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Abstract

Background Early gastric cancer is treated endoscopically, but patients require surveillance due to the risk

of metachronous gastric lesions (MGLs). Epigenetic alterations, particularly aberrant DNA methylation in genes, such
as MIR124-3, MIR34b/c, NKX6-1, EMX1, MOS and CDOT, have been identified as promising biomarkers for MGL in Asian
populations. We aimed to determine whether these changes could predict MGL risk in intermediate-risk Caucasian
patients.

Methods This case—cohort study included 36 patients who developed MGL matched to 48 patients without evi-
dence of MGL in the same time frame (controls). Multiplex quantitative methylation-specific PCR was performed
using DNA extracted from the normal mucosa adjacent to the primary lesion. The overall risk of progression to MGL
was assessed using Kaplan—Meier and Cox proportional hazards model analyses.

Results MIR124-3, MIR34b/c and NKX6-1 were successfully analyzed in 77 samples. MIR124-3 hypermethylation

was detected in individuals who developed MGL (relative quantification 78.8 vs 50.5 in controls, p=0.014), particularly
in females and Helicobacter pylori-negative patients (p=0.021 and p=0.0079, respectively). This finding was further
associated with a significantly greater risk for MGL development (aHR=2.31,95% Cl 1.03-5.17, p=0.042). Similarly,
NKX6-1 was found to be hypermethylated in patients with synchronous lesions (relative quantification 7.9 vs 0.0

in controls, p=0.0026). A molecular-based methylation model incorporating both genes was significantly associated
with a threefold increased risk for MGL development (aHR=3.10, 95% Cl 1.07-8.95, p=0.037).

Conclusions This preliminary study revealed an association between MIR124-3 and NKX6-1 hypermethyla-
tion and the development of MGL in a Western population. These findings may represent a burden reduction
and a greener approach to patient care.
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Background

Each year, gastric cancer (GC) is the cause of more than
one million new cancer cases, leading to hundreds of
thousands of fatalities [1]. This figure accounts for one
in every 13 global deaths, ranking it as the fourth most
prevalent contributor to cancer-related mortality [1].
Endoscopic submucosal dissection (ESD) is the gold
standard for the management of early GC patients with
a low risk of lymph node metastasis and is associated
with an improved quality of life compared to gastrectomy
[2, 3]. Despite its advantages, there is a non-negligible
rate (10-20%) of metachronous gastric lesions (MGLs)
detected during surveillance, manifesting at least 1 year
after the initial ESD [4, 5]. Although Helicobacter pylori
(HP) eradication after ESD has the potential to reduce
the likelihood of MGL development, the challenge lies
in accurately identifying individuals at a greater risk of
developing these lesions [6]. Current clinicopathologi-
cal findings, including HP infection status, lack reliable
predictions [7]. Although several risk factors have been
identified, such as older age, male sex, severe mucosal
precancerous changes, persistent HP infection and family
history of GC, they do not comprehensively explain the
overall risk associated with MGL development [8].

The definition of molecular panels for a better MGL
risk assessment is highly important and will further
impact future care toward a greener endoscopy [9].
Epigenetic alterations, namely aberrant DNA methyla-
tion, are deeply involved in carcinogenesis, particularly
in chronic inflammation-associated tumors, such as
GC [10]. Recently, there has been increasing interest in
exploring the role of DNA methylation-based markers in
the context of MGL development [11-15]. For instance,
Kubota et al. [11] highlighted the potential utility of
cysteine dioxygenase type 1 (CDOI) hypermethylation in
tumor-adjacent noncancerous mucosa as a useful indi-
cator of MGL risk. Another study by Asada and Maeda
et al. [14, 15] revealed a correlation between higher
methylation levels of microRNA (MIR)124-3, empty spir-
acles homeobox 1 (EMX1) and NK6 homeobox 1 (NKX6-
1) and an increased incidence of MGL. Suzuki et al. [13]
demonstrated a strong association between MIR34b/c
methylation and the risk of MGL, with the cumulative
incidence being significantly greater among patients
exhibiting increased levels. Additionally, the MOS proto-
oncogene, serine/threonine (MOS) hypermethylation has
emerged as a promising marker for predicting metachro-
nous recurrence after endoscopic resection [12].

Despite the valuable insights from these studies con-
ducted in Asian populations, translating them to lower
than high-GC-risk regions or other ethnic popula-
tions requires validation due to the intricate interplay
between genetic background, environmental exposure
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and lifestyles that modulate molecular-based signatures
or patterns [16—18]. While discovering studies using
screening strategies, like methylation sequencing, are
valuable, validation studies are crucial for confirming the
applicability of findings across diverse populations. Vali-
dation ensures that biomarkers are robust, reliable and
generalizable across various clinical settings, which is an
essential step for developing effective clinical decision
rules, guidelines that help clinicians make informed diag-
nostic and treatment decisions [19]. Furthermore, focus-
ing on known candidates from previous studies allows
for a more resource-efficient research process, directing
efforts toward the most promising biomarkers.

This study bridges the gap regarding the applicability of
these epigenetic markers across ethnically diverse popu-
lations, shedding light on their utility in predicting MGL
risk in Western settings.

Materials and methods

We aimed to explore all the previously reported aberrant
DNA methylation biomarkers (MIRI124-3, MIR34b/c,
NKX6-1, EMX1, MOS and CDOI) in an intermediate-
risk Caucasian population and assess their feasibility as
predictors for MGL.

Patients and sample selection

A case—cohort study was performed on a cohort of
patients previously treated by ESD for a primary superfi-
cial lesion, with a minimum of 36 months of endoscopic
surveillance (n=263). All patients who developed MGL
were included (n=42), as well as 48 patients without
MGL detected during the time frame of the cohort who
were matched for age, sex, HP infection status, lesion his-
tology and location.

The full cohort of patients is described in the original
study by Rei et al. [20], and the data were reviewed up to
December 2023. The inclusion criteria for MGL patients
stipulated that patients must have undergone ESD for a
primary superficial gastric lesion, local-risk resection not
suitable for surgery, with a minimum of 3 years of sub-
sequent endoscopic surveillance. MGL was defined as
any lesion identified after the initial endoscopic surveil-
lance that was located at a different site from the index
lesion. The exclusion criteria encompassed patients with
a primary lesion unfit for ESD, patients who required sur-
gical resection following ESD due to noncurative resec-
tion and patients with an endoscopic follow-up period
of less than 3 years after resection. Persistent HP infec-
tion was defined as the presence of histopathological
evidence of HP in gastric biopsy samples from the gas-
tric antrum and/or corpus persisting beyond 1 year after
ESD, irrespective of eradication attempts. Synchronous
gastric lesions were defined as those detected within
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6 months of ESD, either at the initial endoscopy, during
the ESD procedure itself or at the first follow-up endos-
copy. Corpus intestinal metaplasia (IM) was considered
present if documented in the histopathological reports
and/or an endoscopic grading of gastric intestinal meta-
plasia (EGGIM) score of >5 was reported in endoscopic
findings, assessed by an experienced gastroenterologist
trained in chromoendoscopy with narrow-band imaging.

DNA extraction, bisulfite treatment and preamplification
All formalin-fixed paraffin-embedded (FFPE) samples
were reviewed by an experienced pathologist. DNA
extraction from the normal-appearing mucosa adjacent
to the primary lesion was performed using an AllPrep
DNA/RNA FFPE Kit (Qiagen, cat. no. 80234, Hilden Ger-
many) following the manufacturer’s instructions, and the
DNA was stored at—80 °C until further use. DNA con-
centrations were determined using a Qubit 4 Fluorom-
eter (Invitrogen, Waltham, Massachusetts, USA). The 100
ng of FFPE-derived DNA was subjected to bisulfite treat-
ment whenever possible using the EZ DNA Methylation-
Gold™ Kit (Zymo Research, cat. no. D5005, Orange, CA,
USA) according to the manufacturer’s instructions. Eight
puL of modified DNA was preamplified using SsoAd-
vanced " PreAmp Supermix (Bio-Rad, cat. no. 1725160,
Hercules, CA, USA). The final product was diluted at a
ratio of 1:2 for FFPE-extracted DNA using sterile distilled
water. DNA was successfully obtained from a total of 36
MGL patients, with exclusion criteria applied to patients
with neuroendocrine tumors for this analysis.

Methylation analysis

A total of six genes were previously identified as meth-
ylation-based biomarkers for MGL development [11-
15]. Specific methylation primers for four of the six
genes, MIR124-3, MIR34b/c, EMX1 and NKX6-1, were
designed according to the methods described by Lobo
et al. [21] and are given in Table S1. Multiplex MIR124-3,
MIR34b/c, NKX6-1 and actin beta (ACTB) and singleplex
EMXI1 reactions were performed using methylation-
specific quantitative polymerase chain reaction (qMSP)
with 1 puL of DNA as a template. ACTB was selected as
the reference gene [22]. In brief, 5 uL of MasterMix Xpert
Fast Probe with ROX (GRIiSP, cat. no. GE30.0100, Porto,
Portugal), 1 pL of bisulfite-treated DNA, a variable vol-
ume of primers and probe at 10 uM and sterile bidistilled
water were added to each well in a total volume of 10
pL. Reactions were carried out in 96-well plates using an
ABI 7500 Real-Time PCR System (Applied Biosystems,
Waltham, Massachusetts, USA). All samples were run in
triplicate. Human HCT116 DKO Non-Methylated DNA
(Zymo Research, cat. no. D5014-1, Orange, CA, USA)
was used as a negative control, and human HCT116
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DKO Methylated DNA (Zymo Research, cat. no. D5013-
2, Orange, CA, USA) was used as a positive control in a
1:5 dilution series (run in duplicate) to construct a stand-
ard curve for quantification and to determine the PCR
efficiency of each plate. Two nontemplate controls were
also included in every plate, assuring, together with the
negative control, the absence of contamination and spec-
ificity for the methylated DNA template. All reactions
were performed under the following thermal cycling
conditions: 95 °C for 3 min and 45 cycles of 95 °C for
5 s and 64 °C for 30 s. Samples were excluded if the rela-
tive quantity of ACTB was<800. For included samples
where target methylation was not successfully detected,
a quantity mean of 0 was assigned. Relative methylation
levels were determined as the ratio of the mean quantity
of each gene to the mean quantity of the reference gene
(target/ACTB), multiplied by 1000 for easier tabulation
[23].

Statistical analysis

Data processing and analysis were performed in RStudio
(version 2023.9.1.494) using R software (version 4.3.2).
Student’s test was performed to compare mean values
between groups, and the corresponding nonparametric
tests (Mann—Whitney) were applied when appropriate.
Kaplan—Meier analysis was performed to assess the over-
all progression to MGL of patients based on the DNA
methylation levels of the genes under study. Low or high
expression was defined according to the median, fol-
lowed by the optimal cutoff approach, which maximizes
the difference in MGL development between the two
groups and was determined by the maximally selected
log-rank statistics from the “maxstat” R package. The log-
rank test was used to compare curves, and progression
to MGL estimates was visualized with the “survival” and
“survminer” R packages [24, 25]. Cox regression analy-
ses were carried out for each biomarker to quantify their
individual associations with progression to MGL. Multi-
variate Cox regression was further performed to adjust
for the presence or absence of synchronous lesions at
baseline, which was identified as an independent variable
of prognosis (Table 2). These analyses were conducted
using the “finalfit” R package [26]. All p values were two-
sided, and p values < 0.05 were considered to indicate sta-
tistical significance.

Results

Population description

Table 1 presents a summary of the relevant clini-
cal, demographic and pathological data of the patients
enrolled in this matched case—cohort study. Variables
identified as risk factors for MGL by Rei et al. [19],
namely age (>65 years old), male sex, family history of
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Table 1 Clinicopathological features of all patients enrolled in this study
Baseline characteristics With MGL (n=36) Without MGL (n=48) p value
Age, mean (SD) 7136 (7.76) 68.90 (9.70) 0.25
<65 years 8(23) 15(31)
>65 years 28(77) 33(69)
Sex, n (%) 0.73
Female 13 (36) 20 (42)
Male 23 (64) 28 (58)
HP status, n (%) 043
Persistent 3(8) 3(6)
Negative/eradicated 32(89) 43 (90)
Unknown 1(3) 2(4)
Synchronous at baseline, n (%) 0.002
Present 12 (33) 4 (8)
Absent 24 (67) 44 (92)
Family history GC, n (%) 0.03*
Positive 1131 11(23)
Negative 8(22) 24 (50)
Unknown 17 (47) 13 (27)
Corpus IM, n (%) 0.07
Present 32 (89) 32 (67)
Absent 4(11) 16 (33)
Samples** n=39 n=50
Primary gastric lesion location 0.99
Antrum 28(72) 36 (72)
Body 6(15) 7(14)
Angular incisure 4(10) 6(12)
Other 1(3) 1(2)
Histology type 0.84
LGD 7(18) 9(18)
HGD 17 (44) 24 (48)
ADC 15 (38) 17 (34)

p values were calculated using the Student’s t-test for continuous variables or X? test for categorical variables. p < 0.05 was considered statistically significant

ADC, Adenocarcinoma; GC, Gastric cancer; HGD, High-grade dysplasia; HP, Helicobacter pylori; LGD, Low-grade dysplasia; MGL, Metachronous gastric lesion

*After adjusting for missing values, the statistical significance was no longer evident (p=0.174)

**n instances of synchronous gastric lesions, multiple samples from the same patient might have been used

GC, persistent HP infection, synchronous gastric lesions
and corpus IM, were included. It is worth noting that all
cases included in this analysis had documented IM in the
mucosa adjacent to the lesion. Focusing on the matched
baseline characteristics, the group of patients who devel-
oped MGL had an average age of 71 years and were pre-
dominantly male (64%), with 8% showing persistent HP
infection. High-grade dysplasia (HGD) and intramu-
cosal or submucosal adenocarcinoma (ADC) were the
most commonly diagnosed postresection pathological
World Health Organization (WHO) classifications (44%
and 38%, respectively), with more than 70% of primary
superficial lesions being located in the antrum. Regarding

nonmatched variables, a statistically significant difference
was observed in the presence of synchronous lesions
at baseline, occurring in 33% of patients with MGLs,
which was 25% greater than that in the group without
MGLs (p=0.002). Although not statistically significant
(p=0.07), there was a 22% greater prevalence of IM in
the corpus among patients with MGL than among those
without MGL. Moreover, having a positive family history
of GC was significantly different (MGL=31%, without
MGL=23%, p=0.03). Nevertheless, it is worth noting
that a considerable percentage of patients in both groups
lacked available information. After removing those miss-
ing data, the significance was lost.



Lopes et al. Clinical Epigenetics (2024) 16:113

MIR124-3 is hypermethylated in metachronous gastric
lesions

MIRI24-3, MIR34b/c and NKX6-1 were success-
fully amplified and analyzed in a total of 77 samples. In
instances where histological heterogeneity was reported
between synchronous lesions, samples from each lesion
were included. One sample was identified as an outlier
and subsequently excluded from the analysis. Notably,
hypermethylation of the MIR124-3 gene was detected
in patients who developed MGL (median MGL=78.8,
N=30; median no MGL=50.5, N=46, p=0.014, Fig. 1),
whereas no differences were detected in the MIR34b/c
and NKX6-1 DNA methylation levels. Differential meth-
ylation status was further analyzed across subgroups. A
statistically significant difference was observed in female
patients, with higher levels of MIR124-3 methylation in
the MGL group (median MGL=96.3, N=11; median no
MGL=39.3, N=18, p=0.02, Fig. 2A). Concerning age
and HP status patterns, MIRI24-3 methylation levels
were significantly greater in older (median MGL=78.8,
N=20; median no MGL=39.8, N=22, p=0.0095) and
HP-negative or HP-eradicated patients who devel-
oped MGL (median MGL=81.1, N=27; median no
MGL=44.3, N=43, p=0.0079, Fig. 2B, C), than in the
non-MGL group. Regarding the presence of synchronous
lesions, only NKX6-1 was hypermethylated in the MGL
group (median MGL=7.9, N=10; median no MGL=0,
N=5; p=0.0026; Fig. 2D). No statistically significant dif-
ferences were detected in the methylation patterns of the
remaining subgroups (Figs. S1, S2, S3).

Aberrant MIR124-3 and NKX6-1 methylation is associated

with the risk of developing metachronous gastric lesions

To assess the ability to predict MGL, we analyzed
Kaplan—Meier curves depicting progression to MGL in
groups stratified by low and high methylation levels of
each gene, categorized based initially on their respective
median values. These analyses were complemented by
HR estimation and multivariate Cox regression modeling,
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adjusting for the presence of synchronous lesions, which
was the only clinical factor identified as an independent
prognostic variable in the univariate analysis (HR=3.56,
95% CI 1.59-7.96, p=0.002, Table 2).

Notably, high methylation levels of MIR124-3 were
significantly associated with progression to MGL
(p=0.0083, Fig. 3A), consistent with the univariate
analysis (Table 2). Specifically, patients with elevated
MIRI124-3 methylation had an over twofold increased
risk of developing MGL compared to those with lower
levels, after adjusting for the presence of synchro-
nous lesions (aHR=2.31, 95% CI 1.03-5.17, p=0.042).
MIR34b/c did not exhibit a statistically significant dif-
ference in the progression to MGL between methylation
levels (Fig. S4). On the other hand, there was a sugges-
tive trend indicating that patients with high methyla-
tion levels of NKX6-1 might have an increased risk of
developing MGL compared to those with lower meth-
ylation levels (p=0.062, Fig. 3B), corresponding to a
1.7-fold increase in risk (HR=1.73, 95% CI 0.80-3.75,
p=0.162, Table 2), which reached statistical significance
considering the optimal cutoff value (p=0.021, Fig. 3C,
aHR=2.01, 95% CI 0.93-4.33, p=0.074, Table 2). Simi-
lar to the results observed for MIR124-3, 18 patients in
the hypermethylated group were diagnosed with MGL
(53%), nearly twice the number of individuals compared
to the low-methylation group (28%). However, over the
observed period, both groups exhibited a similar trend,
with the majority of individuals developing lesions within
5-year follow-up (low-methylation group=91%, high-
methylation group=89%). A DNA methylation model
was constructed to further assess the impact of aberrant
MIR124-3 and NKX6-1 methylation on MGL develop-
ment. Patients with hypermethylation of MIR124-3 and/
or NKX6-1 were more likely to develop MGL than those
with a lower-methylation profile (»=0.021, Fig. 4). This
corresponded to a threefold increased risk of progression
after adjusting for the presence of synchronous lesions
(aHR=3.10, 95% CI 1.08-8.95, p=0.037, Table 2).
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Discussion

In this preliminary study, we successfully validated one
of the previously reported aberrantly methylated genes
in Asian populations, MIRI124-3, as a potential predictor
of progression to MGL in Western Caucasians. Interest-
ingly, in our intermediate-risk population, patients exhib-
iting hypermethylation of MIR124-3 and/or NKX6-1 at
baseline accounted for more than 86% of all MGLs dur-
ing the surveillance period.

The development of a predictive model for MGL has
been a long-standing goal, and a recent meta-analysis
by our group reported a greater risk of MGL after endo-
scopic resection (cumulative incidence at 5 years of 9.5%)
and identified several risk factors for MGL develop-
ment [8]. Subsequently, Rei et al. [20] established a pre-
dictive model, named FAMISH, integrating six clinical
predictors, including positive family history, age older
than 65 years, male sex, corpus IM, synchronous gastric

lesions and persistent HP, to better estimate the risk of
MGL development, which has been subsequently vali-
dated in other studies [27]. However, this scoring system
may not capture 15% of MGL cases at 3-year follow-up,
highlighting the relevance of additional research and vali-
dation of novel biomarkers [20].

A previous study showed that the methylation levels
of the gastric mucosa could serve as a valuable predictor
for GC development risk [28]. Furthermore, patients who
have high methylation levels of specific marker genes
tend to have greater MGL occurrence [14, 15]. Neverthe-
less, the identification of a marker gene that accurately
indicates susceptibility to MGL remains elusive. Here,
for the first time, we focused on the aberrant methylation
profiles of CDO1, MOS, EMX1, MIR124-3, MIR34b/c and
NKX6-1 genes and in a Caucasian population, as these
genes have been previously associated with MGL exclu-
sively in Asians [11-15]. To the best of our knowledge,
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Table 2 Univariate and multivariate Cox proportional hazards regression analyses for metachronous gastric lesion development

according to methylated genes and clinical variables

Univariate analysis

Multivariate analysis

HR (95%Cl)

p value aHR (95%Cl) p value

MIR124-3
[High expression vs Low?]

Median (59.80°)
Optimal cutoff (59.80°)

NKX6-1
[High expression vs Low?]

Median (1.30°
Optimal cutoff (1.37°)

MIR34b/c
[High expression vs Low?]

Median (26.70°)
Optimal cutoff (23.759)
Synchronous lesions
Absent® -
3.56 (1.59-7.96)

2.78 (1.26-6.12)
278 (1.26-6.12)

2,02 (0.95-4.29)
2.35(1.11-4.99)

1.24 (0.59-2.60)
1.87(0.87-4.04)

Present

Family history

No? -

Yes 240(0.83-6.91)
MI corpus

Absent® -

Present 2.33(0.81-6.71)

Molecular-based model
[High expression* vs Low?]

Median -
Optimal cutoff -

0.011
0.011

2.31(1.03-5.17)
2.30(1.03-5.13)

0.042
0.042

0.069
0.026

1.73 (0.80-3.75)
2.01(0.93-4.33)

0.162
0.074

0.564 - -
0.111 - -

0.002 3.11(1.38-7.01)°

3.01(1.33-6.79)¢

0.006
0.008

0.106 - -

- 3.10(1.07-8.95)
- 3.10(1.07-8.95)

0.037
0.037

Values were considered statistically significant if p < 0.1 in univariate analysis and p <0.05 in multivariate analysis

Cl, Confidence interval; HR, Hazard Ratio; IM, Intestinal metaplasia; aHR, adjusted multivariate analysis including the independent prognostic factors from the

univariate analysis

2 Reference group

b Exact values of median/optimal cutoff
€ Median

4 Optimal cutoff

*MIR124-3 and/or NKX6-1 high expression versus MIR124-3 and NKX6-1 low expression

those were the only studies that identified DNA methyla-
tion signatures for MGL development. However, due to
the unsuccessful validation of the CDOI and MOS prim-
ers and the lack of amplification of EMXI in our sam-
ples, only the remaining three genes could be analyzed. A
comprehensive analysis of MIRI124-3 and NKX6-1 DNA
methylation revealed interesting results. The MIRI24-
3 methylation level was significantly greater in patients
who developed MGL, with the potential for predicting
the risk of MGL development, as demonstrated by uni-
variate and multivariate adjusted analyses and consistent
with the findings of Asada et al. [14]. Moreover, there was
significant MIR124-3 hypermethylation in females and

HP-negative or HP-eradicated patients with MGL. This
gene was reported to have a tumor-suppressive function
and to be prone to methylation in several cancers [29-
32]. Methylation of MIR124-3 leads to the silencing of its
expression, which in turn reduces its ability to suppress
tumorigenesis [29-32]. This epigenetic alteration may
contribute to the development of MGL by facilitating an
environment conducive to tumor growth and recurrence.
Ando et al. [32] also suggested that high methylation lev-
els of MIR124-3 in noncancerous tissue from GC patients
could be associated with a predisposition to developing
this type of cancer. There was a trend toward hyper-
methylation of NXK6-1 in individuals with MGL and
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this trend reached statistical significance, particularly
in the presence of synchronous lesions. In fact, NKX6-1
hypermethylation was associated with an increased risk
of developing MGL compared to low levels according
to the univariate analysis. However, this association did
not persist in the multivariate analysis, suggesting that
the prognostic value of NKX6-1 may be confounded by
other factors. These findings align with those of Asada
et al. [14], who similarly reported significant associations
between higher methylation levels of NKX6-1 and an
increased risk of MGL development.

Despite the potential of MIR124-3 and NKX6-1 as bio-
markers for MGL development, the results for MIR34b/c
are less. Although there was a trend toward higher meth-
ylation levels in MGL patients, these results were not
statistically significant. In a study by Suzuki et al. [13],
patients with aberrant levels of MIR34b/c methylation
had a greater incidence of MGL, suggesting its potential
utility as a biomarker. However, our results do not rep-
licate these findings, as our population did not exhibit

significant differences in methylation levels between
groups. The absence of significant findings for MIR34b/c,
along with the lack of amplification of EMXI in our
cohort, may reflect differences between distinct ethnic
groups. Various diseases have been associated with dis-
tinct DNA methylation patterns among different racial/
ethnic groups [17]. For instance, disparities in methyla-
tion levels have been observed in cancers such as squa-
mous cell carcinomas, prostate cancer and breast cancer,
with variations contributing to disease onset, progression
and clinical outcomes [17]. An exploratory study by Song
et al. [33] focused on blood DNA methylation differences
between Japanese-American and European-American
women, identifying 174 differentially methylated sites
in Japanese women, half of which were related to liver
function and disease, aligning with the higher suscepti-
bility of this ethnicity noted in previous studies. Eastern
Asian countries are well documented to have a greater
incidence of GC, which may be linked to significant levels
of gene methylation in Asian populations [1]. However,



Lopes et al. Clinical Epigenetics (2024) 16:113

Page 9 of 12

Molecular Model Methylation

Log-rank
J -
O 0.6 p =0.021 ngh
E -
(®] i
b 1
c 0.4 !
Q !
(] |
(7] 1
o 0.2 ettt ~ Low
o |
o :
a 0.0 . . ' . . , o '
0 1 2 3 4 5 6 7 8
Time (years)
Cumulative MGL detection, n (%)
1st year 3rd year 5thyear 7thyear Overall, n (%)
Low (n=22) 1(5%) 3 (14%) 4 (18%) 4(18%) 4 (18%)
(n=51) 6 (12%) 18 (35%) 22 (43%) 24 (47%) 25 (49%)
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these associations may not apply to other individuals,
namely Caucasians. Given the intrinsic genetic variabil-
ity and exposure to distinct environmental factors and
lifestyle behaviors, expanding research to include larger
and more diverse populations is essential to validate the
findings and to explore their potential as MGL predictors
in various ethnic groups. This expansion could uncover
population-specific epigenetic markers, enhancing our
understanding of disease progression in different demo-
graphic settings.

Currently, post-ESD surveillance guidelines recom-
mend endoscopic examinations after 3—6 months, fol-
lowed by annual screenings spanning a 5-year period
[4]. Our analysis revealed that most patients who devel-
oped MGL in the low-MIR124-3 methylation group were
diagnosed within 3 years, with only one case occurring
thereafter. These findings suggest that patients with lower
methylation levels of MIRI124-3 might be suitable can-
didates for potentially less frequent surveillance assess-
ments. Conversely, considering the significant increase
in the risk of developing MGL among individuals with
MIR124-3 hypermethylation, it is conceivable that these
patients could benefit from a more rigorous surveillance
regimen than the standard 5-year period. This assump-
tion is supported by the fact that 15% of individuals
developed MGL after the fifth year. These findings could
guide clinicians in tailoring follow-up schedules and
preventive strategies for patients based on their DNA

methylation status. The construction of a DNA meth-
ylation model involving both the MIR124-3 and NKX6-1
genes represents a significant step toward understand-
ing the synergistic effect of aberrant methylation on
MGL development. The ability of the model to predict a
threefold increased risk of progression, in contrast to the
twofold increase associated with MIR124-3 hypermethyl-
ation alone, emphasizes the importance of considering a
combination of molecular markers in clinical risk assess-
ment. From a clinical perspective, obtaining biopsies next
to the lesion or scar during baseline assessments, such as
ESD or initial endoscopy for recurrence determination,
could provide valuable information. The identification of
significant methylation biomarkers may provide added
value for confirming individualized management based
solely on clinical factors. The predictive accuracy could
be improved by epigenetic markers, leading to better use
of healthcare resources, and enhancing the effectiveness
of endoscopic surveillance [34].

While our study yielded promising results, a few limi-
tations must be acknowledged. We used a relatively
small sample size, although we included all patients who
developed MGL from the original cohort study, restrict-
ing a more precise evaluation of biomarker performance.
Additionally, it is important to recognize that the analy-
sis was conducted on FFPE samples, which may undergo
DNA damage caused by the paraffinization process,
potentially affecting integrity and quality [35]. Despite
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our diligent approach in DNA extraction kit selection
and primer design, these factors may hamper biomarker
performance. Moreover, the need for a DNA preamplifi-
cation step prior to gMSP analysis introduces the possi-
bility of bias, while the multiplex approach enhances the
probability of false positive results, which could impact
cutoff points [36]. Additionally, challenges in primer
design precluded the evaluation of the methylation pro-
file of some genes previously identified as dysregulated
in MGL, restricting our understanding of their specific
contributions to our study population. Nevertheless, it
should be noted that positive and negative DNA methyla-
tion controls were used to ensure primer specificity. Last,
the lack of comprehensive clinical information, particu-
larly concerning factors previously identified as risk fac-
tors, such as family history, may affect the interpretation
of the biomarkers in a wider clinical context.

Future studies employing emerging techniques, such
as digital PCR, may overcome the limitations faced in
this study by enhancing the sensitivity of potential bio-
markers, while maintaining specificity and omitting the
need for DNA preamplification. Furthermore, integrat-
ing other methylated genes with MIR124-3 and NKX6-1
could contribute to the development of a more robust
and precise methylation-based molecular model. Simi-
larly, the incorporation of omics-based approaches
may offer deeper insights into the molecular pathways
involved in MGL development, paving the way for more
personalized and effective diagnostic strategies. Addi-
tionally, considering that hypermethylation is observed
in IM, studies focusing on both IM-positive and IM-neg-
ative mucosa could enhance the accuracy of the molecu-
lar model [37]. Nevertheless, in this study, the intent was
to focus on the adjacent mucosa to the lesion as a proxy
for the overall condition of the surrounding stomach tis-
sue. The use of these data could further lead to manage-
ment strategies during follow-up by endoscopic biopsies
in noncancerous sites. Moreover, exploring the potential
of liquid biopsies to monitor and manage MGL could
significantly enhance personalized patient care, allow-
ing for earlier detection and more precise treatment
strategies. Finally, the validation of these biomarkers in
larger patient cohorts and their integration with recently
proposed clinical scores, namely FAMISH, could fur-
ther enhance patient stratification through a better risk
assessment for MGL development.

Conclusions

Overall, our study provides valuable insights for future
research and clinical practice in the field of MGL and
its association with epigenetic biomarkers. The iden-
tification of an aberrant methylation pattern in the
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MIR124-3 gene, as well as the impact of a DNA methyl-
ation model in MGL development, aligns with previous
reports and contributes to the growing body of evi-
dence on the importance of these genes. Nevertheless,
further studies involving larger and diverse populations
are warranted to validate these results. Additionally,
the potential for reducing patient burden and transi-
tioning toward more sustainable approach in patient
care stands out as a significant implication of this study.
By pinpointing high-risk individuals through molecular
biomarkers, healthcare systems can streamline individ-
ualized surveillance efforts, advancing toward person-
alized medicine and sustainable strategies.
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