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Abstract

Background Chronic inflammation triggered by Helico-

bacter pylori causes altered DNA methylation in stomach

mucosae, which is deeply involved in gastric carcinogen-

esis. This study aimed to elucidate the correlation between

altered mucosal DNA methylation levels and activity of

H. pylori-related gastritis, because inflammatory activity

shows particular correlations with the development of

diffuse-type cancer.

Methods Methylation levels in stomach mucosae of 78

healthy volunteers were determined by real-time methyla-

tion-specific PCR or bisulfite pyrosequencing. Examined

loci were the promoter CpG islands of six genes (FLNc,

HAND1, THBD, p41ARC, HRASLS, and LOX) and the CpG

sites of non-coding repetitive elements (Alu and Sata)

that are reportedly altered by H. pylori infection. Activity

of H. pylori-related gastritis was evaluated using two serum

markers: H. pylori antibody titer and pepsinogen II.

Results Methylation levels of the six CpG islands were

consistently increased, and those of the two repetitive

elements were consistently decreased in a stepwise manner

with the activity of gastric inflammation as represented by

serum marker levels. Each serum marker level was well

correlated with the overall DNA methylation status of

stomach mucosa, and these two serologic markers were

additive in the detection of the mucosa with severely

altered DNA methylation.

Conclusions Alteration in mucosal DNA methylation

level was closely correlated with activity of H. pylori-

related gastritis as evaluated by serum markers. The

observed correlation between altered DNA methylation

levels and activity of H. pylori-related gastritis appears to

be one of the relevant molecular mechanisms underlying

the development of diffuse-type cancer.
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Abbreviations

UC Ulcerative colitis

H. pylori Helicobacter pylori

PG Pepsinogen

CGI CpG island

Introduction

Epidemiological studies have revealed that long-lasting

inflammation in specific organs is associated with

increased risks of cancers, such as ulcerative colitis (UC)-

associated colon cancer [1], liver cancer [2], and gastric

cancer [3]. Accumulation of genetic and epigenetic alter-

ations induced by chronic inflammation appears to con-

tribute to cancer development [4]. In addition, activity of

chronic inflammation has been shown to be associated with

the incidence of cancer development [5–7]. In long-

standing UC, patients with highly active inflammation

during the disease course are more likely to develop
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dysplasia or cancer than those without [5]. Likewise, in

viral hepatitis, patients with high serum alanine amino-

transferase levels are more likely to develop hepatocellular

carcinoma than those without [6, 7].

In stomach mucosae, chronic inflammation is triggered

by Helicobacter pylori (H. pylori) infection and causes a

predisposition toward gastric cancer development [8]. In

terms of correlations between activity of H. pylori-related

gastritis and incidence of gastric cancer, two serum

markers have been evaluated: H. pylori antibody and

pepsinogen (PG) II [9, 10]. Both the titer of serum H. pylori

antibody, which is usually used for determining the current

status of the bacterial infection, and PG II, an aspartic

protease also known as an inactive precursor of pepsin C

produced mainly by the stomach mucosae, have been

shown to correlate with the activity of H. pylori-related

gastritis [11, 12]. In addition, our previous reports have

indicated that individuals with H. pylori antibody titers

[500 U/ml or PG II levels [30 ng/ml are at high risk of

developing gastric cancer, particularly diffuse-type cancer

according to Lauren’s histopathological classification [10,

13]. Ito et al. [14] also reported that patients with PG II

[30 ng/ml show an increased risk of diffuse-type gastric

cancer.

DNA methylation is a covalent chemical modification

resulting in the addition of a methyl group at the C5

position of cytosine in the sequence context 50-CG-30 [15].

This epigenetic effect plays pivotal roles in carcinogenesis

[16, 17]. In the context of cancer development and pro-

gression, two types of DNA methylation have been iden-

tified: CpG island (CGI) hypermethylation and global

hypomethylation [18]. CGI hypermethylation occurs

within promoter CGIs and is often associated with a loss of

protein expression by transcription repression [19]. On the

other hand, global hypomethylation, which is observed in

repetitive elements such as Alu, LINE-1, and Sata has been

shown to be associated with genomic instability [20, 21].

DNA methylation is also deeply involved in chronic

inflammation-mediated carcinogenesis. As shown in our

previous studies [22, 23], aberrant DNA methylation has

been observed in H. pylori-infected stomach mucosae as

well as liver with viral infection [24] or colorectal mucosae

with UC [25]. Altered DNA methylation in noncancerous

inflammatory tissues has been considered to be one of the

early steps toward neoplastic change. The accumulation of

DNA methylation along with inflammation contributes to

the development of cancer, according to the hypothesis of

‘an epigenetic field for cancerization’ [17, 26].

A recent study showed a correlation between highly

active inflammation and altered mucosal DNA methylation

in UC [27]. That report suggested that higher methylation

levels induced by active inflammation were associated with

inflammation-related cancer development. In contrast,

correlations between activity of gastritis and altered

mucosal DNA methylation levels have not been reported.

Activity of gastritis is reportedly correlated with the

development of diffuse-type gastric cancer [10, 13]. We

therefore hypothesized that the degree of altered DNA

methylation in stomach mucosae is correlated with activity

of gastritis, since methylation observed in inflammatory

stomach mucosae would directly or indirectly induce dif-

fuse-type cancer development.

This study therefore aimed to clarify whether aberrant

DNA methylation levels are correlated with inflammation

activity in H. pylori-infected stomach mucosae. To this

end, we measured and evaluated methylation levels of

promoter CGIs of six genes (FLNc, HAND1, THBD,

p41ARC, HRASLS, and LOX), and two repetitive elements

(Alu and Sata), all of which have been shown to be hyper-

or hypomethylated in H. pylori-related gastritis in our

previous reports [22, 28] in human stomach mucosae

according to the inflammation status evaluated by

H. pylori-antibody titers and serum PG II levels.

Materials and methods

Cases, samples, and DNA extraction

Seventy-eight healthy volunteers were recruited after pro-

viding informed consent during an endoscopic screening

program for gastric cancer under the approval of the

Institutional Review Board of Wakayama Medical Uni-

versity. Fast blood samples were collected as part of the

routine laboratory tests. Aliquots of the separated sera were

stored below -20 �C until use. All study subjects were

confirmed to be free from any previous history of gastric

cancer, surgical resection of the stomach, or chronic renal

failure. Subjects likewise had no history of H. pylori

eradication therapy and had not been prescribed medica-

tions that might affect gastrointestinal function, such as

proton pump inhibitors, adrenocortical steroids, or non-

steroidal antiinflammatory drugs. Stomach mucosae sam-

ples were collected by endoscopic biopsy of the antral and

the corpus regions in the lesser curvature with sterilized

biopsy forceps (Olympus, Tokyo, Japan), immediately

frozen in liquid nitrogen, and stored at -80 �C until

extraction of genomic DNA. High molecular weight DNA

was extracted using the phenol/chloroform method.

Serologic analysis

Anti-H. pylori immunoglobulin (Ig)G antibody titers were

measured using an enzyme-linked immunosorbent assay

(ELISA) (MBL, Nagoya, Japan). Subjects with antibody

titers [50 U/ml were classified as H. pylori positive, and
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those with antibody titers 50 U/ml were regarded as

infection negative. The H. pylori-positive group was fur-

ther divided into two groups according to the antibody titer:

500 U/ml as a low-titer group and [500 U/ml as a high-

titer group.

Serum pepsinogen levels were measured using PG I/PG

II RIA-based kits (Dainabbot, Tokyo, Japan), which

involved a modified radioimmunoassay method that we

previously established [29]. Subjects were divided into

three groups according to PG II level: group II-0, PG II

B10 ng/ml; group II-10, PG II[10 ng/ml and B30 ng/ml;

group II-30, PG II [30 ng/ml. These thresholds were

determined in a previous study according to the risk of

gastric cancer [13].

Sodium bisulfite modification, quantitative real-time

methylation-specific PCR, and bisulfite pyrosequencing

Bisulfite modification was performed using 1 lg of

BamHI-digested genomic DNA as previously described

[30]. The modified DNA was suspended in 40 ll of Tris-

EDTA buffer, and an aliquot of 1 ll was used for quanti-

tative real-time methylation-specific PCR (qMSP) and

bisulfite pyrosequencing.

The qMSP was performed as described previously [22].

Briefly, real-time PCR with a primer set specific to meth-

ylated (M) or unmethylated (U) sequences was undertaken

using SYBR� Green I (BioWhittaker Molecular Applica-

tions, Rockland, ME, USA) and an iCycler Thermal Cycler

(Bio-Rad Laboratories, Hercules, CA, USA). Standard

DNA was prepared by cloning PCR products into the

pGEM-T Easy vector (Promega, Madison, WI, USA). The

number of molecules in a sample was determined by

comparing its amplification with those of standard DNA

that contained exact numbers of molecules (101–106 mol-

ecules). Based on the numbers of M molecules and U

molecules for a genomic region, a methylation level of the

region was calculated as the fraction of M molecules

among the total number of DNA molecules (no. of M

molecules ? no. of U molecules).

Bisulfite pyrosequencing was performed as described

previously [28]. Briefly, biotinylated PCR product with

designed bisulfite PCR primers was purified and made

single stranded. PCR products were bound to streptavidin-

coated Sepharose beads, purified, washed, and denatured

using a 0.2 ml/l of NaOH solution. Thereafter, those

products were annealed to 0.2 lM pyrosequencing primers,

and pyrosequencing was undertaken using the PSQ 96

Pyrosequencing System (Qiagen, Valencia, CA, USA). A

methylation level was obtained using PSQ Assay Design

software (Qiagen). The primers used in qMSP and bisulfite

pyrosequencing have been described in previous reports

[22, 28].

The methylation score was determined as 1, 2, or 3 at

each locus according to the methylation level: 1, degree of

altered methylation within the lowest one-third of all sub-

jects; 3, degree of altered methylation within the highest

one-third, with the remaining categorized as 2. Compre-

hensive methylation status of each individual was deter-

mined by accumulating ‘the methylation score’ of six CGIs

and three loci of two repetitive elements.

Statistical analysis

Correlations between serum H. pylori antibody titers and

serum PG II levels were analyzed using Spearman’s rank

correlation coefficient. Differences in median methylation

levels among the three groups according to serum levels of

H. pylori antibody titer or PG II were analyzed using the

Kruskal-Wallis test. When the Kruskal-Wallis test showed

a significant difference, a multiple comparison was per-

formed using the Steel-Dwass test. All analyses were per-

formed using JMP version 9.0 software (SAS Institute,

Cary, NC, USA), and the results were considered signifi-

cant for values of p \ 0.05.

Results

Background characteristics of the individuals analyzed

Median age for the 78 examined individuals was 55 years

(range 23–91 years), and 39 individuals (50 %) were male.

Other background characteristics of the participants are

presented in Table 1. H. pylori antibody titers and serum

Table 1 Background characteristics of the individuals

All individuals (N = 78)

Age (years)a 55 (23–91)

Gender

Male 39 (50 %)

Female 39 (50 %)

H. pylori antibody titer

Negative (B50 U/ml) 37 (47 %)

Low titer ([50, B500 U/ml) 28 (36 %)

High titer ([500 U/ml) 13 (17 %)

PG II level

II-0 (B10 U/ml) 27 (35 %)

II-10 ([10, B30 U/ml) 36 (46 %)

II-30 ([30 U/ml) 15 (19 %)

H. pylori Helicobacter pylori, PG II pepsinogen II
a Value is median (range)
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PG II levels of subjects were measured. As both of these

two markers were expected to reflect the activity of

inflammation in the stomach mucosae, a significant corre-

lation was observed between the two serologic markers in

these 78 subjects (Spearman’s rank correlation coefficient,

0.49; p \ 0.05).

Mucosal DNA methylation levels in stomach and serum

H. pylori antibody titers

Methylation levels in the stomach mucosae of the 78 subjects

were determined. Six promoter CGIs (FLNc, HAND1,

THBD, p41ARC, HRASLS, and LOX) and two non-coding
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Fig. 1 Methylation levels of the promoter CpG islands of six genes

(a) and two repetitive DNA elements (b) in the antral region of the

gastric mucosae of the 78 subjects according to serum H. pylori

antibody titer. Compared to the H. pylori-negative group, the

methylation level was consistently increased (CpG island hyperme-

thylation) or decreased (hypomethylation in repetitive elements) in a

stepwise manner in the low- and high-titer groups (p \ 0.05)
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repetitive elements (Alu and Sata) were examined by qMSP

and bisulfite pyrosequencing, respectively.

Methylation levels of the CGIs were consistently

increased in a stepwise manner with elevations of H. pylori

antibody titer (Kruskal-Wallis test: p \ 0.05) in both of the

antral (Fig. 1a) and corpus regions (Fig. 2). At all exam-

ined loci, methylation levels in H. pylori-negative subjects

were at or around 0 % (from 0.0 % at FLNc to 0.71 % at

p41ARC in the antral region and from 0.0 % at FLNc to

1.23 % at p41ARC in the corpus region), while methylation

levels in the low-titer group were significantly higher to

variable extents (from 1.0 % at HRASLS to 12.4 % at LOX

in the antral region and from 0.7 % at HRASLS to 12.3 %

at LOX in the corpus region) (Steel-Dwass test: p \ 0.05).

In addition, methylation levels at each locus in the high-

titer group were elevated 1.5- to 2.3-fold in the antral

region and 1.0- to 3.5-fold in the corpus region compared

to those in the low-titer group, although significant dif-

ferences were only observed at THBD and HRASLS in the

antral region and only at HRASLS in the corpus region

(Steel-Dwass test: p \ 0.05).

As for repetitive elements of Alu and Sata, methylation

levels were consistently reduced in a stepwise manner with

the elevation of H. pylori antibody titers in the antral region

(Fig. 1b) (Kruskal-Wallis test: p \ 0.05). Differences in

methylation level at all these loci in the antral region were

significant both between the H. pylori-negative and low-

titer groups and between the H. pylori-negative and high-

titer groups (Steel-Dwass test: p \ 0.05). A similar trend

was also observed with analysis using the samples of the

corpus regions (data not shown), although the statistical

significance could not be confirmed because of the smaller

number of samples.

Mucosal DNA methylation levels in stomach and serum

PG II levels

Correlations between DNA methylation levels and serum PG

II levels were analyzed. Methylation levels at the CGIs were

consistently increased in a stepwise manner with elevations

in PG II level, as observed in the correlation with H. pylori

antibody titers (Kruskal-Wallis test: p \ 0.05) in both of the
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Fig. 2 Methylation levels of the promoter CpG islands of six genes

in the corpus region of the gastric mucosae according to serum

H. pylori antibody titer. Compared to the H. pylori-negative group,

the methylation level was consistently increased in a stepwise manner

in the low- and high-titer groups (p \ 0.05)
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antral (Fig. 3a) and corpus regions (Fig. 4). However,

differences between group II-10 and group II-30 were

inconspicuous and not significant at any of the six loci.

Methylation levels of repetitive elements at Alu and

Sata were consistently reduced in a stepwise manner with

elevations in PG II level, although the difference at Sata
was not significant (Kruskal-Wallis test) (Fig. 3b).

Serum PG levels are generally used for the detection of

H. pylori-infection related atrophic gastritis on the basis of

the previously described PG test positive criteria (PG I

M
et

h
yl

at
io

n
 le

ve
l (

%
)

)
%(level

n
oitaly

hte
M

)
%(level

n
o italy

hte
M

1DNAHcNLF

p41ARC

THBD

XOLSLSARH

ALU1 SATαALU2

a

b

**

*

12

10

8

6

4

2

0

**
40

35

25

15

10

5

0

30

20

* *
50

10

0

40

30

20

* *50

40

30

20

10

0

* *5

4

3

2

1

0

60

40

30

20

10

0

50

* *

*55

50

45

40

35

55

50

45

40

35

75

65

55

45

35

70

60

50

40

II-0 II-10 II-30 II-0 II-10 II-30 II-0 II-10 II-30

II-0 II-10 II-30 II-0 II-10 II-30 II-0 II-10 II-30

* * *

II-0 II-10 II-30 II-0 II-10 II-30 II-0 II-10 II-30

* p <0.05

Fig. 3 Methylation levels of promoter CpG islands of six genes

(a) and two repetitive DNA elements (b) in the antral region of the

gastric mucosae of the 78 subjects according to serum pepsinogen II

levels. Compared to group II-0, the methylation level was consistently

increased (CpG island hypermethylation) or decreased (hypomethy-

lation in repetitive elements) in a stepwise manner in group II-10 and

group II-30 (p \ 0.05)
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B70 ng/ml and PG I/II ratio B3.0) [10]. Then we compared

with methylation levels between subjects with and without

gastric atrophy according to the criteria. Among the 41

H. pylori-infected subjects (low-titer group and high-titer

group), 19 subjects were classified as those with atrophic

gastritis. The median methylation levels were not affected

by the presence or absence of atrophy. The methylation

levels in the high PG II subjects (group II-30) were also

similar between the subjects with and without atrophy.

Spectrum of methylation status for individual subjects

Lastly, we comprehensively overviewed the methylation

status and serum markers of all participating individuals.

Methylation status was stratified proportionally into three

categories (high, middle, and low) according to the accu-

mulated methylation scores of the nine examined loci as

mentioned in the ‘‘Materials and methods.’’

Methylation status based on the nine analyzed sites was

in parallel with serum markers (Fig. 5). These results also

indicated discrepancies in methylation levels between

grades of gastritis activity as evaluated by each of the two

serum markers, particularly among subjects in the middle

category of methylation. Furthermore, the stratification of

methylation levels at each site by serum levels of PG II and

H. pylori antibody titer allowed identification of a group

showing more severely altered methylation in 77.8 % (7/9)

of the analyzed sites; these two serological markers were

additive for the detection of the mucosa displaying highly

altered DNA methylation in these sites.

Discussion

The present results clearly indicated that active H. pylori-

related gastritis induces alteration in DNA methylation

evenly in various CGIs and repetitive elements. Observed

levels of altered DNA methylation increased in a stepwise

manner with increases in serum levels of PG II or H. pylori

antibody titers as markers of active gastritis [12, 31]. Many

reports have examined altered DNA methylation in

inflammatory tissues in terms of cancer risk in the fields of
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Fig. 4 Methylation levels of the promoter CpG islands of six genes

in the corpus region of the gastric mucosae according to serum

H. pylori antibody titer. Compared to the H. pylori-negative group,

the methylation level was consistently increased in a stepwise manner

in the low- and high-titer groups (p \ 0.05)
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viral hepatitis, UC, and H. pylori-related gastritis [32–34].

However, attention has rarely been paid to the correlations

between the degree of altered DNA methylation and

activity of inflammation, probably because of difficulties in

quantitatively evaluating inflammation in tissues. The

diagnosis of gastritis is based on histopathology of the

stomach mucosa. However, since H. pylori-related gastritis

is a multifocal process, it is difficult to accurately diagnose

the degree of active inflammation in the whole stomach

based on a few endoscopic biopsy samples. Furthermore,

histological diagnosis of gastritis depends on subjective

judgment without a gold standard [35]. The present study

therefore used two serum tests as more objective surrogate

markers of gastric inflammation, and this is the first report

to show a close correlation between the activity of gastritis

as reflected by these two serum markers and the degree of

altered methylation.

The antibody titers of the two serum markers, PG II and

H. pylori, were additive in the detection of mucosa with

severely altered DNA methylation. In addition, discrepan-

cies were apparent between grades of serum levels of the

two markers, particularly among subjects with mucosal

DNA methylation categorized as middle grade. These

results suggest that differences exist in inflammatory status

as identified by each of these two markers; while H. pylori

antibody levels reflect the complex interactions between

bacterial infection and immunological host response, PG II

levels are considered to reflect local mucosal reaction.

These two serum tests thus appear to reflect two different

aspects of H. pylori infection, and subjects with high levels

of both H. pylori antibody and PG II seem highly likely to

have the highest activities of gastritis and highest degree of

altered DNA methylation.

Regarding the H. pylori-related carcinogenesis, distinct

pathways have been proposed for two histological types of

gastric cancer: intestinal type and diffuse type [36]. Intesti-

nal-type cancer is considered to develop in a multistep pro-

cess starting from chronic active gastritis and progressing

through chronic atrophic gastritis, intestinal metaplasia, and

dysplasia [37]. In contrast, diffuse-type cancer develops in

the stomach following chronic active inflammation without

passing through the intermediate steps of atrophic gastritis or

intestinal metaplasia. Of particular note, the activity of

mucosal inflammation is proposed for a risk of diffuse-type

cancer [9, 10, 38]. To date, studies about DNA methylation in

gastric carcinogenesis have been mainly focused on the

intestinal type [22, 23, 28, 39]. In reality, among H. pylori-

negative subjects, including those with past infection,

Hp titer PG II Group FLNc HAND1 THBD p41ARC HRASLS LOX ALU1 ALU2 SATa Score

High 30

High 
(n=27)

3 3 3 3 3 3 3 3 3 27 

High 10 3 3 3 3 3 3 3 3 3 27 

Low 10 3 3 3 3 3 3 3 3 3 27 

High 30 3 3 3 3 3 3 3 2 3 26 

High 10 3 3 3 3 3 3 3 2 3 26 

High 10 3 3 3 3 3 3 3 3 2 26 

Low 10 3 3 3 3 3 3 2 3 3 26 

Low 10 3 3 3 3 3 3 3 2 3 26 

High 30 3 3 3 3 3 3 3 3 1 25 

High 30 2 3 3 3 3 3 3 2 3 25 

Low 30 3 2 3 3 3 3 3 3 2 25 

Low 30 3 3 3 3 3 3 3 3 1 25 

Low 10 3 2 3 3 3 3 3 3 2 25 

Low 10 3 3 3 3 3 3 3 2 2 25 

Low 10 3 3 3 3 3 3 2 3 2 25 

High 30 2 3 3 2 3 3 2 3 3 24 

High 10 3 2 3 2 3 3 2 3 3 24 

Low 30 2 3 3 3 3 3 3 2 2 24 

Low 10 3 3 3 2 3 3 3 1 3 24 

Low 10 3 3 1 3 3 3 3 3 2 24 

High 10 2 3 3 3 2 2 3 3 2 23 

High 10 3 2 3 3 3 3 2 2 2 23 

Low 10 3 3 2 2 2 2 3 3 3 23 

High 10 3 2 3 2 3 2 2 2 3 22 

Low 30 3 2 2 3 3 3 2 2 2 22 

Low 10 2 3 2 3 2 2 3 3 2 22 

Low 10 3 2 3 2 3 3 3 2 1 22 

Low 10

Middle
(n=27)

2 2 2 3 2 2 3 3 2 21 

High 10 3 2 1 3 3 3 2 2 1 20 

Low 10 2 2 2 2 3 2 3 1 3 20 

Low 0 2 2 2 2 2 2 2 3 3 20 

Negative 30 2 2 2 2 2 2 3 2 3 20 

Negative 10 2 2 2 3 2 3 3 2 1 20 

Low 30 2 3 2 2 2 2 1 3 2 19 

Low 10 2 2 2 2 2 2 3 2 2 19 

Low 10 2 1 3 1 1 3 3 2 3 19 

Low 10 3 3 3 1 2 2 2 2 1 19 

Low 0 2 2 2 2 2 2 2 2 3 19 

Negative 30 2 2 3 2 1 2 2 3 2 19 

Low 10 3 3 1 2 2 1 2 3 1 18 

Low 10 2 2 2 2 2 2 2 1 3 18 

Negative 0 2 2 2 2 2 2 2 2 2 18 

Low 30 2 2 2 2 2 1 2 3 1 17 

Negative 30 2 2 1 2 2 2 1 3 2 17 

Negative 10 2 2 2 3 2 2 1 1 2 17 

Low 0 2 3 1 1 1 1 2 2 3 16 

Negative 30 3 3 2 1 1 1 2 2 1 16 

Negative 0 2 2 2 2 2 2 1 2 1 16 

Negative 0 2 1 2 2 1 1 1 3 3 16 

Negative 10 1 1 2 2 1 2 2 1 3 15 

Negative 0 2 2 2 2 2 2 1 1 1 15 

Negative 0 2 1 2 1 2 2 2 1 1 14 

Negative 0 2 1 1 2 1 1 1 3 2 14 

Negative 0 1 2 2 3 1 1 1 1 2 14 

Negative 0

Low
(n=24)

1 3 1 1 2 1 2 1 1 13 

Negative 0 1 2 1 1 1 1 1 2 3 13 

Low 0 1 1 2 1 2 2 1 1 1 12 

Negative 10 1 1 1 1 1 2 2 2 1 12 

Negative 10 1 1 1 2 2 1 1 1 2 12 

Negative 10 1 1 1 1 1 2 2 2 1 12 

Negative 0 1 1 1 1 2 1 1 1 3 12 

Negative 0 1 1 1 2 1 1 1 1 3 12 

Negative 0 1 2 1 1 1 1 1 2 2 12 

Negative 10 1 1 1 1 1 1 1 3 1 11 

Negative 0 1 1 1 1 1 2 2 1 1 11 

Negative 0 1 1 2 1 1 1 2 1 1 11 

Negative 0 1 1 1 1 1 1 2 1 2 11 

Negative 0 1 1 1 2 1 1 1 1 2 11 

Negative 0 1 1 1 1 1 1 1 1 3 11 

Negative 0 1 1 1 1 2 1 1 1 2 11 

Negative 0 1 1 1 1 1 2 1 2 1 11 

Negative 10 1 1 2 1 1 1 1 1 1 10 

Negative 10 1 1 1 1 2 1 1 1 1 10 

Negative 0 1 1 2 1 1 1 1 1 1 10 

Negative 0 1 1 1 1 1 1 1 1 2 10 

Negative 10 1 1 1 1 1 1 1 1 1 9 

Negative 0 1 1 1 1 1 1 1 1 1 9 

Negative 0 1 1 1 1 1 1 1 1 1 9 

Fig. 5 Comprehensive view of methylation status and the two serum

markers among individual participants. As a whole, methylation

status paralleled serum markers in each individual

b
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subjects with gastric cancer, particularly those with multiple

gastric cancers, have stomach mucosae with more highly

altered DNA methylation than those without [22, 39]. The

finding in this report, in contrast, showed that the degree of

altered DNA methylation parallels the activity of gastritis

and appears to be deeply involved in active inflammation-

mediated carcinogenesis leading to the development of dif-

fuse-type cancer. Furthermore, recent evidence indicates

that alterations in the DNA methylation of various gene

regions including the CDH1 (E-cadherin) promoter are fre-

quently observed in diffuse-type cancer and are deeply

involved in the development of this type of gastric cancer

[40, 41].

Some limitations in the study methods must be consid-

ered when interpreting the present findings. First, differ-

ences in DNA methylation levels among all stratified

groups were insufficient to show statistical significance

because of the relatively small number of samples. How-

ever, methylation levels were consistently altered in the

same manner among CGI hypermethylation or hypome-

thylation of repetitive elements along with increases in

serum marker levels. We thus believe that DNA methyla-

tion levels are tightly correlated with both markers

reflecting the activity of gastritis. Second, some clinical

factors that affect DNA methylation alteration might not

have been completely excluded. For example, Epstein-Barr

virus infection is known to enhance the DNA methylation

in gastric cancer tissues [23]. However, H. pylori infection

is a major factor in the alteration of DNA methylation in

stomach mucosae of healthy volunteers, as repeatedly

shown in previous studies [22, 42]. Indeed, the CGI

methylation level was almost zero among H. pylori-nega-

tive subjects in the present study. Third, the small amount

of samples led to no histological evaluations on H. pylori-

related gastritis including the degree of intestinal meta-

plasia or stromal inflammatory cells. Although those

mucosal findings in biopsy samples could affect the alter-

ation in DNA methylation [43], the degree of the altera-

tions might be modest or dependent on genes as suggested

in some previous reports [34, 44]. In contrast, alterations in

DNA methylation in parallel with the severity of gastritis

were considerable and consistently observed in the present

study. Thus, we believe that bias due to those factors on the

present results might be marginal.

In conclusion, the results of this study strongly indicate

that DNA methylation levels in stomach mucosae are

closely correlated with inflammatory activity in stomach

mucosae. In terms of H. pylori-related stomach carcino-

genesis, highly altered DNA methylation correlated with

highly active gastritis appears to represent one of the rel-

evant molecular mechanisms underlying the development

of diffuse-type gastric cancer. The evaluation of altered

DNA methylation in stomach mucosa is thus likely to be

useful in predicting the risk of gastric cancer, particularly

for diffuse-type cancer. We are now carrying out a long-

term follow-up study of subjects from the present study for

cancer development.
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