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Background/Aims: Gastrointestinal glandular stem cells renew every 8 years. New stem cells with impeded housekeeping gene 
methylation have unstable phenotypes and are prone to transform into malignant cells. Age-related changes in methylation in the 
gastric mucosa were evaluated to define the period of cancer-prone stem cell replacement.
Materials and Methods: Endoscopic biopsy specimens of normal-appearing gastric mucosa were obtained from 148 Helicobacter 
pylori-negative controls, 124 H. pylori-positive controls, and 69 gastric cancer patients with closed-type mucosal atrophy. 
Methylation-variable sites of two stomach-specific genes (TFF2 and TFF3) and four housekeeping genes (CDH1, ARRDC4, MMP2, 
and CDKN2A) were analyzed using radioisotope-labeled methylation-specific polymerase chain reaction. Age-related methylation 
was evaluated depending on the gastric mucosal atrophy at 2-year intervals.
Results: TFF2 methylation peaked periodically at 40 to 41, 48 to 49, 56 to 57, and 64 to 65 years of age in H. pylori-negative controls. 
Periodic peaks of TFF2 methylation were also found in H. pylori-positive controls. Housekeeping-gene methylation troughed at 48 
to 49, 56 to 57, and 68 to 69 years of age in cancer patients. Trough methylation of CDH1 and ARRDC4 was lower in cancer patients 
than in H. pylori-positive controls. 
Conclusions: Methylation peaks of stomach-specific TFF2 in controls and methylation troughs of housekeeping genes in cancer pa-
tients were found every 8 years. Periodic methylation patterns may be used to identify individuals at high risk for gastric cancer. 
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INTRODUCTION

Old gastric stem cells that lose their renewal capacity 

need to be replaced with new stem cells as a part of the 

aging process.1,2 An age-related methylation study demon-

strated that in humans with a relatively long lifespan, old 

colonic stem cells are replaced with new stem cells every 

8 years.3,4 Newly replaced stem cells with unstable phe-

notypes are stabilized by housekeeping gene methylation.5-8 

When phenotype-stabilizing methylation is impeded, new 

stem cells may experience reactive intrinsic migration and 

transform into malignant cells. In our previous study of 

the gastric mucosa, housekeeping gene methylation was 

impeded in patients with gastric cancer for an average of 

8 years.8 The self-renewal capacity of gastric mucosal 

glandular stem cells appears to be restored periodically. 

Age-specific methylation patterns could provide a clue to 

distinguish individuals at high-risk for gastric cancer dur-

ing the period of stem cell replacement.

Methylation-variable regions are different between 

housekeeping genes and tissue-specific genes.9 In house-

keeping genes containing CpG islands, CpG-island mar-

gins display more wide ranges of methylation variations 

compared to CpG-island centers, and their methylation is 

influenced by the types and the distances of gene-ad-

jacent retroelements.9,10 Tissue-specific genes lacking CpG 

islands showed variable methylation near the transcrip-

tional start sites under the influence of their expression.9 

Variable methylation regions of tissue-specific and house-

keeping genes are termed transitional-CpG sites.7,11 

Previous methylation studies of the stomach have focused 

on the association between CpG-island center methyl-

ation and tumor-suppressor gene inactivation. However, 
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the inactivation role of CpG-island methylation during 

gastric carcinogenesis is unclear. For instance, allele-spe-

cific hypermethylation of the CDH1 gene is uncommon in 

familial or sporadic gastric cancer with loss of CDH1 

expression.12 Additionally, housekeeping genes are more 

frequently methylated in subjects infected with Helicobacter 

pylori than in gastric cancer patients.13 Transitional-CpG 

methylation may be associated with the stabilization of 

stem cell phenotypes.14,15 New stem cells fixed in the 

gastric mucosa acquire the phenotypes of gastric stem 

cells through high expression of stomach-specific genes 

and fine down-regulation of numerous housekeeping 

genes. Down-regulated housekeeping genes are stabilized 

by cell division-dependent methylation.16,17 Therefore, 

clonal expansion of new stem cells is likely to be esti-

mated by analyzing the transitional CpG methylation of 

stomach-specific and housekeeping genes. 

This study aimed to evaluate the period of can-

cer-prone stem cell replacement. Transitional CpG meth-

ylation will change in accordance with the periodic re-

placement of new stem cells.7,8 Because H. pylo-

ri-associated gastric mucosal atrophy spreads from the 

gastric antrum to the body, the body sites are less af-

fected by atrophy-related methylation inhibition.6 Age- 

specific changes in transitional CpG methylation in both 

the antrum and the body were analyzed in H. pylori-neg-

ative controls, H. pylori-positive controls, and patients 

with gastric cancer at 2-year intervals. 

MATERIALS AND METHODS

1. Endoscopic biopsy specimens

Endoscopic biopsy specimens of normal gastric mucosa 

were obtained from St. Paul Hospital (Seoul, Korea), 

Bucheon St. Mary’s Hospital (Bucheon, Korea), and 

Incheon St. Mary’s Hospital (Incheon, Korea) between 

March 2008 and June 2016 and included in a methylation 

study. Paired mucosa specimens were biopsied from the 

lesser curvature of the antrum and the greater curvature 

of the middle body and stored immediately at −70oC. H. 

pylori infection was determined using the Warthin–Starry 

silver impregnation method. The extent of gastric mucosal 

atrophy was classified into closed- and open-type gastric 

mucosal atrophy based on the endoscopic atrophic border 

score proposed by Kimura and Takemoto.18 The subjects 

with open-type mucosal atrophy were excluded in this 

study in order to discriminate past or long-term H. pylori 

infection. 

2. DNA extraction and bisulfite treatment 

DNA extraction and bisulfite treatment were performed 

as described elsewhere.6,9 In brief, biopsy specimens were 

dissolved in DNA extraction buffer (0.5% Tween 20, 1 

mM EDTA, 50 mM Tris, and 0.5 mg/mL proteinase K) for 

24 hours at 37oC. The extracted DNA samples were 

modified as follows: 21.5 μL of genomic DNA were de-

natured in 3 M NaOH at 37oC for 15 minutes and sub-

sequently treated with 2.3 M sodium bisulfite and 10 mM 

hydroquinone at 50oC for 12 hours. DNA was purified us-

ing Wizard DNA purification resin (Promega, Madison, WI, 

USA) and desulfonated with 3 M NaOH at 37oC for 15 

minutes, precipitated with ethanol. DNA was dissolved in 

40 μL of 5 mM Tris buffer.

3. Methylation analysis of biopsy specimens

Two stomach-specific genes (TFF2 and TFF3), two 

housekeeping genes adjacent to Alu retroelements (CDH1 

and ARRDC4), and two housekeeping genes adjacent to 

LTR retroelements (MMP2 and CDKN2A) were selected 

for the methylation analysis of small biopsy specimens.6,8 

Methylation primers were designed to target the methyl-

ation-variable transitional-CpG sites between the tran-

scriptional start sites and gene-adjacent retroelements.6,9,11

Methylation-specific polymerase chain reaction (MSP) 

was performed under stringent conditions with a hot start 

condition and radioisotope labeling to compensate for the 

low guanine-cytosine contents and repetitive sequences 

of transitional-CpG sites.6,9,19 One microliter of bi-

sulfite-treated DNA was mixed with 1 mCi of α-32P 

dTTP (PerkinElmer, Boston, MA, USA), 62.5 mM each 

dATP, dCTP, and dGTP, 25 mM dTTP, 1 pM of primers, 

0.1% Tween 20, and 0.3 unit of Taq DNA polymerase 

(Takara, Kyoto, Japan). The reactions were subjected to 

thermal cycling as follows: denaturation at 99oC for 5 mi-

nutes followed by the addition of DNA polymerase and 

dNTP mixture; amplification for 32 cycles of 93oC for 50 
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Fig. 1. Age distribution of subjects included in the transitional-CpG 
methylation analysis. Samples are collected at 2-year intervals.

seconds, 53oC to 62oC for one minute, and 72oC for one 

minute; and extension at 72oC for 3 minutes. MSP prod-

ucts were separated by polyacrylamide gel electrophoresis 

and visualized by autoradiography with a radiolumino-

graph scanner (PMI 170-9400; BioRad, Hercules, CA, 

USA). The band intensities were measured using TINA im-

age software (Raytest Isotopenmeβgerate, Straubenhardt, 

Germany). Methylation values were scored as the pro-

portion of band intensities of the methylation primer to 

the total band intensities of the methylation and un-

methylation primers, and were stratified into 10 levels at 

10% increments.

4. Ethics statement

The study of biopsy specimens was reviewed and ap-

proved by St. Paul’s Hospital Institutional Review Board, 

the Catholic University of Korea (IRB no. PCMC08BR005 

and XC15TIMI0044P). All participating subjects provided 

written informed consent prior to the study.

RESULTS

A total of 148 H. pylori-negative controls, 124 H. pylo-

ri-positive controls, and 69 cancer patients from 38 to 81 

years of age were enrolled to perform methylation study 

on the normal gastric mucosa (Fig. 1). Cancer patients 

were not grouped by H. pylori infection because there 

were few differences in transitional-CpG methylation be-

tween H. pylori-positive and -negative cancer patients in 

previous studies.6 

Age-related changes in methylation were plotted at 

2-year age intervals, and the periodic curves were eval-

uated during 8-year cycles (Fig. 2A). The TFF2 methyl-

ation curve tended to peak every 8 years, regardless of 

sex or H. pylori status. In samples from H. pylori-negative 

men, the TFF2 methylation curve exhibited five regular 

peaks at 40 to 41, 48 to 49, 56 to 57, 64 to 65, and 72 

to 73 years of age. TFF2 methylation peaks were detected 

at 40 to 41, 46 to 47, 54 to 55, and 64 to 65 years of age 

in H. pylori-positive men. The methylation of TFF3, 

which is specifically expressed in the antrum, was known 
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Fig. 2. Age-related changes in methylation in Helicobacter pylori-negative controls, H. pylori-positive controls, and gastric cancer patients with 
closed-type atrophy. (A) Individual methylation of TFF2 and TFF3 in the antrum and concurrent methylation of CDH1, ARRDC4, MMP2, and 
CDKN2A in the body are depicted. (B) The mean levels of CDH1 and ARRDC4 methylation in the body are shown in the presence or absence of 
TFF3 overmethylation in the antrum. TFF3 overmethylation is defined using level 6 as the cutoff point. Samples are collected at 2-year intervals. 
Vertical dashed lines indicate 8-year intervals after 40 years of age. Horizontal dashed lines indicate level 3 methylation.
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Fig. 2. Continued.

to be impeded under the influence of gastric mucosal 

atrophy.8 In H. pylori-positive controls, TFF3 methylation 

was increased at 50 to 51 and 56 to 57 age groups in 

women but not in men (Fig. 2A). 

CDH1 and ARRDC4 that are adjacent to Alu retroele-

ments were frequently methylated in the body of H. pylo-

ri-negative male controls. Mean methylation levels of 

these two genes were less than 3, with weak increases at 

ages 46 to 47 and 56 to 57 in the body of H. pylori-neg-

ative males. Concurrent methylation of CDH1 and 

ARRDC4 was increased in the 66 to 77 age group in the 

body of H. pylori-negative male controls (Fig. 2A). CDH1 

and ARRDC4 were concurrently methylated in the 50 to 

51 and 58 to 59 age groups in the body of both H. pylo-

ri-positive male and female controls. The mean methyl-

ation levels of CDH1 and ARRDC4 troughed at 48 to 49, 

56 to 57, and 68 to 69 years of age in male cancer pa-

tients; troughs were lower in cancer patients than in H. 

pylori-negative and H. pylori-positive controls (2.0 vs. 2.5 

and 2.5 at 48 to 49 years; 1.0 vs. 2.4 and 2.6 at 56 to 57 

years; and 1.7 vs. 2.9 and 4.0 at 68 to 69 years).

MMP2 and CDKN2A that are adjacent to LTR retroele-

ments were gradually methylated in the body of both H. 

pylori-negative and H. pylori-positive controls. Mean 

methylation levels of MMP2 and CDKN2A troughed at 48 

to 49, 56 to 57, and 66 to 67 years of age in the body of 

men with gastric cancer; the last two troughs were lower 

in cancer patients than in H. pylori-negative and H. pylo-

ri-positive controls (3.5 vs. 3.8 and 2.8 at 48 to 49 years; 

3.0 vs. 4.5 and 3.6 at 56 to 57 years; and 3.5 vs. 4.9 and 

6.0 at 66 to 67 years) (Fig. 2A). Concurrent methylation of 

MMP2 and CDKN2A methylation was increased in the 50 

to 53 and 58 to 61 age groups in men with gastric can-

cer, and that was higher than in H. pylori-negative and 

H. pylori-positive male controls (5.4 vs. 3.5 and 4.5 at 50 

to 51 years; 5.8 vs. 3.3 and 4.9 at 52 to 53 years; 5.2 vs. 
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3.2 and 4.7 at 58 to 59 years; and 6.0 vs. 3.4 and 4.4 at 

60 to 61 years).

In a previous study, body-site housekeeping genes and 

antrum-site TFF3 tended to be coincidentally methylated 

at an early stage.8 CDH1 and ARRDC4 body-site methyl-

ation were evaluated in the presence and absence of an-

trum-site TFF3 overmethylation of level≥6 (Fig. 2B). In H. 

pylori-negative samples from men, four regular peaks of 

CDH1 and ARRDC4 methylation (level＞3) were observed 

at 48 to 49, 56 to 57, 66 to 67, and 72 to 73 years of age 

in the absence of TFF3 overmethylation. 

DISCUSSION

Stomach-specific TFF2 is strongly expressed in gastric 

glands in both the antrum and body.9 Notably, our analy-

sis of normal gastric mucosa samples revealed peaks in 

the methylation of TFF2 at regular intervals of approx-

imately 8 years, and these peaks corresponded to similar 

peaks in housekeeping gene methylation in H. pylori-neg-

ative subjects. These regular peaks in age-related methyl-

ation likely represent the periodic replacement of gastric 

glandular stem cells, some of which may be transformed 

into cancer stem cells. Housekeeping genes tended to be 

less methylated in cancer patients than in H. pylori-pos-

itive controls during the periods of TFF2 methylation 

peaks. Previous studies of the background mucosa of gas-

tric cancer have demonstrated that insufficient methyl-

ation of some housekeeping genes leads to an early un-

stable stage of stem cell replacement.6,8 The appearance 

of cancer may vary during the extended cancer risk stage 

during each period of stem cell replacement. The methyl-

ation type related to cancer risk is expected to be in-

formative when evaluating the individuals at risk for 

cancer.

H. pylori-positive subjects had high-level methylation 

but no periodic methylation changes. H. pylori-induced 

active inflammation can recruit many new mesenchymal 

cells around the gastric glands. In such cases, glandular 

epithelial cells obtained by endoscopic biopsy were con-

taminated with nearby mesenchymal cells.6 Both the mes-

enchymal and epithelial cells adapting to a new tissue en-

vironment can be stabilized by methylation of house-

keeping genes,14 and the mixture of them in the biopsy 

specimens may make no cyclic changes and no sex-based 

differences in the biopsy specimens. Periodic fluctuation 

in housekeeping gene methylation was more evident in 

the body than in the antrum of H. pylori-negative 

subjects. In a body with mild inflammation, endoscopic 

biopsy specimens contain a relatively low number of new 

mesenchymal cells, which can disclose cyclic methylation 

changes. 

Cyclic TFF2 methylation seems to result from rapid de-

methylation of transitional-CpG sites influenced by strong 

gene expression.9 Cyclic TFF3 methylation was somewhat 

ambiguous in the antrum, possibly because antrum-specific 

TFF3 expression is weak.9 TFF3 and housekeeping genes 

tended to be concurrently methylated at an early stage 

and afterward TFF3 methylation decreased at a late stage.8 

Housekeeping-gene methylation regularly fluctuated in the 

absence of TFF3 overmethylation in the body of H. pylo-

ri-negative subjects. Because there were a low number of 

new stem cells in H. pylori-negative body, housekeeping 

gene methylation might be increasingly detected as meth-

ylation-inducible cells expanded sufficiently and TFF3 

methylation decreased.

Retroelements dispersed throughout the genome are 

thought to be involved in the epigenetic suppression of 

numerous housekeeping genes during phenotype stabiliza-

tion of new stem cells.7,14 Humans with a long lifespan 

have higher numbers of SINE retroelements around 

housekeeping genes than mice with a short lifespan.20 

This helps to prompt phenotype-stabilizing methylation of 

new stem cells in humans. Housekeeping genes adjacent 

to Alu retroelements, human SINEs, are frequently methy-

lated in the gastric mucosa of subjects in their early 40s.9 

Previous studies of the background mucosa of gastric 

cancer have demonstrated that impeded methylation of 

Alu-adjacent genes leads to an early unstable stage of 

new stem cells.6,8 LTR retroelements also participate in 

the phenotypic stabilization of stem cells. LTR-adjacent 

housekeeping gene methylation increased slowly com-

pared to Alu-adjacent gene methylation.9 LTR-adjacent 

genes were more frequently methylated in gastric cancer 

patients than in H. pylori-positive subjects.6,8 Sequential 

methylation changes in Alu-adjacent and LTR-adjacent 
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genes may provide information on the formation of can-

cer-prone stem cells in the gastric mucosa.

Japan and Korea, where gastric cancer is common, 

conduct biennial endoscopic screening to detect early gas-

tric cancer,21,22 as a 2-year screening interval has been 

proposed to reduce gastric cancer mortality.22,23 However, 

the interval of cancer screening has been determined em-

pirically, and there is no clear evidence as to the optimal 

screening interval.24 In this study, periodic methylation 

was observed in consistent with the cyclic stabilization of 

cancer-prone stem cells every 8 years. A previous gastric 

cancer screening at 5-year intervals revealed a decrease 

in the incidence of gastric cancer at the first follow-up 

and an increase at the second follow-up.25 The results of 

the 5-year interval screening, as well as the 8-year-peri-

odic fluctuation in methylation, indicate that the chances 

of gastric cancer arise at 8-year intervals and that a 

screening interval ＜8 years is necessary for early cancer 

detection.

Gastric mucosal atrophy is evaluated using endoscopic 

examination of the atrophic border and histopathologic 

examination based on the Sydney system.26 These two 

atrophy-staging systems demonstrate relatively good 

agreements.26 Our previous studies revealed that Alu-ad-

jacent methylation was impeded in cancer patients with 

closed-type atrophy and LTR-adjacent methylation was 

increased in cancer patients with open-type atrophy 

compared with controls.6,8 This suggests that cancer-re-

lated methylation changes are distinct from the pro-

gression of gastric mucosal atrophy. Active H. pylori in-

flammation detected in this study may induce the recruit-

ment of new stem cells intermittently in the gastric 

mucosa. However, stomach-specific TFF2 methylation 

peaked at regular intervals in H. pylori-positive subjects. 

Stem cell replacement appears to occur regularly regard-

less of H. pylori infection. Gastric mucosal atrophy and H. 

pylori infection may influence the phenotype-stabilizing 

methylation during stem cell replacement. 

This study had some potential limitations. First, in-

herent factors may affect methylation patterns.27,28 Thus, it 

is challenging to analyze periodic methylation patterns 

depending on the family history of gastric cancer patients. 

Second, because of a relatively small sample size, the au-

thors could not conclude the significant decreases in 

trough methylation of housekeeping genes in cancer 

patients. Longitudinal studies with a larger sample size are 

required to investigate periodic methylation levels and the 

risk of gastric cancer. Third, there may be interobserver 

differences in the extent of gastric mucosal atrophy based 

on endoscopic examination. To ensure the reliability of 

the atrophic border classification, gastric mucosal atrophy 

was measured repeatedly by two endoscopy specialists. 

Fourth, the histopathologic types of gastric cancer were 

not evaluated in this study. In human and mouse gastric 

cancers, phenotype shift from diffuse to intestinal types is 

clearly defined.29 New stem cells may be unstable at an 

early stage and acquire gastric stem cell traits at a late 

stage. Periodically replaced stem cells seem to develop 

into diffuse-type cancer, followed by intestinal-type can-

cer, depending on phenotypic stability. Further studies are 

needed to clarify the relationship between the histologic 

types of gastric cancer and the phenotype-stabilizing 

methylation. 

In summary, methylation peaks of stomach-specific 

TFF2 in controls and methylation troughs of housekeeping 

genes in gastric cancer patients appeared at similar inter-

vals of 8 years. This suggests that new gastric stem cells 

with high self-renewal capacity replace old stem cells at 

certain periods rather than irregular periods and that new 

stem cells displaying impeded housekeeping gene methyl-

ation are prone to transform into malignant cells. To our 

knowledge, stem cell periodicity in terms of gastric can-

cer evolution has not been previously reported. Even 

though gastric glandular stem cells were periodically re-

placed, the initiation of stem cell replacement could be 

diverse among individuals. Age-related transitional CpG 

methylation provides a clue to the initiation point of stem 

cell replacement. Individuals at high risk for gastric can-

cer may be effectively distinguished by tracing the pheno-

type-stabilizing methylation of housekeeping genes after 

the period of stem cell replacement. 
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