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Background/Aims: While DNA methylation and gastric microbiome are each associated with
gastric cancer (GC), their combined role in predicting GC remains unclear. This study investi-
gated the potential of a combined DNA methylation and gastric microbiome signature to predict
Helicobacter pylori-negative GC.

Methods: In this case-control study, we conducted quantitative methylation-specific polymerase
chain reaction to measure the methylation levels of DKK3, SFRP1, EMX1, NKX6-1, MIR124-3,
and TWIST1 in the gastric mucosa from 75 H. pylori-negative patients, including chronic gastritis
(CG), intestinal metaplasia (IM), and GC. A combined analysis of DNA methylation and gastric
microbiome, using 16S rRNA gene sequencing, was performed in 30 of 75 patients.

Results: The methylation levels of DKK3, SFRP1, EMX1, MIR124-3, and TWIST1 were signifi-
cantly higher in patients with GC than in controls (all g<0.05). MIR124-3 and TWIST1 methylation
levels were higher in patients with IM than those with CG and also in those with GC than in those
with IM (all g<0.05). A higher methylation level of TWIST1 was an independent predictor for H.
pylori-negative GC after adjusting for age, sex, and atrophy (odds ratio [OR], 15.15; 95% confi-
dence interval [Cl], 1.58 to 145.46; p=0.018). The combination of TWIST1 methylation and GC
microbiome index (a microbiome marker) was significantly associated with H. pylori-negative GC
after adjusting for age, sex, and atrophy (OR, 50.00; 95% Cl, 1.69 to 1,476; p=0.024).

Conclusions: The combination of TWIST1 methylation and GC microbiome index may offer
potential as a biomarker for predicting H. pylori-negative GC. (Gut Liver 2024;18:611-620)

Key Words: Stomach neoplasms; DNA methylation; Gastrointestinal microbiome; RNA, ribo-
somal, 16S; Biomarkers

INTRODUCTION

Early detection of cancer, especially gastric cancer (GC),
is crucial for increasing survival rates and maintaining
quality of life. Identifying individuals at a high risk of de-
veloping GC is important for early detection. Helicobacter
pylori infection is a major risk factor for GC."” The pres-
ence of mucosal atrophy and intestinal metaplasia (IM)
induced by chronic H. pylori infection also reflects an in-

creased risk of GC, even in the absence of current H. pylori
infection.’

Aberrant DNA methylation has been suggested to be a
marker of GC, particularly in H. pylori-negative individu-
als." H. pylori infection causes epigenetic damage, primar-
ily aberrant DNA methylation, in the gastric mucosa.’
Even after the loss or eradication of H. pylori colonization,
DNA methylation persists to some extent.” DNA methyla-
tion levels of dickkopf WNT signaling pathway inhibitor

© Gut and Liver.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0)
BY

pem  Which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

www.gutnliver.org


https://crossmark.crossref.org/dialog/?doi=10.5009/gnl230348&domain=pdf&date_stamp=2024-07-15

Gut and Liver, Vol. 18, No. 4, July 2024

3 (DKK3) and secreted frizzled related protein 1 (SFRPI),
antagonists of the Wnt signaling pathway, were elevated in
patients with H. pylori-positive GC and remained partially
persistent even after H. pylori eradication.”” Methylation
of empty spiracles homeobox 1 (EMX1) and NK6 homeo-
box 1 (NKX6-1) was found to be associated with GC in
patients with past H. pylori infection.® The methylation of
microRNA 124-3 (MIR124-3) was predictive of the risk of
developing metachronous GC after H. pylori eradication,’
and hypermethylation of twist family bHLH transcription
factor 1 (TWISTI) was also reported in GC.'*"!

Recent studies using 16S rRNA gene sequencing have
shown differences in gastric microbiome composition
between patients with and without GC."”"” GC has been
found to be associated with the enrichment of various bac-
terial taxa, including Streptococcus and Lactobacillus, and
with the depletion of others.”” " These differences suggest
the potential of the gastric microbiome as a biomarker for
GC." In addition, we demonstrated that the differentially
abundant taxa between patients with H. pylori-negative
GC and controls could be combined into a GC microbi-
ome index (GCMI), which was associated with inflamma-
tory cytokine expression in the gastric mucosa.”” Thus, the
microbiome of H. pylori-negative patients may promote
gastric carcinogenesis, specifically in the context of epigen-
etic changes induced by prior H. pylori infection or other
insults. However, whether combining epigenetic markers
with microbiome data can aid in predicting individual risk
of GC remains unexplored.

Therefore, in this study, we aimed to investigate the
role of aberrant DNA methylation in predicting H. pylori-
negative GC compared to controls. Based on these results,
we explored the potential of a combined DNA methylation
and gastric microbiome signature to predict H. pylori-
negative GC.

MATERIALS AND METHODS

1. Study participants and sample collection

This case-control study included 75 H. pylori-negative
patients, comprising 19 patients with GC and 56 controls
(chronic gastritis [CG] or IM) from a cohort established in
a previous study.”” The inclusion criteria were (1) age 19 to
75 years, (2) H. pylori-negative status, defined as negative
results by both histology with modified Giemsa staining
and rapid urease test, and (3) scheduled for esophago-
gastroduodenoscopy between 2020 and 2021 at Kangbuk
Samsung Hospital, Seoul, Korea. The exclusion criteria
were as follows: (1) intake of proton pump inhibitors, H2
receptor antagonists, muco-protective agents, antacids,
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probiotics, or antibiotics within 1 month; (2) history of
H. pylori eradication within 1 year; and (3) history of
gastrectomy. All 75 patients were subject to DNA methyla-
tion analysis. Gastric microbiome data were available for
analysis in 30 of the 75 patients. Therefore, we conducted
a combined analysis of DNA methylation and gastric mi-
crobiome data for this microbiome subgroup. A detailed
analysis of the gastric microbiome has been published pre-
viously.” This study was approved by the Institutional Re-
view Board of Kangbuk Samsung Hospital (IRB number:
KBSMC 2020-03-027), and all patients provided written
informed consent prior to enrolment.

Clinical data regarding age, sex, and body mass index
were collected before endoscopy. Gastric mucosal atrophy
was evaluated endoscopically by a single experienced en-
doscopist (H.J.Y.) and defined as pale surface, increased
visibility of submucosal vessels, and diminished gastric
folds.” IM was defined by histology evaluation of biopsy
specimens taken from the lesser curvatures of both the
antrum and corpus. CG was defined as chronic superficial
gastritis or erosive gastritis without mucosal atrophy in
endoscopy and chronic inflammatory cell infiltration in
the gastric mucosa without IM in histology evaluation. For
DNA methylation and microbiome analyses, endoscopic
biopsy tissues of the gastric mucosa in the antrum of the
stomach were collected during endoscopy and stored at
—70°C until DNA extraction.

2. Quantitative DNA methylation analysis

Total DNA was extracted from gastric mucosal tissues
using the DNeasy PowerSoil Kit (Qiagen, Hilden, Ger-
many) as previously described.”” Bisulfite conversion of
genomic DNA was performed to differentiate methylated
from unmethylated cytosines using the EZ DNA Methyla-
tion Kit (Zymo Research, Irvine, CA, USA) following the
manufacturer’s instructions. The methylation levels of tar-
get genes in bisulfite-modified DNA were quantified using
quantitative methylation-specific polymerase chain reac-
tion, as previously described.*” We selected six target genes
(DKK3, SFRP1, EMX1, NKX6-1, MIR124-3, and TWIST1I)
based on literature review.”'' Quantitative methylation-
specific polymerase chain reaction was performed using
primers for methylated sequences (Supplementary Table
1) and a LightCycler 480 SYBR Green I (Roche, Welwyn
Garden City, England). Mixed sex human genomic DNA
(Promega Inc., Madison, WI, USA) treated with CpG
methyltransferase (M.SssI) was used as a fully methylated
positive control. The quantified level of each target gene
was calculated as percentage methylated reference, which
was the normalized quantity (target gene/ALU gene) of a
sample divided by the normalized quantity of the methyl-
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ated positive control and multiplied by 100.°

3. 16S rRNA gene sequencing and GCMI

The details of the 16S rRNA gene sequencing have been
described previously.” Briefly, the V3—V4 (337F-805R)
region of the gene was amplified using universal primers,
and the resulting libraries were sequenced using the Illu-
mina MiSeq platform (Illumina Inc., San Diego, CA, USA).
Data were processed using QIIME2 (Quantitative Insights
into Microbial Ecology 2, version 2021.4). Denoising, fil-
tering, and chimera removal of demultiplexed reads were
performed using the DADA?2 plugin to generate amplicon
sequence variants (ASVs). The mean sequencing depth af-
ter pre-processing was 44,999 (standard deviation, 21,104)
reads per sample. The taxonomic classification of the ASV's
was performed using the National Center for Biotechnolo-
gy Information Nucleotide and Taxonomy databases (NCBI
RefSeq, accessed on June 9, 2021). Further downstream
analyses were performed using MetagenomeAnalyst (ac-
cessed on August 10, 2022).”' Singleton reads that were not
assigned at the phylum level were filtered, and low-count
(minimum 4), low-prevalence (minimum 10%), and low-
variance (minimum 10%) ASVs were filtered out, leaving
98 ASVs for p-diversity and taxonomic analyses.”

To understand the possible combined roles of DNA
methylation and gastric microbiome data in the prediction
of H. pylori-negative GC, we used data on the GCMI for the
microbiome subgroup in this study. This index was calcu-
lated by adding the log-transformed relative abundance of
Lacticaseibacillus, which had a positive association with H.
pylori-negative GC, and subtracting those of Haemophilus
and Campylobacter, which had a negative association."”
Relative abundance was defined as the fraction of an ASV
relative to the sum of all observed ASVs in a sample.” These
taxa were identified in a previous study using multiple dif-
ferential abundance methods, including ANCOM-2 (https://
github.com/FrederickHuangLin/ANCOM, accessed on Sep-
tember 23, 2022) and MaAsLin2, which were adjusted for
age, sex, and body mass index.

4. Statistical analysis

Continuous variables were compared using the Mann-
Whitney U test between the two groups, and categorical
variables were compared using the chi-square or Fisher
exact test, as appropriate. To identify potential DNA meth-
ylation marker genes for predicting H. pylori-negative GC,
logistic regression analysis were performed. All significant
factors in the univariate analysis (p<0.1) were included in
the multivariate analysis, and then, significant variables
in the multivariate analysis were selected using forward
variable selection. The identified genes were further evalu-

ated after adjusting for age, sex, and atrophy. IM was not
adjusted because of multicollinearity between atrophy
and IM. DNA methylation and GCMI parameters were
classified as high or low based on median values. The im-
portance of DNA methylation markers in the prediction
of H. pylori-negative GC was ranked using the random
forest (RF) model, a machine-learning ensemble method
for classification. In the RF algorithm, the number of trees
was set to 2000 and the number of predictors to try (mtry)
was set to four. Receiver operating characteristic curves
of the prediction models were plotted, and the area under
the curve (AUC) was calculated and compared using the
DeLong test. We additionally analyzed the association be-
tween DNA methylation and H. pylori-negative GC in age
and sex-matched datasets. We set the nearest age matching
and exact sex matching. All analyses were performed using
R (version 4.2.2; R Foundation for Statistical Computing,
Vienna, Austria). The threshold for statistical significance
was p<0.05, or false discovery rate-corrected q<0.05 when
comparing the DNA methylation levels of multiple genes.

RESULTS

1. Patients

The clinical characteristics of the patients included in
this study are summarized in Table 1. Patients in the GC
group were significantly older (median age, 65.0 years vs
51.5 years, p<0.001) and more likely to be male (73.7%
vs 46.4%, p=0.040) than those in the control group. In
addition, a higher proportion of patients with gastric mu-
cosal atrophy (94.7% vs 53.6%, p<0.001) and IM (84.2%
vs 46.4%, p=0.004) were found in the GC group than in
the control group. The microbiome subgroup exhibited a
similar distribution of clinical characteristics between the
two groups (Supplementary Table 2), indicating that this
subgroup represents the overall study population. In this
subgroup, the median age (71 years vs 53 years, p=0.005)
and the proportion of atrophy (100.0% vs 39.1%, p=0.007)
were significantly higher in patients with GC than in con-
trols.

2. DNA methylation levels were higher in H. pylori-

negative GC compared to controls

The methylation levels of six candidate genes (DKK3,
SFRPI, EMX1, NKX6-1, MIR124-3, and TWIST1) were
measured using quantitative methylation-specific poly-
merase chain reaction and their levels were compared
between GC and control groups (Fig. 1A). DKK3, SFRPI,
MIRI124-3, and TWISTI methylation levels were gener-
ally low in the control group, whereas EMXI and NKX6-
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Table 1. Clinical Characteristics of Patients

Characteristic Gastric cancer Control Tl
(n=19) (n=56)
Age, median (IQR), yr 65.0(57.0-72.0) 51.5(40.0-60.8) <0.001
Sex, No. (%) 0.040
Female 5(26.3) 30 (53.6)
Male 14.(73.7) 26 (46.4)
Body mass index, No. (%) 0.178
<25 kg/m’ 10 (52.6) 39 (69.6)
225 kg/m’ 9 (47.4) 17 (30.4)
Gastric mucosal atrophy, No. (%) 0.001
Absent 1(5.3) 26 (46.4)
Present 18 (94.7) 30 (53.6)
Intestinal metaplasia, No. (%) 0.004
Absent 3(15.8) 30 (53.6)
Present 16 (84.2) 26 (46.4)

IQR, interquartile range.

I methylation levels were generally high. Compared to the
control group, the methylation levels of DKK3, SFRPI,
EMX1, MIR124-3, and TWISTI were significantly higher
in the GC group after correction for multiple comparisons
(all g<0.05). When the control group was divided into
patients with CG without IM and those with IM, DKK3,
SFRP1, MIR124-3 and TWIST1 methylation levels were
higher in patients with IM than in those with CG, and
MIR124-3 and TWISTI methylation levels were also high-
er in patients with GC than in those with IM (all g<0.05)
(Fig. 1B). In the microbiome subgroup, the differences
between the GC and control groups were similar to those
observed in the overall study population. The methylation
levels of MIR124-3 and TWIST1 were significantly higher
(q=0.025 and q=0.008, respectively) after correcting for
multiple comparisons (Supplementary Fig. 1).

3. TWIST1 methylation levels predicted H. pylori-

negative GC

To identify marker genes that could predict H. pylori-
negative GC, we conducted a logistic regression analysis
(Table 2). In the univariate analysis, higher levels of DKK3,
SFRPI, EMXI, and TWIST1, as well as age, sex, atrophy,
and IM, were significantly associated with the GC group
compared to the control group (p<0.05). In the variable
selection process of the multivariate analysis, a high meth-
ylation level of TWIST1 remained as a single predictor sig-
nificantly associated with H. pylori-negative GC compared
to the controls (odds ratio [OR], 32.40; 95% confidence
interval [CI], 4.02 to 261.05; p=0.001). Even after adjusting
for age, sex, and atrophy, the association between a high
level of TWIST1 methylation and H. pylori-negative GC
remained significant (OR, 15.15; 95% CI, 1.58 to 145.46;
p=0.018).

614 www.gutnliver.org

The role of TWISTI methylation level in predicting
H. pylori-negative GC was further evaluated using the RF
model and receiver operating characteristic curve. In the
RF model, the importance of potential predictive factors
for H. pylori-negative GC was evaluated based on the mean
decrease in accuracy. TWIST1I, atrophy, and MIR124-3
were identified as the top three important predictors (Fig.
2A), suggesting that TWISTI methylation level is impor-
tant for differentiating between H. pylori-negative GC and
controls. Accordingly, three receiver operating characteris-
tic curves were compared to predict H. pylori-negative GC,
and the AUC was calculated (Fig. 2B). The predictive per-
formance of a high TWISTI methylation level, in addition
to age, sex, atrophy, and metaplasia, was slightly higher
(AUC, 0.833; 95% CI, 0.748 to 0.918) than that of age and
sex alone (AUC, 0.741; 95% CI, 0.608 to 0.873) and age,
sex, atrophy, and metaplasia without TWIST1 (AUC, 0.792;
95% CI, 0.686 to 0.898), although the differences were not
statistically significant (DeLong test, p=0.118 and p=0.333,
respectively).

4. A combination of TWIST1 methylation and
microbiome data predicted H. pylori-negative GC
In the microbiome subgroup, the GCMI was signifi-
cantly higher in patients with GC than in controls (q=0.014)
(Supplementary Fig. 2), which was consistent with the pre-
vious study.”” The relative abundance of Lacticaseibacillus
was higher and those of Haemophilus and Campylobacter
were lower in patients with GC than in controls. However,
due to the small sample size, statistical significance was
only reached for Campylobacter (q=0.028). Multivari-
ate logistic regression analysis showed that elevated levels
of both TWISTI and GCMI were significantly associ-
ated with H. pylori-negative GC, even after adjusting for
age, sex, and atrophy (OR, 50.00; 95% CI, 1.69 to 1,476,
p=0.024) (Supplementary Table 3). The RF model identi-
tied combined TWISTI and GCMI as the most important
predictor for H. pylori-negative GC (Fig. 3A), further sup-
porting the role of TWIST1 methylation in combination
with GCMI. The addition of TWISTI and GCMI to the
clinical parameters in the RF models improved the pre-
diction performance (Fig. 3B). The model including age,
sex, atrophy, metaplasia, TWISTI, and GCMI showed an
AUC of 0.994 (95% CI, 0.976 to 1.000), which was higher
than that of the model using age and sex (AUC, 0.780; 95%
CIL, 0.556 to 1.000) with marginal significance (p=0.062).
However, there were no significant differences between the
other models because of the small sample size (all p>0.05).
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Table 2. Logistic Regression Analysis of Predictive Factors for Gastric Cancer

Univariate analysis

Multivariable analysis

Covariates
OR (95% ClI) p-value OR (95% ClI) p-value
Age 1.11 (1.04-1.18) 0.001 1.03(0.96-1.11) 0.415
Sex 0.045 0.443
Female 1 1
Male 3.23(1.03-10.19) 1.74(0.42-7.14)
Atrophy 0.010 0.506
Absent 1 1
Present 15.60 (1.95-125.00) 2.35(0.19-28.90)
Intestinal metaplasia 0.008
Absent 1
Present 6.15(1.61-23.51)
DKK3 0.025
Low 1
High 3.73(1.18-11.79)
SFRP1 0.002
Low 1
High 8.24(2.15-31.63)
EMX1 0.079
Low 1
High 2.69 (0.89-8.08)
MIR124-3 0.002
Low 1
High 8.24(2.15-31.63)
NKX6-1 0.467
Low 1
High 1.78 (0.52-4.22)
TWIST1 0.001 0.018
Low 1 1
High 32.40(4.02-261.05) 15.15 (1.58-145.46)

OR, odds ratio; Cl, confidence interval; DKK3, dickkopf WNT signaling pathway inhibitor 3; SFRP1, secreted frizzled related protein 1; EMX71, empty
spiracles homeobox 1; NKX6-1, NKé6 homeobox 1; MIR124-3, microRNA 124-3; TWISTT, twist family bHLH transcription factor 1.

DNA methylation parameters were classified as high or low based on median values: 27.68 for DKK3, 13.34 for SFRP1, 55.10 for EMX1, 10.47 for
MIR124-3,82.18 for NKX6-1, and 10.92 for TWISTT. The high- and low-level categories of each gene included 38 and 37 patients, respectively.

5. The association of TWIST1 methylation with

H. pylori-negative GC in age and sex-matched

analysis

We further analyzed the association between TWIST1
methylation and H. pylori-negative GC in age and sex-
matched datasets. In the age and sex-matched datasets of
the overall cohort, a higher TWISTI methylation level
was significantly associated with the GC group compared
to the control group (OR, 13.09; 95% CI, 1.44 to 119.34;
p=0.023). However, the association did not reach statisti-
cal significance after further adjusting for age and atrophy
(OR, 9.04; 95% CI, 0.86 to 95.17; p=0.067) (Supplementary
Table 4). In the age and sex-matched analysis of the micro-
biome subgroup, the elevated levels of both TWIST1 and
GCMI was significantly associated with GC (OR, 36.00;
95% CI, 1.80 to 718.68; p=0.019), but the significance was
not maintained after adjusting for age and atrophy (OR,
34.84; 95% CI, 0.78 to 1,560; p=0.067) (Supplementary
Table 5).
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DISCUSSION

In this study, we aimed to identify a predictive marker
for H. pylori-negative GC by evaluating aberrant DNA
methylation in the gastric mucosa. Our findings showed
that the methylation levels of DKK3, SFRP1, EMXI,
MIRI124-3, and TWISTI were significantly higher in H.
pylori-negative patients with GC than in controls. Notably,
after adjusting for age, sex, and gastric mucosal atrophy,
TWISTI remained a strong predictive marker for H. pylo-
ri-negative GC. Furthermore, the combination of TWIST1
and GCMYI, a gastric microbiome marker, was an indepen-
dent predictor for H. pylori-negative GC.

Epigenetic alterations, particularly DNA methylation,
are considered a link between H. pylori and GC.*** Tt is
believed that DNA methylation induced by H. pylori in-
fection leads to epigenetic silencing of tumor suppressor
genes.”* Meanwhile, accumulated DNA methylation in
passenger genes in normal gastric mucosa has been con-
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models. The model including age, sex, atrophy, metaplasia, TWISTT, and GCMI showed the highest area under the curve (AUC), which was higher
than that of the model using age and sex with marginal significance (DelLong test, p=0.062). There were no other significant differences among the
models (Delong test, all p>0.05). TWISTT, twist family bHLH transcription factor 1; Cl, confidence interval.

sidered to help predict the risk of developing GC.” These
methylation levels are thought to be more strongly cor-
related with GC in individuals who are H. pylori-negative
rather than positive, because DNA methylation resulting
from active H. pylori infection disappears.’ In our study,
we found that five of the six candidate genes had higher
methylation levels in H. pylori-negative GC than in con-
trols. It was previously showed that the methylation levels
of DKK3 and SFRP1 were higher in patients with H. py-

Iori-positive GC than in H. pylori-negative and H. pylori-
positive controls. Additionally, we showed that the meth-
ylation levels of these genes were increased in H. pylori-
negative GC. We also demonstrated that the methylation
levels of EMX1 and MIR124-3 were higher in H. pylori-
negative GC than in controls in our study population,
consistent with previous studies.*** Kim et al."’ reported
higher levels of TWIST1 methylation in patients with GC
than in controls; our study further showed that these levels
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were higher in patients with H. pylori-negative GC than in
controls.

We identified TWISTI as the strongest predictive
marker for H. pylori-negative GC. This gene was selected
during the variable selection process of the multivari-
ate logistic regression analysis and remained significant
even after adjusting for age, sex, and atrophy. TWIST1 is a
member of the basic helix-loop-helix family of transcrip-
tion factors that play a role in embryonic development and
cancer progression.” It is also involved in epithelial-to-
mesenchymal transition. Notably, TWIST1I is frequently
methylated in GC," and hypermethylation of TWISTI has
been associated with unfavorable outcomes in breast™ and
colorectal” cancers, supporting its role as a biomarker. In
our study, differences in the methylation levels between
GC and controls were mainly attributable to the differ-
ences between CG and GC rather than those between IM
and GC. However, TWSITI and MIR124-3 methylation
levels were significantly different not only between CG and
GC, but also between IM and GC. Hence, elevated levels of
TWISTI methylation in the gastric mucosa of individuals
without current H. pylori infection may be a useful bio-
marker for predicting GC development.

Our study revealed that a combined marker of TWIST
methylation and GCMI could independently predict H.
pylori-negative GC. In the RF model, the combination of
the two markers was found to be most important for clas-
sifying patients with GC and controls. Furthermore, the
inclusion of these two markers improved the accuracy of
predicting GC risk when combined with conventional
GC risk factors, although the sample size was too small to
reach statistical significance. Recently, there have been ac-
tive efforts to develop microbiome biomarkers for colorec-
tal cancer.” Moreover, Mo et al.*' showed that combining
methylation and microbiome markers with fecal occult
blood tests can be effective for the non-invasive detection
of colorectal cancer. Regarding GC, Zhou et al."* investigat-
ed the feasibility of fecal microbiome-based cancer screen-
ing. However, to the best of our knowledge, this is the first
study to evaluate the effectiveness of using methylation
and microbiome markers together to predict GC. Several
studies have reported that the gastric microbiome is as-
sociated with GC."*'*"** Coker et al.'’ reported that Pep-
tostreptococcus stomatis, Streptococcus anginosus, Par-
vimonas micra, Slackia exigua, and Dialister pneumosintes
were enriched in GC. Wang et al.”’ observed an increased
abundance of Helicobacter, Lactobacillus, Streptococcus,
Prevotella, and Veillonella in GC. Similarly, Gantuya et
al."* found that Carnobacterium, Glutamicibacter, Pae-
niglutamicibacter, Fusobacterium, Parvimonas, and Fir-
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micutes were associated with GC. Our previous research
demonstrated that Lacticaseibacillus was enriched, while
Campylobacter and Haemophilus were depleted, in H.
pylori-negative GC, and that the index that merged these
taxa, GCMI, was correlated with gastric mucosal ILIB ex-
pression.'” Because our microbiome data were specific to H.
pylori-negative individuals, we suggest that they are suit-
able for combination with the methylation data. Overall,
our study provides evidence that combining methylation
and microbiome markers is a promising approach for pre-
dicting H. pylori-negative GC.

Our study had several limitations. First, the sample size
was small, especially for the subgroup analysis of micro-
biome data. This could have caused the lack of statistical
power in the predictive modeling. Second, the GC and
control groups were significantly different in age, sex, at-
rophy, and IM. We have conducted adjusted age and sex-
matched analysis for the association between DNA meth-
ylation and H. pylori-negative GC. GCMI was also derived
from the analysis that was adjusted for age and sex and
considered for the effect of atrophy and IM."” Nevertheless,
residual effects of those covariates might still have affected
the outcomes. Third, our findings based on a combination
of methylation and microbiome markers lack validation.
The AUC values, or c-statistics of the logistic regression
models including age, sex, atrophy, and metaplasia were
0.792 in the overall study population and 0.894 in the mi-
crobiome subgroup. The values appeared higher than those
reported in previous studies. In a prior study, a prediction
model that incorporated age, body mass index, family his-
tory, salt intake, drinking, and smoking yielded c-statistics
of 0.76 for men and 0.71 for women.” In another study, a
model including age, sex, serum pepsinogen I/II ratio, gas-
trin level, and H. pylori IgG antibody showed a c-statistics
of 0.76.* The elevated AUC values in our study may be pri-
marily due to the absence of validation, potentially leading
to overfitting of the models. In addition, DNA methylation
and gastric microbiome were evaluated using endoscopic
biopsy tissue, which have limited clinical applicability as a
biomarker because of invasiveness of endoscopy. Therefore,
our findings may primarily serve a hypothesis-generating
role. Further studies with larger sample sizes and improved
clinical applicability are required to confirm our results.

In conclusion, our study suggests that the levels of
TWIST1 methylation in gastric mucosa may predict H. py-
Iori-negative GC. Moreover, the combination of TWIST1
methylation and gastric microbiome index may offer
potential as a biomarker for predicting H. pylori-negative
GC. Further validation studies are warranted.



Kim MJ, et al: DNA Methylation and Microbiome in Gastric Cancer

CONFLICTS OF INTEREST

No potential conflict of interest relevant to this article
was reported.

ACKNOWLEDGEMENTS

This work was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korea
government (MSIT) (grant number: 2020R1G1A1010927).
J.PJ. was supported by VA IK2CX001717.

We wish to extend our appreciation to Nayoung Kim,
MD, PhD, and Ji Hyun Park, Department of Internal Med-
icine and Liver Research Institute, Seoul National Univer-
sity, Seoul, South Korea, for their invaluable contributions
in providing exceptional guidance during quantitative
methylation-specific polymerase chain reaction, particu-
larly in the areas of primer selection and troubleshooting.

AUTHOR CONTRIBUTIONS

Study concept and design: H.J.Y. Data acquisition:
M.J.K., HN.K,, H.J.Y. Data analysis and interpretation:
M.J.K., HN.K, J.PJ.,, H.J.Y. Drafting of the manuscript:
H.J.Y. Critical revision of the manuscript for important
intellectual content: M.J.K., H.N.K., J.PJ. Statistical analy-
sis: H.J.Y. Obtained funding: J.P.J., H.J.Y. Administrative,
technical, or material support; study supervision: H.J.Y.
Approval of final manuscript: all authors.

ORCID

Min-Jeong Kim  https://orcid.org/0000-0002-3302-6755
Han-Na Kim https://orcid.org/0000-0001-7053-7469
Jonathan P. Jacobs https://orcid.org/0000-0003-4698-0254
Hyo-Joon Yang  https://orcid.org/0000-0002-0265-672X

SUPPLEMENTARY MATERIALS

Supplementary materials can be accessed at https://doi.
org/10.5009/gnl230348.

REFERENCES

1. Parsonnet ], Friedman GD, Vandersteen DP, et al. Helico-

bacter pylori infection and the risk of gastric carcinoma. N

10.

11.

12.

13.

14.

15.

16.

Engl ] Med 1991;325:1127-1131.

. Nomura A, Stemmermann GN, Chyou PH, Kato I, Perez-

Perez GI, Blaser MJ. Helicobacter pylori infection and gastric
carcinoma among Japanese Americans in Hawaii. N Engl |
Med 1991;325:1132-1136.

. Correa P. Human gastric carcinogenesis: a multistep and

multifactorial process: first American Cancer Society Award
Lecture on Cancer Epidemiology and Prevention. Cancer
Res 1992;52:6735-6740.

. Ushijima T, Nakajima T, Maekita T. DNA methylation as a

marker for the past and future. ] Gastroenterol 2006;41:401-
407.

. Maekita T, Nakazawa K, Mihara M, et al. High levels of aber-

rant DNA methylation in Helicobacter pylori-infected gas-
tric mucosae and its possible association with gastric cancer
risk. Clin Cancer Res 2006;12(3 Pt 1):989-995.

. Yang HJ, Kim SG, Lim JH, Choi JM, Kim WH, Jung HC.

Helicobacter pylori-induced modulation of the promoter
methylation of Wnt antagonist genes in gastric carcinogen-
esis. Gastric Cancer 2018;21:237-248.

. Yu]J, Xie Y, Li M, et al. Association between SFRP promoter

hypermethylation and different types of cancer: a systematic
review and meta-analysis. Oncol Lett 2019;18:3481-3492.

. Nanjo S, Asada K, Yamashita S, et al. Identification of gastric

cancer risk markers that are informative in individuals with
past H. pylori infection. Gastric Cancer 2012;15:382-388.

. Asada K, Nakajima T, Shimazu T, et al. Demonstration of

the usefulness of epigenetic cancer risk prediction by a mul-
ticentre prospective cohort study. Gut 2015;64:388-396.

Kim HJ, Kim N, Kim HW, Park JH, Shin CM, Lee DH.
Promising aberrant DNA methylation marker to predict
gastric cancer development in individuals with family his-
tory and long-term effects of H. pylori eradication on DNA
methylation. Gastric Cancer 2021;24:302-313.

Kang GH, Lee S, Cho NY, et al. DNA methylation profiles of
gastric carcinoma characterized by quantitative DNA meth-
ylation analysis. Lab Invest 2008;88:161-170.

Coker OO, Dai Z, Nie Y, et al. Mucosal microbiome dysbio-
sis in gastric carcinogenesis. Gut 2018;67:1024-1032.

Wang Z, Gao X, Zeng R, et al. Changes of the gastric muco-
sal microbiome associated with histological stages of gastric
carcinogenesis. Front Microbiol 2020;11:997.

Gantuya B, El Serag HB, Matsumoto T, et al. Gastric mu-
cosal microbiota in a Mongolian population with gastric
cancer and precursor conditions. Aliment Pharmacol Ther
2020;51:770-780.

Park CH, Lee AR, Lee YR, Eun CS, Lee SK, Han DS. Evalu-
ation of gastric microbiome and metagenomic function in
patients with intestinal metaplasia using 16S rRNA gene
sequencing. Helicobacter 2019;24:¢12547.

Li TH, Qin Y, Sham PC, Lau KS, Chu KM, Leung WK. Al-

https://doi.org/10.5009/gnl230348 619


https://orcid.org/0000-0002-3302-6755
https://orcid.org/0000-0001-7053-7469
https://orcid.org/0000-0003-4698-0254
https://orcid.org/0000-0002-0265-672X
https://doi.org/10.5009/gnl230348
https://doi.org/10.5009/gnl230348

Gut and Liver, Vol. 18, No. 4, July 2024

17.

18.

19.

20.

21.

22.

23.

24.

25.

terations in gastric microbiota after H. pylori eradication
and in different histological stages of gastric carcinogenesis.
Sci Rep 2017;7:44935.

Aviles-Jimenez F, Vazquez-Jimenez F, Medrano-Guzman R,
Mantilla A, Torres J. Stomach microbiota composition var-
ies between patients with non-atrophic gastritis and patients
with intestinal type of gastric cancer. Sci Rep 2014;4:4202.
Zhou CB, Pan SY, Jin P, et al. Fecal signatures of Streptococ-
cus anginosus and Streptococcus constellatus for noninva-
sive screening and early warning of gastric cancer. Gastroen-
terology 2022;162:1933-1947.

Kim HN, Kim M], Jacobs JP, Yang HJ. Altered gastric mi-
crobiota and inflammatory cytokine responses in patients
with Helicobacter pylori-negative gastric cancer. Nutrients
2022;14:4981.

Uedo N, Yao K. Endoluminal diagnosis of early gastric can-
cer and its precursors: bridging the gap between endoscopy
and pathology. Adv Exp Med Biol 2016;908:293-316.

Chong J, Liu P, Zhou G, Xia J. Using MicrobiomeAnalyst for
comprehensive statistical, functional, and meta-analysis of
microbiome data. Nat Protoc 2020;15:799-821.

Cao Q, Sun X, Rajesh K, et al. Effects of rare microbi-
ome taxa filtering on statistical analysis. Front Microbiol
2021;11:607325.

Lin H, Peddada SD. Analysis of microbial compositions: a
review of normalization and differential abundance analysis.
NP]J Biofilms Microbiomes 2020;6:60.

Usui G, Matsusaka K, Mano Y, et al. DNA methylation and
genetic aberrations in gastric cancer. Digestion 2021;102:25-
32.

Maeda M, Moro H, Ushijima T. Mechanisms for the
induction of gastric cancer by Helicobacter pylori infec-
tion: aberrant DNA methylation pathway. Gastric Cancer

620 www.gutnliver.org

26.

27.

28

29.

30.

31.

32.

33.

34.

2017;20(Suppl 1):8-15.

Ando T, Yoshida T, Enomoto S, et al. DNA methylation of
microRNA genes in gastric mucosae of gastric cancer pa-
tients: its possible involvement in the formation of epigenetic
field defect. Int ] Cancer 2009;124:2367-2374.

Puisieux A, Valsesia-Wittmann S, Ansieau S. A twist for sur-

vival and cancer progression. Br ] Cancer 2006;94:13-17.

. Gort EH, Suijkerbuijk KP, Roothaan SM, et al. Methylation

of the TWIST1 promoter, TWIST1 mRNA levels, and im-
munohistochemical expression of TWIST1 in breast cancer.
Cancer Epidemiol Biomarkers Prev 2008;17:3325-3330.
Okada T, Suehiro Y, Ueno K, et al. TWIST1 hypermeth-
ylation is observed frequently in colorectal tumors and its
overexpression is associated with unfavorable outcomes in
patients with colorectal cancer. Genes Chromosomes Cancer
2010;49:452-462.

Zwezerijnen-Jiwa FH, Sivov H, Paizs P, Zafeiropoulou K,
Kinross J. A systematic review of microbiome-derived bio-
markers for early colorectal cancer detection. Neoplasia
2023;36:100868.

Mo S, Wang H, Han L, et al. Fecal multidimensional assay
for non-invasive detection of colorectal cancer: fecal im-
munochemical test, stool DNA mutation, methylation, and
intestinal bacteria analysis. Front Oncol 2021;11:643136.
Stewart OA, Wu E, Chen Y. The role of gastric microbiota in
gastric cancer. Gut Microbes 2020;11:1220-1230.

Eom BW, Joo J, Kim S, et al. Prediction model for gas-
tric cancer incidence in Korean population. PLoS One
2015;10:e0132613.

Cai Q, Zhu C, Yuan Y, et al. Development and validation of a
prediction rule for estimating gastric cancer risk in the Chi-
nese high-risk population: a nationwide multicentre study.
Gut 2019;68:1576-1587.





