B, et al. Epigenomic biomarkers for prognos-

tication and diagnosis of gastrointestinal cancers. Semin Cancer
Biol. 2019;55:90-105. doi: 10.1016/j.semcancer.2018.04.002
Sogutlu F, Pekerbas M, Biray AC. Epigenetic signatures in gastric
cancer: current knowledge and future perspectives. Expert Rev Mol
Diagn. 2022;22(12):1063-1075. doi: 10.1080/14737159.2022.2159381
Martisova A, Holcakova J, Izadi N, et al. DNA methylation in solid
tumors: functions and methods of detection. Int J Mol Sci. 2021;22
(8):4247. doi: 10.3390/ijms22084247

Xu RH, Wei W, Krawczyk M, et al. Circulating tumour DNA methyla-
tion markers for diagnosis and prognosis of hepatocellular
carcinoma. Nat Mater. 2017;16(11):1155-1161. doi: 10.1038/
nmat4997

Luo H, Zhao Q, Wei W, et al. Circulating tumor DNA methylation
profiles enable early diagnosis, prognosis prediction, and screening
for colorectal cancer. Sci Transl Med. 2020;12(524). doi: 10.1126/
scitranslmed.aax7533


https://doi.org/10.3322/caac.21834
https://doi.org/10.1245/s10434-010-1362-z
https://doi.org/10.1245/s10434-010-1362-z
https://doi.org/10.1016/j.canlet.2012.05.015
https://doi.org/10.1016/j.canlet.2012.05.015
https://doi.org/10.1186/s12943-020-01197-3
https://doi.org/10.1007/s44178-023-00037-w
https://doi.org/10.1053/j.gastro.2020.09.058
https://doi.org/10.1053/j.gastro.2020.09.058
https://doi.org/10.3390/molecules24193507
https://doi.org/10.1002/cac2.12478
https://doi.org/10.1002/cac2.12478
https://doi.org/10.20892/j.issn.2095-3941.2023.0443
https://doi.org/10.1136/gutjnl-2012-304149
https://doi.org/10.1136/gutjnl-2012-304149
https://doi.org/10.1016/j.semcancer.2017.12.004
https://doi.org/10.3390/ijms25063358
https://doi.org/10.1016/j.ymthe.2020.12.017
https://doi.org/10.1016/j.ymthe.2020.12.017
https://doi.org/10.1016/j.mam.2019.04.002
https://doi.org/10.1038/nbt.1685
https://doi.org/10.3389/fgene.2022.823905
https://doi.org/10.1038/nbt.1533
https://doi.org/10.1038/35057062
https://doi.org/10.1038/35057062
https://doi.org/10.1016/j.semcancer.2018.04.002
https://doi.org/10.1080/14737159.2022.2159381
https://doi.org/10.3390/ijms22084247
https://doi.org/10.1038/nmat4997
https://doi.org/10.1038/nmat4997
https://doi.org/10.1126/scitranslmed.aax7533
https://doi.org/10.1126/scitranslmed.aax7533

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

Demonstrated the feasibility of using circulating tumor DNA
methylation profiles for the early diagnosis and prognosis
prediction of colorectal cancer, offering a non-invasive
approach to track disease progression.

van ‘t Erve |, Medina JE, Leal A, et al. Metastatic colorectal cancer
treatment response evaluation by ultra-deep sequencing of
cell-free DNA and Matched white blood cells. Clin Cancer Res.
2023;29(5):899-909. doi: 10.1158/1078-0432.Ccr-22-2538

Proposes a tissue-independent method using cfDNA and WBC
sequencing to accurately monitor treatment response and
resistance in metastatic CRC.

Barault L, Charon-Barra C, Jooste V, et al. Hypermethylator pheno-
type in sporadic colon cancer: study on a population-based series
of 582 cases. Cancer Res. 2008;68(20):8541-8546. doi: 10.1158/
0008-5472.CAN-08-1171

Vedeld HM, Merok M, Jeanmougin M, et al. CpG island methylator
phenotype identifies high risk patients among microsatellite stable
BRAF mutated colorectal cancers. Int J Cancer. 2017;141
(5):967-976. doi: 10.1002/ijc.30796

Identified the CpG island methylator phenotype as a marker
for high-risk stratification in microsatellite stable BRAF-
mutated colorectal cancers, leveraging a large sample size.

Li G, Xu W, Zhang L, et al. Development and validation of a
cimp-associated prognostic model for hepatocellular carcinoma.
EBioMedicine. 2019;47:128-141. doi: 10.1016/j.ebiom.2019.08.064
Ogino S, Nosho K, Kirkner GJ, et al. CpG island methylator pheno-
type, microsatellite instability, BRAF mutation and clinical outcome
in colon cancer. Gut. 2009;58:90-96. doi: 10.1136/gut.2008.155473
Inamura K, Yamauchi M, Nishihara R, et al. Tumor LINE-1 methyla-
tion level and microsatellite instability in relation to colorectal
cancer prognosis. J Natl Cancer Inst. 2014;106(9):dju195. doi: 10.
1093/jnci/dju195

Shi J, Zhang G, Yao D, et al. Prognostic significance of aberrant gene
methylation in gastric cancer. Am J Cancer Res. 2012;2:116-129.

. Shigeyasu K, Nagasaka T, Mori Y, et al. Clinical significance of MLH1

methylation and CpG island methylator phenotype as prognostic
markers in patients with gastric cancer. PLOS ONE. 2015;10(6):
€0130409. doi: 10.1371/journal.pone.0130409

Graziano F, Arduini F, Ruzzo A, et al. Prognostic analysis of
E-cadherin gene promoter hypermethylation in patients with sur-
gically resected, node-positive, diffuse gastric cancer. Clin Cancer
Res. 2004;10(8):2784-2789. doi: 10.1158/1078-0432.ccr-03-0320
Zhu YH, Fu L, Chen L, et al. Downregulation of the novel tumor
suppressor DIRAS1 predicts poor prognosis in esophageal squa-
mous cell carcinoma. Cancer Res. 2013;73(7):2298-2309. doi: 10.
1158/0008-5472.CAN-12-2663

Zeng R, Liu Y, Jiang ZJ, et al. EPB41L3 is a potential tumor sup-
pressor gene and prognostic indicator in esophageal squamous
cell carcinoma. Int J Oncol. 2018;52:1443-1454. doi: 10.3892/jjo.
2018.4316

lwagami S, Baba Y, Watanabe M, et al. LINE-1 hypomethylation is
associated with a poor prognosis among patients with curatively
resected esophageal squamous cell carcinoma. Ann Surg. 2013;257
(3):449-455. doi: 10.1097/SLA.0b013e31826d8602

Hoshimoto S, Takeuchi H, Ono S, et al. Genome-wide hypomethyla-
tion and specific tumor-related gene hypermethylation are associated
with esophageal squamous cell carcinoma outcome. J Thorac Oncol.
2015;10(3):509-517. doi: 10.1097/JT0.0000000000000441

Weng YY, Huang MY. The CpG island methylator phenotype status
in synchronous and solitary primary colorectal cancers: prognosis
and effective therapeutic drug prediction. Int J Mol Sci. 2024;25.
doi: 10.3390/ijms25105243

Barault L, Amatu A, Bleeker FE, et al. Digital PCR quantification of
MGMT methylation refines prediction of clinical benefit from alky-
lating agents in glioblastoma and metastatic colorectal cancer. Ann
Oncol. 2015;26(9):1994-1999. doi: 10.1093/annonc/mdv272

Park SJ, Kim SM, Hong YS, et al. TFAP2E methylation status and
prognosis of patients with radically resected colorectal cancer.
Oncology. 2015;88:122-132. doi: 10.1159/000362820

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

EPIGENOMICS 485

Sugita H, lida S, Inokuchi M, et al. Methylation of BNIP3 and DAPK
indicates lower response to chemotherapy and poor prognosis in
gastric cancer. Oncol Rep. 2011;25(2):513-518. doi: 10.3892/or.
2010.1085

Ooki A, Yamashita K, Yamaguchi K, et al. DNA damage-inducible
gene, reprimo functions as a tumor suppressor and is suppressed
by promoter methylation in gastric cancer. Mol Cancer Res. 2013;11
(11):1362-1374. doi: 10.1158/1541-7786.MCR-13-0091

Komor MA, Bosch LJ, Bounova G, et al. Consensus molecular sub-
type classification of colorectal adenomas. J Pathol. 2018;246
(3):266-276. doi: 10.1002/path.5129

Grady WM, Carethers JM. Genomic and epigenetic instability in color-
ectal cancer pathogenesis. Gastroenterology. 2008;135:1079-1099.
doi: 10.1053/j.gastro.2008.07.076

Carethers JM, Jung BH. Genetics and genetic biomarkers in spora-
dic colorectal cancer. Gastroenterology. 2015;149(5):1177-1190.e3.
doi: 10.1053/j.gastro.2015.06.047

Saghafinia S, Mina M, Riggi N, et al. Pan-Cancer landscape of
aberrant DNA methylation across human tumors. Cell Rep.
2018;25(4):1066-1080.€8. doi: 10.1016/j.celrep.2018.09.082

Heyn H, Vidal E, Ferreira HJ, et al. Epigenomic analysis detects
aberrant super-enhancer DNA methylation in human cancer.
Genome Biol. 2016;17:11. doi: 10.1186/s13059-016-0879-2
Weisenberger DJ, Siegmund KD, Campan M, et al. CpG island
methylator phenotype underlies sporadic microsatellite instability
and is tightly associated with BRAF mutation in colorectal cancer.
Nat Genet. 2006;38:787-793. doi: 10.1038/ng1834

Zhang X, Zhang W, Cao P. Advances in CpG island methylator
phenotype  colorectal cancer therapies. Front Oncol.
2021;11:629390. doi: 10.3389/fonc.2021.629390

Chen KH, Lin LI, Yuan CT, et al. Association between risk factors,
molecular features and CpG island methylator phenotype color-
ectal cancer among different age groups in a Taiwanese cohort. Br
J Cancer. 2021;125:48-54. doi: 10.1038/541416-021-01300-5
Guinney J, Dienstmann R, Wang X, et al. The consensus molecular
subtypes of colorectal cancer. Nat Med. 2015;21:1350-1356. doi: 10.
1038/nm.3967

Sanchez JA, Krumroy L, Plummer S, et al. Genetic and epigenetic
classifications define clinical phenotypes and determine patient
outcomes in colorectal cancer. Br J Surg. 2009;96:1196-1204. doi:
10.1002/bjs.6683

Samadder NJ, Vierkant RA, Tillmans LS, et al. Associations between
colorectal cancer molecular markers and pathways with clinico-
pathologic features in older women. Gastroenterology. 2013;145
(2):348-356.€2. doi: 10.1053/j.gastro.2013.05.001

Pai RK, Jayachandran P, Koong AC, et al. Braf-mutated,
microsatellite-stable adenocarcinoma of the proximal colon: an
aggressive adenocarcinoma with poor survival, mucinous differen-
tiation, and adverse morphologic features. Am J Surg Pathol.
2012;36:744-752. doi: 10.1097/PAS.0b013e31824430d7

Lochhead P, Kuchiba A, Imamura Y, et al. Microsatellite instability
and BRAF mutation testing in colorectal cancer prognostication.
J Natl Cancer Inst. 2013;105:1151-1156. doi: 10.1093/jnci/djt173
Phipps Al, Limburg PJ, Ja B, et al. Association between molecular
subtypes of colorectal cancer and patient survival.
Gastroenterology. 2015;148(1):77-87.e2. doi: 10.1053/j.gastro.2014.
09.038

Juo YY, Johnston FM, Zhang DY, et al. Prognostic value of CpG
island methylator phenotype among colorectal cancer patients:
a systematic review and meta-analysis. Ann Oncol. 2014;25
(12):2314-2327. doi: 10.1093/annonc/mdu149

Bae JM, Kim JH, Kwak Y, et al. Distinct clinical outcomes of two
cimp-positive colorectal cancer subtypes based on a revised CIMP
classification system. Br J Cancer. 2017;116:1012-1020. doi: 10.
1038/bjc.2017.52

Bae JM, Kim JH, Cho NY, et al. Prognostic implication of the CpG
island methylator phenotype in colorectal cancers depends on
tumour location. Br J Cancer. 2013;109:1004-1012. doi: 10.1038/
bjc.2013.430


https://doi.org/10.1158/1078-0432.Ccr-22-2538
https://doi.org/10.1158/0008-5472.CAN-08-1171
https://doi.org/10.1158/0008-5472.CAN-08-1171
https://doi.org/10.1002/ijc.30796
https://doi.org/10.1016/j.ebiom.2019.08.064
https://doi.org/10.1136/gut.2008.155473
https://doi.org/10.1093/jnci/dju195
https://doi.org/10.1093/jnci/dju195
https://doi.org/10.1371/journal.pone.0130409
https://doi.org/10.1158/1078-0432.ccr-03-0320
https://doi.org/10.1158/0008-5472.CAN-12-2663
https://doi.org/10.1158/0008-5472.CAN-12-2663
https://doi.org/10.3892/ijo.2018.4316
https://doi.org/10.3892/ijo.2018.4316
https://doi.org/10.1097/SLA.0b013e31826d8602
https://doi.org/10.1097/JTO.0000000000000441
https://doi.org/10.3390/ijms25105243
https://doi.org/10.1093/annonc/mdv272
https://doi.org/10.1159/000362820
https://doi.org/10.3892/or.2010.1085
https://doi.org/10.3892/or.2010.1085
https://doi.org/10.1158/1541-7786.MCR-13-0091
https://doi.org/10.1002/path.5129
https://doi.org/10.1053/j.gastro.2008.07.076
https://doi.org/10.1053/j.gastro.2015.06.047
https://doi.org/10.1016/j.celrep.2018.09.082
https://doi.org/10.1186/s13059-016-0879-2
https://doi.org/10.1038/ng1834
https://doi.org/10.3389/fonc.2021.629390
https://doi.org/10.1038/s41416-021-01300-5
https://doi.org/10.1038/nm.3967
https://doi.org/10.1038/nm.3967
https://doi.org/10.1002/bjs.6683
https://doi.org/10.1002/bjs.6683
https://doi.org/10.1053/j.gastro.2013.05.001
https://doi.org/10.1097/PAS.0b013e31824430d7
https://doi.org/10.1093/jnci/djt173
https://doi.org/10.1053/j.gastro.2014.09.038
https://doi.org/10.1053/j.gastro.2014.09.038
https://doi.org/10.1093/annonc/mdu149
https://doi.org/10.1038/bjc.2017.52
https://doi.org/10.1038/bjc.2017.52
https://doi.org/10.1038/bjc.2013.430
https://doi.org/10.1038/bjc.2013.430

486 A. REYILA ET AL.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75

76.

Jo P, Jung K, Grade M, et al. CpG island methylator phenotype
infers a poor disease-free survival in locally advanced rectal cancer.
Surgery. 2012;151:564-570. doi: 10.1016/j.surg.2011.08.013

Peng L, Hu J, Li S, et al. Aberrant methylation of the PTCH1 gene
promoter region in aberrant crypt foci. Int J Cancer. 2013;132(2):
E18-25. doi: 10.1002/ijc.27812

Yoshiura K, Kanai Y, Ochiai A, et al. Silencing of the E-cadherin
invasion-suppressor gene by CpG methylation in human
carcinomas. Proc Natl Acad Sci USA. 1995;92(16):7416-7419. doi:
10.1073/pnas.92.16.7416

de Vogel S, Weijenberg MP, Herman JG, et al. MGMT and MLH1
promoter methylation versus APC, KRAS and BRAF gene mutations
in colorectal cancer: indications for distinct pathways and sequence
of events. Ann Oncol. 2009;20(7):1216-1222. doi: 10.1093/annonc/
mdn782

Benard A, Zeestraten EC, Goossens-Beumer 1J, et al. DNA methyla-
tion of apoptosis genes in rectal cancer predicts patient survival
and tumor recurrence. Apoptosis. 2014;19(11):1581-1593. doi: 10.
1007/510495-014-1022-z

Shima K, Nosho K, Baba Y, et al. Prognostic significance of CDKN2A
(p16) promoter methylation and loss of expression in 902 color-
ectal cancers: cohort study and literature review. Intl J Cancer.
2011;128(5):1080-1094. doi: 10.1002/ijc.25432

Nilsson TK, Lof-Ohlin ZM, Sun XF. DNA methylation of the p14ARF,
RASSF1A and APC1A genes as an independent prognostic factor in
colorectal cancer patients. Int J Oncol. 2013;42(1):127-133. doi: 10.
3892/ij0.2012.1682

Xing X, Cai W, Shi H, et al. The prognostic value of CDKN2A
hypermethylation in colorectal cancer: a meta-analysis. Br
J Cancer. 2013;108:2542-2548. doi: 10.1038/bjc.2013.251

Shen L, Catalano PJ, Benson AR, et al. Association between DNA
methylation and shortened survival in patients with advanced
colorectal cancer treated with 5-fluorouracil based chemotherapy.
Clin Cancer Res. 2007;13:6093-6098. doi: 10.1158/1078-0432.CCR-
07-1011

Kim JC, Choi JS, Roh SA, et al. Promoter methylation of specific
genes is associated with the phenotype and progression of color-
ectal adenocarcinomas. Ann Surg Oncol. 2010;17:1767-1776. doi:
10.1245/510434-009-0901-y

Tham C, Chew M, Soong R, et al. Postoperative serum methylation
levels of TAC1 and SEPT9 are independent predictors of recurrence
and survival of patients with colorectal cancer. Cancer.
2014;120:3131-3141. doi: 10.1002/cncr.28802

Philipp AB, Stieber P, Nagel D, et al. Prognostic role of methylated
free circulating DNA in colorectal cancer. Intl J Cancer. 2012;131
(10):2308-2319. doi: 10.1002/ijc.27505

Barault L, Amatu A, Siravegna G, et al. Discovery of methylated
circulating DNA biomarkers for comprehensive non-invasive mon-
itoring of treatment response in metastatic colorectal cancer. Gut.
2018;67:1995-2005. doi: 10.1136/gutjnl-2016-313372

Garrigou S, Perkins G, Garlan F, et al. A study of hypermethylated
circulating tumor DNA as a universal colorectal cancer biomarker. Clin
Chem. 2016;62(8):1129-1139. doi: 10.1373/clinchem.2015.253609

Ma Y, Li Y, Wen Z, et al. Genome wide identification of novel DNA
methylation driven prognostic markers in colorectal cancer. Sci
Rep. 2024;14:15654. doi: 10.1038/541598-024-60351-9

Ogino S, Nosho K, Kirkner GJ, et al. A cohort study of tumoral
LINE-1 hypomethylation and prognosis in colon cancer. JNCI:
J Natl Cancer Inst. 2008;100(23):1734-1738. doi: 10.1093/jnci/
djn359

.Ye D, Jiang D, Li Y, et al. The role of LINE-1 methylation in predict-

ing survival among colorectal cancer patients: a meta-analysis.
Int J Clin Oncol. 2017;22:749-757. doi: 10.1007/s10147-017-1106-1
Yuan T, Wankhede D, Edelmann D, et al. Large-scale external
validation and meta-analysis of gene methylation biomarkers in
tumor tissue for colorectal cancer prognosis. EBioMedicine.
2024;105:105223. doi: 10.1016/j.ebiom.2024.105223

Conducts large-scale validation of methylated genes in CRC,
facilitating future research and advancing their clinical
application.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

. Jover R, Nguyen TP, Pérez—Carbonell L, et al. 5-fluorouracil adjuvant

chemotherapy does not increase survival in patients with CpG
island methylator phenotype colorectal cancer. Gastroenterology.
2011;140(4):1174-1181. doi: 10.1053/j.gastro.2010.12.035

Van Rijnsoever M, Joseph H, Elsaleh D, et al. CpG island methylator
phenotype is an independent predictor of survival benefit from
5-fluorouracil in stage Ill colorectal cancer. Clin Cancer Res. 2003;54
(2):99-903. doi: 10.1016/50360-3016(02)03228-5

Gallois C, Taieb J, Le Corre D, et al. Prognostic value of methylator
phenotype in stage Il colon cancer treated with Oxaliplatin-based
adjuvant chemotherapy. Clin Cancer Res. 2018;24(19):4745-4753.
doi: 10.1158/1078-0432.CCR-18-0866

Shiovitz S, Bertagnolli MM, Renfro LA, et al. CpG island methylator
phenotype is associated with response to adjuvant irinotecan-based
therapy for stage Ill colon cancer. Gastroenterology. 2014;147:637-645.
doi: 10.1053/j.gastro.2014.05.009

Nagasaka T, Sharp GB, Notohara K, et al. Hypermethylation of
06-methylguanine-DNA methyltransferase promoter may predict
nonrecurrence after chemotherapy in colorectal cancer cases. Clin
Cancer Res. 2003;9:5306-5312.

Amatu A, Sartore-Bianchi A, Moutinho C, et al. Promoter CpG island
hypermethylation of the DNA repair enzyme MGMT predicts clin-
ical response to dacarbazine in a phase Il study for metastatic
colorectal cancer. Clin Cancer Res. 2013;19(8):2265-2272. doi: 10.
1158/1078-0432.CCR-12-3518

Yokoi K, Harada H, Yokota K, et al. Epigenetic status of CDO1 gene
may reflect chemosensitivity in colon cancer with postoperative
adjuvant chemotherapy. Ann Surg Oncol. 2019;26:406-414. doi: 10.
1245/510434-018-6865-z

Moutinho C, Martinez-Cardus A, Santos C, et al. Epigenetic inactiva-
tion of the BRCA1 interactor SRBC and resistance to oxaliplatin in
colorectal cancer. JNCI: J Natl Cancer Inst. 2014;106(1):djt322. doi:
10.1093/jnci/djt322

Ebert MP, Tanzer M, Balluff B, et al. TFAP2E-DKK4 and chemoresis-
tance in colorectal cancer. N Engl J Med. 2012;366:44-53. doi: 10.
1056/NEJMoa1009473

Herbst A, Vdovin N, Gacesa S, et al. Methylated free-circulating HPP1
DNA is an early response marker in patients with metastatic colorectal
cancer. Int J Cancer. 2017;140(9):2134-2144. doi: 10.1002/ijc.30625
Yokoi K, Yamashita K, Ishii S, et al. Comprehensive molecular
exploration identified promoter DNA methylation of the CRBP1
gene as a determinant of radiation sensitivity in rectal cancer. Br
J Cancer. 2017;116:1046-1056. doi: 10.1038/bjc.2017.65
Comprehensive molecular characterization of gastric adenocarcinoma.
Nature. 2014;513:202-209. doi: 10.1038/nature13480

Chang MS, Uozaki H, Chong JM, et al. CpG island methylation
status in gastric carcinoma with and without infection of
Epstein-Barr virus. Clin Cancer Res. 2006;12(10):2995-3002. doi:
10.1158/1078-0432.CCR-05-1601

Li Y, Liang J, Hou P. Hypermethylation in gastric cancer. Clin Chim
Acta. 2015;448:124-132. doi: 10.1016/j.cca.2015.07.001

Association SOGC. CACA guidelines for holistic integrative manage-
ment of gastric cancer. Holist Intgr Oncol. 2022;1:3-45.

Liu D, Liu Y, Zhu W, et al. Helicobacter pylori-induced aberrant
demethylation and expression of GNB4 promotes gastric carcino-
genesis via the hippo-YAP1 pathway. BMC Med. 2023;21(1):134.
doi: 10.1186/512916-023-02842-6

Maeda M, Moro H, Ushijima T. Mechanisms for the induction of
gastric cancer by Helicobacter pylori infection: aberrant DNA
methylation pathway. Gastric Cancer. 2017;20:8-15. doi: 10.1007/
$10120-016-0650-0

Chan AO, Peng JZ, Lam SK, et al. Eradication of Helicobacter pylori
infection reverses E-cadherin promoter hypermethylation. Gut.
2006;55(4):463-468. doi: 10.1136/gut.2005.077776

Sepulveda AR, Yao Y, Yan W, et al. CpG methylation and reduced
expression of O6-methylguanine DNA methyltransferase is asso-
ciated with Helicobacter pylori infection. Gastroenterology.
2010;138(5):1836-1844.e4. doi: 10.1053/j.gastro.2009.12.042

Perri F, Cotugno R, Piepoli A, et al. Aberrant DNA methylation in
non-neoplastic gastric mucosa of H. Pylori infected patients and


https://doi.org/10.1016/j.surg.2011.08.013
https://doi.org/10.1002/ijc.27812
https://doi.org/10.1073/pnas.92.16.7416
https://doi.org/10.1073/pnas.92.16.7416
https://doi.org/10.1093/annonc/mdn782
https://doi.org/10.1093/annonc/mdn782
https://doi.org/10.1007/s10495-014-1022-z
https://doi.org/10.1007/s10495-014-1022-z
https://doi.org/10.1002/ijc.25432
https://doi.org/10.3892/ijo.2012.1682
https://doi.org/10.3892/ijo.2012.1682
https://doi.org/10.1038/bjc.2013.251
https://doi.org/10.1158/1078-0432.CCR-07-1011
https://doi.org/10.1158/1078-0432.CCR-07-1011
https://doi.org/10.1245/s10434-009-0901-y
https://doi.org/10.1245/s10434-009-0901-y
https://doi.org/10.1002/cncr.28802
https://doi.org/10.1002/ijc.27505
https://doi.org/10.1136/gutjnl-2016-313372
https://doi.org/10.1373/clinchem.2015.253609
https://doi.org/10.1038/s41598-024-60351-9
https://doi.org/10.1093/jnci/djn359
https://doi.org/10.1093/jnci/djn359
https://doi.org/10.1007/s10147-017-1106-1
https://doi.org/10.1016/j.ebiom.2024.105223
https://doi.org/10.1053/j.gastro.2010.12.035
https://doi.org/10.1016/S0360-3016(02)03228-5
https://doi.org/10.1158/1078-0432.CCR-18-0866
https://doi.org/10.1053/j.gastro.2014.05.009
https://doi.org/10.1158/1078-0432.CCR-12-3518
https://doi.org/10.1158/1078-0432.CCR-12-3518
https://doi.org/10.1245/s10434-018-6865-z
https://doi.org/10.1245/s10434-018-6865-z
https://doi.org/10.1093/jnci/djt322
https://doi.org/10.1093/jnci/djt322
https://doi.org/10.1056/NEJMoa1009473
https://doi.org/10.1056/NEJMoa1009473
https://doi.org/10.1002/ijc.30625
https://doi.org/10.1038/bjc.2017.65
https://doi.org/10.1038/nature13480
https://doi.org/10.1158/1078-0432.CCR-05-1601
https://doi.org/10.1158/1078-0432.CCR-05-1601
https://doi.org/10.1016/j.cca.2015.07.001
https://doi.org/10.1186/s12916-023-02842-6
https://doi.org/10.1007/s10120-016-0650-0
https://doi.org/10.1007/s10120-016-0650-0
https://doi.org/10.1136/gut.2005.077776
https://doi.org/10.1053/j.gastro.2009.12.042

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

112.

113.

114.

effect of eradication. Am J Gastroenterol. 2007;102(7):1361-1371.
doi: 10.1111/j.1572-0241.2007.01284.x

Hino R, Uozaki H, Murakami N, et al. Activation of DNA methyl-
transferase 1 by EBV latent membrane protein 2A leads to promo-
ter hypermethylation of PTEN gene in gastric carcinoma. Cancer
Res. 2009;69(7):2766-2774. doi: 10.1158/0008-5472.CAN-08-3070
Geddert H, Zur Hausen A, Gabbert HE, et al. Ebv-infection in
cardiac and non-cardiac gastric adenocarcinomas is associated
with promoter methylation of p16, p14 and APC, but not
hMLH1. Anal Cell Pathol (Amst). 2010;33(3-4):143-149. doi: 10.
1155/2010/453764

Grady WM, Willis J, Guilford PJ, et al. Methylation of the CDH1
promoter as the second genetic hit in hereditary diffuse gastric
cancer. Nat Genet. 2000;26:16-17. doi: 10.1038/79120

Hu XY, Ling ZN, Hong LL, et al. Circulating methylated THBS1 DNAs
as a novel marker for predicting peritoneal dissemination in gastric
cancer. J Clin Lab Anal. 2021;35(9):€23936. doi: 10.1002/jcla.23936
Teng JJ, Zhao WJ, Zhang XL, et al. Downregulation of promoter
methylation gene PRDM5 contributes to the development of
tumor proliferation and predicts poor prognosis in gastric cancer.
J Cancer. 2021;12(22):6921-6930. doi: 10.7150/jca.59998

Xu L, Li X, Chu ES, et al. Epigenetic inactivation of BCL6B, a novel
functional tumour suppressor for gastric cancer, is associated with
poor survival. Gut. 2012;61(7):977-985. doi: 10.1136/gutjnl-2011-
300411

Kato K, lida S, Uetake H, et al. Methylated TMS1 and DAPK genes
predict prognosis and response to chemotherapy in gastric cancer.
Int J Cancer. 2008;122(3):603-608. doi: 10.1002/ijc.23143
Ignatavicius P, Dauksa A, Zilinskas J, et al. DNA methylation of
HOXA11 gene as prognostic molecular Marker in human gastric
adenocarcinoma. Diagnostics (Basel). 2022;12(7):1686. doi: 10.3390/
diagnostics12071686

Toyota M, Ahuja N, Suzuki H, et al. Aberrant methylation in gastric
cancer associated with the CpG island methylator phenotype.
Cancer Res. 1999;59:5438-5442.

An C, Choi IS, Yao JC, et al. Prognostic significance of CpG island
methylator phenotype and microsatellite instability in gastric
carcinoma. Clin Cancer Res. 2005;11(2):656-663. doi: 10.1158/
1078-0432.656.11.2

Powell A, Soul S, Christian A, et al. Meta-analysis of the prognostic
value of CpG island methylator phenotype in gastric cancer. Br
J Surg. 2018;105(2):e61-e68. doi: 10.1002/bjs.10742

Mitsuno M, Kitajima Y, Ide T, et al. Aberrant methylation of p16
predicts candidates for 5-fluorouracil-based adjuvant therapy in
gastric cancer patients. J Gastroenterol. 2007;42:866-873. doi: 10.
1007/500535-007-2113-1

Napier KJ, Scheerer M, Misra S. Esophageal cancer: a review of
epidemiology, pathogenesis, staging workup and treatment
modalities. World J Gastrointest Oncol. 2014;6(5):112-120. doi: 10.
4251/wjgo.v6.i5.112

Thrift AP. Global burden and epidemiology of Barrett oesophagus
and oesophageal cancer. Nat Rev Gastroenterol Hepatol.
2021;18:432-443. doi: 10.1038/s41575-021-00419-3

. Guo W, Dong Z, Cui J, et al. Aberrant hypermethylation of RASSF2

in tumors and peripheral blood DNA as a biomarker for malignant
progression and poor prognosis of esophageal squamous cell
carcinoma. Clin Exp Metastasis. 2016;33:73-85. doi: 10.1007/
$10585-015-9759-5

Hibino S, Kanda M, Oya H, et al. Reduced expression of DENND2D
through promoter hypermethylation is an adverse prognostic fac-
tor in squamous cell carcinoma of the esophagus. Oncol Rep.
2014;31(2):693-700. doi: 10.3892/0r.2013.2901

Teng H, Xue M, Liang J, et al. Inter- and intratumor DNA methyla-
tion heterogeneity associated with lymph node metastasis and
prognosis of esophageal squamous cell carcinoma. Theranostics.
2020;10:3035-3048. doi: 10.7150/thno.42559

Guo YL, Shan BE, Guo W, et al. Aberrant methylation of DACT1 and
DACT?2 are associated with tumor progression and poor prognosis
in esophageal squamous cell carcinoma. J Biomed Sci. 2017;24:6.
doi: 10.1186/512929-016-0308-6

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132

133.

EPIGENOMICS (&) 487

Xi'Y, Lin Y, Guo W, et al. Multi-omic characterization of genome-wide
abnormal DNA methylation reveals diagnostic and prognostic mar-
kers for esophageal squamous-cell carcinoma. Sig Transduct Target
Ther. 2022;7(1):53. doi: 10.1038/s41392-022-00873-8

Baba Y, Watanabe M, Murata A, et al. LINE-1 hypomethylation, DNA
copy number alterations, and CDK6 amplification in esophageal
squamous cell carcinoma. Clin Cancer Res. 2014;20(5):1114-1124.
doi: 10.1158/1078-0432.CCR-13-1645

Kaz AM, Grady WM. Epigenetic biomarkers in esophageal cancer.
Cancer Lett. 2014;342(2):193-199. doi: 10.1016/j.canlet.2012.02.036
Kuo Y, Chang JM, Jiang SS, et al. Prognostic CpG methylation biomarkers
identified by methylation array in esophageal squamous cell carcinoma
patients. Int J Med Sci. 2014;11(8):779-787. doi: 10.7150/ijms.7405
Chang WL, Lai WW, Kuo 1Y, et al. A six-CpG panel with DNA
methylation biomarkers predicting treatment response of chemor-
adiation in esophageal squamous cell carcinoma. J Gastroenterol.
2017;52:705-714. doi: 10.1007/500535-016-1265-2

Hamilton JP, Sato F, Greenwald BD, et al. Promoter methylation
and response to chemotherapy and radiation in esophageal cancer.
Clin Gastroenterol Hepatol. 2006;4(6):701-708. doi: 10.1016/j.cgh.
2006.03.007

Kurimoto K, Hayashi M, Guerrero-Preston R, et al. PAX5 gene as
a novel methylation marker that predicts both clinical outcome and
cisplatin sensitivity in esophageal squamous cell carcinoma.
Epigenetics. 2017;12:865-874. doi: 10.1080/15592294.2017.1365207
Takahashi T, Yamahsita S, Matsuda Y, et al. ZNF695 methylation
predicts a response of esophageal squamous cell carcinoma to
definitive chemoradiotherapy. J Cancer Res Clin Oncol.
2015;141:453-463. doi: 10.1007/500432-014-1841-x

Iwabu J, Yamashita S, Takeshima H, et al. FGF5 methylation is
a sensitivity marker of esophageal squamous cell carcinoma to
definitive chemoradiotherapy. Sci Rep. 2019;9:13347. doi: 10.1038/
541598-019-50005-6

Yun T, Liu Y, Gao D, et al. Methylation of CHFR sensitizes esopha-
geal squamous cell cancer to docetaxel and paclitaxel. Genes
Cancer. 2015;6(1-2):38-48. doi: 10.18632/genesandcancer.46

Sato T, Kondo F, Ebara M, et al. Natural history of large regenerative
nodules and dysplastic nodules in liver cirrhosis: 28-year follow-up
study. Hepatol Int. 2015;9:330-336. doi: 10.1007/512072-015-9620-6
Schumacher FR, Olama A, Berndt SI, et al. Author correction: asso-
ciation analyses of more than 140,000 men identify 63 new pros-
tate cancer susceptibility loci. Nat Genet. 2019;51:363. doi: 10.1038/
s41588-018-0330-6

Cheng J, Wei D, Ji Y, et al. Integrative analysis of DNA methylation
and gene expression reveals hepatocellular carcinoma-specific
diagnostic biomarkers. Genome Med. 2018;10:42. doi: 10.1186/
513073-018-0548-z

Wang Q, Wang G, Liu C, et al. Prognostic value of CpG island
methylator phenotype among hepatocellular carcinoma patients:
a systematic review and meta-analysis. Int J Surg. 2018;54:92-99.
doi: 10.1016/j.ijsu.2018.04.033

Long J, Chen P, Lin J, et al. DNA methylation-driven genes for
constructing diagnostic, prognostic, and recurrence models for
hepatocellular carcinoma. Theranostics. 2019;9:7251-7267. doi: 10.
7150/thno.31155

Zhang C, Ge S, Wang J, et al. Epigenomic profiling of DNA methyla-
tion for hepatocellular carcinoma diagnosis and prognosis
prediction. J Gastroenterol Hepatol. 2019;34(10):1869-1877. doi:
10.1111/jgh.14694

Qiu X, Hu B, Huang Y, et al. Hypermethylation of ACP1, BMP4, and
TSPYL5 in hepatocellular carcinoma and their potential clinical
significance. Dig Dis Sci. 2016;61:149-157. doi: 10.1007/s10620-
015-3878-3

. Zhang X, You Q, Zhang X, et al. SOCS3 methylation predicts a poor

prognosis in HBV infection-related hepatocellular carcinoma.
Int J Mol Sci. 2015;16(9):22662-22675. doi: 10.3390/ijms160922662
Yokomichi N, Nishida N, Umeda Y, et al. Heterogeneity of epige-
netic and epithelial mesenchymal transition marks in hepatocellu-
lar carcinoma with keratin 19 proficiency. Liver Cancer.
2019;8:239-254. doi: 10.1159/000490806


https://doi.org/10.1111/j.1572-0241.2007.01284.x
https://doi.org/10.1158/0008-5472.CAN-08-3070
https://doi.org/10.1155/2010/453764
https://doi.org/10.1155/2010/453764
https://doi.org/10.1038/79120
https://doi.org/10.1002/jcla.23936
https://doi.org/10.7150/jca.59998
https://doi.org/10.1136/gutjnl-2011-300411
https://doi.org/10.1136/gutjnl-2011-300411
https://doi.org/10.1002/ijc.23143
https://doi.org/10.3390/diagnostics12071686
https://doi.org/10.3390/diagnostics12071686
https://doi.org/10.1158/1078-0432.656.11.2
https://doi.org/10.1158/1078-0432.656.11.2
https://doi.org/10.1002/bjs.10742
https://doi.org/10.1007/s00535-007-2113-1
https://doi.org/10.1007/s00535-007-2113-1
https://doi.org/10.4251/wjgo.v6.i5.112
https://doi.org/10.4251/wjgo.v6.i5.112
https://doi.org/10.1038/s41575-021-00419-3
https://doi.org/10.1007/s10585-015-9759-5
https://doi.org/10.1007/s10585-015-9759-5
https://doi.org/10.3892/or.2013.2901
https://doi.org/10.7150/thno.42559
https://doi.org/10.1186/s12929-016-0308-6
https://doi.org/10.1038/s41392-022-00873-8
https://doi.org/10.1158/1078-0432.CCR-13-1645
https://doi.org/10.1016/j.canlet.2012.02.036
https://doi.org/10.7150/ijms.7405
https://doi.org/10.1007/s00535-016-1265-2
https://doi.org/10.1016/j.cgh.2006.03.007
https://doi.org/10.1016/j.cgh.2006.03.007
https://doi.org/10.1080/15592294.2017.1365207
https://doi.org/10.1007/s00432-014-1841-x
https://doi.org/10.1038/s41598-019-50005-6
https://doi.org/10.1038/s41598-019-50005-6
https://doi.org/10.18632/genesandcancer.46
https://doi.org/10.1007/s12072-015-9620-6
https://doi.org/10.1038/s41588-018-0330-6
https://doi.org/10.1038/s41588-018-0330-6
https://doi.org/10.1186/s13073-018-0548-z
https://doi.org/10.1186/s13073-018-0548-z
https://doi.org/10.1016/j.ijsu.2018.04.033
https://doi.org/10.7150/thno.31155
https://doi.org/10.7150/thno.31155
https://doi.org/10.1111/jgh.14694
https://doi.org/10.1111/jgh.14694
https://doi.org/10.1007/s10620-015-3878-3
https://doi.org/10.1007/s10620-015-3878-3
https://doi.org/10.3390/ijms160922662
https://doi.org/10.1159/000490806

488 A. REYILA ET AL.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

Cao H, Chu X, Wang Z, et al. High FOXK1 expression correlates with
poor outcomes in hepatocellular carcinoma and regulates stem-
ness of hepatocellular carcinoma cells. Life Sci. 2019;228:128-134.
doi: 10.1016/}.1fs.2019.04.068

Anwar SL, Hasemeier B, Schipper E, et al. LINE-1 hypomethylation
in human hepatocellular carcinomas correlates with shorter overall
survival and CIMP phenotype. PLOS ONE. 2019;14(5):e0216374. doi:
10.1371/journal.pone.0216374

Xiong L, Wu F, Wu Q, et al. Aberrant enhancer hypomethylation
contributes to hepatic carcinogenesis through global transcrip-
tional reprogramming. Nat Commun. 2019;10:335. doi: 10.1038/
s41467-018-08245-z

Jiang BG, Wang N, Huang J, et al. Tumor SOCS3 methylation status
predicts the treatment response to TACE and prognosis in HCC
patients. Oncotarget. 2017;8:28621-28627. doi: 10.18632/oncotar
get.16157

Saeki I, Suehiro Y, Yamauchi Y, et al. Methylated SEPT9 assay-based
liquid biopsy as a biomarker in molecular targeted agent-treated
hepatocellular carcinoma. Hepatol Int. 2023;17:1289-1299. doi: 10.
1007/5s12072-023-10488-y

Ying H, Dey P, Yao W, et al. Genetics and biology of pancreatic
ductal adenocarcinoma. Genes Dev. 2016;30(4):355-385. doi: 10.
1101/9ad.275776.115

Raphael BJ, Hruban RH, Aguirre AJ. Integrated genomic character-
ization of pancreatic ductal adenocarcinoma. Cancer Cell. 2017;32
(2):185-203.e13. doi: 10.1016/j.ccell.2017.07.007

Dauksa A, Gulbinas A, Barauskas G, et al. Whole blood DNA aber-
rant methylation in pancreatic adenocarcinoma shows association
with the course of the disease: a pilot study. PLoS One. 2012;7(5):
€37509. doi: 10.1371/journal.pone.0037509

Sato N, Fukushima N, Matsubayashi H, et al. Aberrant methylation
of Reprimo correlates with genetic instability and predicts poor
prognosis in  pancreatic ductal adenocarcinoma. Cancer.
2006;107:251-257. doi: 10.1002/cncr.21977

Yokoyama S, Higashi M, Kitamoto S, et al. Aberrant methylation of
MUC1 and MUC4 promoters are potential prognostic biomarkers
for pancreatic ductal adenocarcinomas. Oncotarget. 2016;7
(27):42553-42565. doi: 10.18632/oncotarget.9924

Sato N, Fukushima N, Chang R, et al. Differential and epigenetic
gene expression profiling identifies frequent disruption of the RELN
pathway in pancreatic cancers. Gastroenterology.
2006;130:548-565. doi: 10.1053/j.gastro.2005.11.008

Nones K, Waddell N, Song S, et al. Genome-wide DNA methylation
patterns in pancreatic ductal adenocarcinoma reveal epigenetic
deregulation of SLIT-ROBO, ITGA2 and MET signaling.
Int J Cancer. 2014;135(5):1110-1118. doi: 10.1002/ijc.28765
Garcia-Ortiz MV, Cano-Ramirez P, Toledano-Fonseca M, et al.
Circulating NPTX2 methylation as a non-invasive biomarker for
prognosis and monitoring of metastatic pancreatic cancer. Clin
Epigenetics. 2023;15:118. doi: 10.1186/513148-023-01535-4

Esteller M, Dawson MA, Kadoch C, et al. The epigenetic hallmarks of
cancer. Cancer Discov. 2024;14(10):1783-1809. doi: 10.1158/2159-
8290.Cd-24-0296

Kanai Y, Ushijima S, Kondo Y, et al. DNA methyltransferase expres-
sion and DNA methylation of CPG islands and peri-centromeric
satellite regions in human colorectal and stomach cancers.
Int J Cancer. 2001;91:205-212. doi: 10.1002/1097-0215(200002)
9999:9999<::aid-ijc1040>3.0.co;2-2

Ding WJ, Fang JY, Chen XY, et al. The expression and clinical
significance of DNA methyltransferase proteins in human gastric

150.

151.

152.

153.

154.

155

156.

157.

158.

159.

160.

161

162.

163.

164.

165.

cancer. Dig Dis Sci. 2008;53:2083-2089. doi: 10.1007/510620-007-
0145-2

Li H, Li W, Liu S, et al. DNMT1, DNMT3A and DNMT3B polymorph-
isms associated with gastric cancer risk: a systematic review and
meta-analysis. EBioMedicine. 2016;13:125-131. doi: 10.1016/j.
ebiom.2016.10.028

Etoh T, Kanai Y, Ushijima S, et al. Increased DNA methyltransferase
1 (DNMT1) protein expression correlates significantly with poorer
tumor differentiation and frequent DNA hypermethylation of multi-
ple CpG islands in gastric cancers. Am J Pathol. 2004;164
(2):689-699. doi: 10.1016/50002-9440(10)63156-2

Yang J, Wei X, Wu Q, et al. Clinical significance of the expression of
DNA methyltransferase proteins in gastric cancer. Mol Med Rep.
2011;4:1139-1143. doi: 10.3892/mmr.2011.578

Ma T, Li H, Sun M, et al. DNMT1 overexpression predicting gastric
carcinogenesis, subsequent progression and prognosis: a meta and
bioinformatic analysis. Oncotarget. 2017;8:96396-96408. doi: 10.
18632/oncotarget.21480

Cao XY, Ma HX, Shang YH, et al. DNA methyltransferase 3a expres-
sion is an independent poor prognostic indicator in gastric cancer.
World J Gastroenterol. 2014;20(25):8201-8208. doi: 10.3748/wjg.
v20.i25.8201

. Wang C, Jia Z, Ma H, et al. DNA methyltransferase 3a rs1550117

genetic polymorphism predicts poor survival in gastric cancer
patients. Int J Clin Exp Pathol. 2015;8:14864-14874.

Wang C, Jia Z, Cao D, et al. Polymorphism of DNA methyltransfer-
ase 3b and association with development and prognosis in gastric
cancer. PLoS One. 2015;10(8):e0134059. doi: 10.1371/journal.pone.
0134059

Yang Z, Chu B, Tu Y, et al. Dual inhibitors of DNMT and HDAC
remodels the immune microenvironment of colorectal cancer and
enhances the efficacy of anti-PD-L1 therapy. Pharmacol Res.
2024;206:107271. doi: 10.1016/j.phrs.2024.107271

Ji Y, Wang Y, Zou J, et al. Methyltransferase DNMT3B promotes
colorectal cancer cell proliferation by inhibiting PLCG2. Acta
Biochim Biophys Sin (Shanghai). 2024. doi: 10.3724/abbs.2024117
Zhao SL, Zhu ST, Hao X, et al. Effects of DNA methyltransferase 1
inhibition on esophageal squamous cell carcinoma. Dis Esophagus.
2011;24(8):601-610. doi: 10.1111/j.1442-2050.2011.01199.x

Chen MF, Lu MS, Lin PY, et al. The role of DNA methyltransferase 3b in
esophageal squamous cell carcinoma. Cancer. 2012;118:4074-4089.
doi: 10.1002/cncr.26736

. Saito Y, Kanai Y, Nakagawa T, et al. Increased protein expression of

DNA methyltransferase (DNMT) 1 is significantly correlated with the
malignant potential and poor prognosis of human hepatocellular
carcinomas. Int J Cancer. 2003;105(4):527-532. doi: 10.1002/ijc.11127
Oh BK, Kim H, Park HJ, et al. DNA methyltransferase expression and
DNA methylation in human hepatocellular carcinoma and their
clinicopathological correlation. Int J Mol Med. 2007;20:65-73.

Gao J, Wang L, Xu J, et al. Aberrant DNA methyltransferase expres-
sion in pancreatic ductal adenocarcinoma development and
progression. J Exp Clin Cancer Res. 2013;32:86. doi: 10.1186/1756-
9966-32-86

Zhang JJ, Zhu Y, Zhu Y, et al. Association of increased DNA methyl-
transferase expression with carcinogenesis and poor prognosis in
pancreatic  ductal adenocarcinoma. Clin  Transl  Oncol.
2012;14:116-124. doi: 10.1007/512094-012-0770-x

Zhao Y, Yang M, Wang S, et al. An overview of epigenetic methyla-
tion in pancreatic cancer progression. Front Oncol. 2022;12:854773.
doi: 10.3389/fonc.2022.854773


https://doi.org/10.1016/j.lfs.2019.04.068
https://doi.org/10.1371/journal.pone.0216374
https://doi.org/10.1371/journal.pone.0216374
https://doi.org/10.1038/s41467-018-08245-z
https://doi.org/10.1038/s41467-018-08245-z
https://doi.org/10.18632/oncotarget.16157
https://doi.org/10.18632/oncotarget.16157
https://doi.org/10.1007/s12072-023-10488-y
https://doi.org/10.1007/s12072-023-10488-y
https://doi.org/10.1101/gad.275776.115
https://doi.org/10.1101/gad.275776.115
https://doi.org/10.1016/j.ccell.2017.07.007
https://doi.org/10.1371/journal.pone.0037509
https://doi.org/10.1002/cncr.21977
https://doi.org/10.18632/oncotarget.9924
https://doi.org/10.1053/j.gastro.2005.11.008
https://doi.org/10.1002/ijc.28765
https://doi.org/10.1186/s13148-023-01535-4
https://doi.org/10.1158/2159-8290.Cd-24-0296
https://doi.org/10.1158/2159-8290.Cd-24-0296
https://doi.org/10.1002/1097-0215(200002)9999:9999%3C::aid-ijc1040%3E3.0.co;2-2
https://doi.org/10.1002/1097-0215(200002)9999:9999%3C::aid-ijc1040%3E3.0.co;2-2
https://doi.org/10.1007/s10620-007-0145-2
https://doi.org/10.1007/s10620-007-0145-2
https://doi.org/10.1016/j.ebiom.2016.10.028
https://doi.org/10.1016/j.ebiom.2016.10.028
https://doi.org/10.1016/S0002-9440(10)63156-2
https://doi.org/10.3892/mmr.2011.578
https://doi.org/10.18632/oncotarget.21480
https://doi.org/10.18632/oncotarget.21480
https://doi.org/10.3748/wjg.v20.i25.8201
https://doi.org/10.3748/wjg.v20.i25.8201
https://doi.org/10.1371/journal.pone.0134059
https://doi.org/10.1371/journal.pone.0134059
https://doi.org/10.1016/j.phrs.2024.107271
https://doi.org/10.3724/abbs.2024117
https://doi.org/10.1111/j.1442-2050.2011.01199.x
https://doi.org/10.1002/cncr.26736
https://doi.org/10.1002/ijc.11127
https://doi.org/10.1186/1756-9966-32-86
https://doi.org/10.1186/1756-9966-32-86
https://doi.org/10.1007/s12094-012-0770-x
https://doi.org/10.3389/fonc.2022.854773

	Abstract
	1.  Introduction
	2.  Methods
	3.  DNA methylation and cancer
	4.  DNA methylation in colorectal cancer
	4.1.  Prognosis prediction
	4.2.  Treatment response evaluation

	5.  DNA methylation in gastric cancer
	5.1.  Prognosis prediction
	5.2.  Treatment response evaluation

	6.  DNA methylation in esophageal squamous cell carcinoma
	6.1.  Prognosis prediction
	6.2.  Treatment response evaluation

	7.  DNA methylation in hepatocellular carcinoma
	7.1.  Prognosis prediction
	7.2.  Treatment response evaluation

	8.  DNA methylation in pancreatic adenocarcinoma
	8.1.  Prognosis prediction
	8.2.  Treatment response evaluation

	9.  Limitations of current studies
	10.  The prognostic role of DNMTs
	11.  Conclusions
	12.  Future perspectives
	Acknowledgments
	Author contributions
	Disclosure statement
	Funding
	References

