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a proapoptotic gene, confers chemoresistance to melanoma and leukemia cells by mediating
resistance to cytochrome c-dependent apoptosis [114]. These findings demonstrate the
potential clinical utility of DNA methylation markers for individualized therapy of cancer
patients.

3.12 NEW TECHNOLOGIES FOR DNA METHYLATION ANALYSIS
AND FUTURE DIRECTIONS

Currently available forms of screening technology, such as single-base-pair resolution whole-
genome DNA methylation analysis using second-generation sequencers, and intemational
efforts aimed at determining reference epigenome profiles, are now opening new avenues of
epigenome therapy for cancer patients. Although broad DNA methylation profiling was
initially performed on the basis of two-dimensional gel electrophoresis, adaptation of
microarray hybridization techniques used in gene expression and genome studies to the
profiling of DNA methylation patterns opened the door to the era of the epigenome. Enzyme-
based and affinity enrichment-based DNA methylation analysis techniques have been proved
suitable for examination of human tissue samples using hybridization arrays [115]. Currently
available high-throughput DNA sequencing technologies using second-generation sequencers
are now capable of single-base-pair resolution for whole-genome DNA methylation analysis.
Although projects involving analysis of large numbers of human tissue samples will still rely
on array-based approaches for several more years, the trend will be towards bisulfite shotgun
sequencing |94]. Nanopore sequencing provides single-molecule detection and avoids any
bias introduced by differential amplification of methylation-derived states [116]. Moreover,
third-generation sequencers for real-time sequencing can directly detect 5-methylcytosine
without bisulfite conversion {117]. In addition, genome-wide analysis of histone modification
and non-coding RNA is also being robustly performed. Thus, high-throughput mapping of the
epigenome, i.e. an overview of DNA methylation, histone modification, non-coding RNA, and
chromatin accessibility in normal, precursor and cancer cells, is now highly reproducible and
standardized.

Importantly, changes in the epigenome are potentially reversible by drug treatments. This has
significant implications for the prevention and therapy of human cancers. Indeed, several
inhibitors of chromatin-modifying enzymes, including DNMT inhibitors, as well as HDAC
inhibitors, have been approved by the US Food and Drug Administration and the EU, and are
now being used in clinical practice [118,119]. However, to maximize the potential of such
therapeutic approaches, a more comprehensive characterization of the epigenome changes
that occur during normal development and adult cell renewal should be accomplished by
international consortia.

Scientists and representatives of major funding agencies have decided to launch the Inter-
national Human Epigenome Consortium (IHEC) [120]. Just as the Human Genome Project
provided a reference “normal” sequence for studying human disease, high-resolution
reference epigenome maps consisting of the various epigenetic layers of detailed DNA
methylation as well as histone modification, nucleosome occupancy and corresponding
coding, and non-coding RNA expression in different normal cell types will be provided by
IHEC. Such a reference human epigenome will be available to the worldwide research
community. Information on the methods utilized by IHEC members will be useful for
producing large epigenomic datasets related to health and diseases in humans. [t will become
possible to compare profiles of different human populations, thereby helping to evaluate the
impact of environment and nutrition on the epigenome. Epigenome reference maps will
have an immediate impact on our understanding of cancers as well as diabetes, cardiopul-
monary diseases, neuropsychiatric disorders, imprinting disorders, inflammation, and
autoimmune diseases, and will hopefully lead to breakthroughs in the prevention, diagnosis,
and therapy of human cancers.
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Abstract

Background Epigenomic damage induced by Helicobac-
ter pylori infection is accumulated in gastric mucosae
before the development of malignancy. In individuals
without current H. pylori infection, DNA methylation
levels of specific CpG islands (CGls) are associated with
gastric cancer risk. Because risk estimation in individuals
with past infection is clinically important, we here aimed to
identify the risk markers that reflect epigenomic damage
induced by H. pylori infection, and that are informative in
these individuals.

Methods Gastric mucosae were obtained from 55 gastric
cancer patients (GC-Pt) (21 with current infection and 34
with past infection) and 55 healthy volunteers (HV) (7
never-infected, 21 with current infection, and 27 with past
infection). Hypermethylated CGIs were searched for by
methylated DNA immunoprecipitation-CGI microarray,
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and methylation levels were analyzed by quantitative
methylation-specific polymerase chain reaction (PCR).
Results By microarray analysis of a pool of three samples
from GC-Pt with past infection and another pool of sam-
ples from HV with past infection, 15 hypermethylated
CGIs in the former pool were isolated. Seven of them had
significantly higher methylation levels in GC-Pt with past
infection (n = 10) than in HV with past infection (n = 10)
(P < 0.001). In a validation cohort (21 GC-Pt with past
infection and 14 HV with past infection), the seven new
markers had large areas under the receiver-operating
characteristic curves (0.78-0.84) and high odds ratios
(12.7-36.0) compared with two currently available markers
(0.60-0.65, 5.0-5.7).

Conclusions We identified seven novel gastric cancer risk
markers that are highly informative in individuals with past
infection.

Keywords Carcinogenesis - DNA methylation -
Gastric cancer - Helicobacter pylori

Introduction

Early detection of cancer is critically important to reduce
its morbidity and mortality, and early detection can be
achieved by identifying individuals at high risk of devel-
oping cancers. In the risk estimation of gastric cancers, a
history of Helicobacter pylori infection, which increases
gastric cancer risk 2.2- to 21-fold [1-4], plays the major
role, but the vast majority of individuals with a history of
H. pylori infection do not develop gastric cancers. Also,
gene polymorphisms associated with gastric cancers have
been identified, and they have been shown to confer odds
ratios (ORs) mostly between 1.0 and 2.0 [5, 6]. To obtain
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clinically useful risk markers, we have to develop markers
that are informative even in individuals with a history of H.
pylori infection and that confer higher ORs.

Recently, we showed that H. pylori infection induces
epigenomic damage, especially aberrant DNA methyla-
tion, in gastric mucosae [7]. DNA methylation levels of
specific CpG islands (CGls) were very high in the gastric
mucosae of individuals with active H. pylori infection
irrespective of gastric cancer risk, and decreased to
certain levels after H. pylori was eradicated [8]. Impor-
tantly, these methylation levels in individuals without
active H. pylori infection were correlated with gastric
cancer risk [7, 9]. It is considered that aberrant DNA
methylation is induced both in gastric stem cells and in
non-stem cells, that methylation induced in stem cells
will remain even after H. pylori eradication, and that
methylation levels in individuals without current H. pylori
infection reflect gastric cancer risk (degree of the epigenetic
field defect) [10].

The correlation between methylation levels and gastric
cancer risk has been analyzed in individuals without cur-
rent H. pylori infection [7, 9]. Based on the data in our
previous study [7], currently available methylation risk
markers, FLNc¢ and THBD, have ORs of 4.2-7.0 to detect
gastric cancer patients (GC-Pt) among such individuals.
However, individuals without current H. pylori infection
indeed consist of never-infected individuals and those with
past infection, and risk estimation is important in individ-
uals with past infection.

In this study, we aimed to identify gastric cancer risk
markers that reflect epigenomic damage induced by H.
pylori infection, and that are informative in individuals
with past infection.

Materials and methods

Tissue samples and determination of H. pylori infection
status

Fifty-five healthy volunteers (HV) with endoscopic find-
ings of no malignancy were recruited, with written
informed consents, on the occasion of a gastric cancer
screening program, with the approval of the institutional
review board. Fifty-five GC-Pt who had undergone cura-
tive endoscopic submucosal dissection (ESD) of a well-
differentiated adenocarcinoma in the non-cardia according
to the Japanese classification of gastric carcinoma [11]
were also recruited, with written informed consents, with
the approval of the Institutional Review Board. Gastric
mucosae were collected by endoscopic biopsy of the
antrum. The biopsy specimens were frozen in liquid
nitrogen immediately after biopsy, and stored at —80°C
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until DNA extraction. High molecular weight DNA was
extracted by the phenol/chloroform method.

Current H. pylori infection was analyzed by a serum anti-
H. pylori 1gG antibody test (SRL, Tokyo, Japan) in HV and
by urea breath test (Otsuka Pharmaceutical, Tokushima,
Japan) in GC-Pt. Also, the presence of current or past
H. pylori infection was detected by the endoscopic presence
of atrophic gastritis in the antrum, because atrophic change
induced by H. pylori infection arises in the antrum in 83%
of individuals with H. pylori infection [12] and remains in
all individuals who have had H. pylori eradication therapy
[13]. “Never-infected individuals” were defined as those
who were negative for H. pylori analysis and did not have
atrophic gastritis in the antrum. “Individuals with current
infection” were defined as those who were positive for
H. pylori analysis. “Individuals with past infection” were
defined as those who were negative for H. pylori analysis
and had atrophic gastritis in the antrum.

Methylated DNA immunoprecipitation-CGI microarray
analysis

Methylated DNA immunoprecipitation (MeDIP)-CGI
microarray analysis was performed as previously described
[14, 15]. Briefly, 5 pg of genomic DNA was immunopre-
cipitated with an anti-5-methylcytidine antibody (Diagnode,
Liége, Belgium), and the precipitated DNA and the input
DNA were labeled with cyanin (Cy) 5 and Cy3, respectively.
A human CGI oligonucleotide microarray (Agilent Tech-
nologies, Santa Clara, CA, USA) was hybridized with the
labeled probes and scanned with an Agilent G2565BA
microarray scanner (Agilent Technologies). Scanned data
were processed with Feature Extraction Software Version
9.1 (Agilent Technology) and Agilent G4477AA ChIP
Analytics 1.3 software. The signal of a probe was converted
into a “Me value”, which represented the methylation level
as a value from 0 (unmethylated) to 1 (methylated). Differ-
entially methylated regions were detected by comparison
between the Me values of two samples, and data were visu-
alized in the UCSC Genome Browser (http://genome.
ucsc.edu/) on NCBI36/hg18 assembly (National Center for
Biotechnology Information, Bethesda, MD, USA).

Sodium bisulfite modification and quantitative
methylation-specific polymerase chain reaction

Fully methylated DNA and fully unmethylated DNA were
prepared by methylating genomic DNA with Sss/ methyl-
ase (New England Biolabs, Beverly, MA, USA) and by
amplifying genomic DNA with the GenomiPhi amplifica-
tion system (GE Healthcare, Buckinghamshire, UK),
respectively. Bisulfite modification was performed using
1 pg of BamHI-digested genomic DNA, and the modified
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DNA was suspended in 40 pl of Tris—ethylenediamine
tetraacetic acid (EDTA) buffer [16]. An aliquot of 2 pl of
sodium bisulfite-treated DNA was used in one reaction of
quantitative methylation-specific polymerase chain reac-
tion (PCR; qMSP).

gMSP was performed using primer sets specific to
methylated and unmethylated sequences (Supplementary
Table 1), SYBR® Green I (BioWhittaker Molecular
Applications, Rockland, ME, USA), and an iCycler Ther-
mal Cycler (Bio-Rad Laboratories, Hercules, CA, USA).
The number of molecules in a sample was determined by
comparing its amplification with those of standard DNA
that contained known numbers of molecules (101—109
molecules). Standard DNA was prepared by purifying the
PCR products using the Wizard SV Gel and PCR Clean-Up
System (Promega, Fitchburg, WI, USA). The methylation
level was calculated as the fraction of methylated
(M) molecules in the total number of DNA molecules
(number of M molecules + number of unmethylated
molecules). The percentage of methylated reference (PMR)
was calculated as the fraction of the methylated reference
{(number of M molecules in a sample)/(number of Alu
repeat sequences in a sample)}/{(number of M molecules
in SssI-treated DNA)/(number of Alu repeat sequences in
Sssl-treated DNA)} [17].

Statistical analysis

Differences in mean methylation levels or PMR were
analyzed by the Student’s t-test. The receiver-operating
characteristic (ROC) curve was drawn, and the area under
the curve (AUC) and OR were analyzed by binomial dis-
tribution and binomial logistic regression analysis,
respectively. All the analysis was performed using PASW
statistics (SPSS, Chicago, IL, USA), and the results were
considered significant when P values of less than 0.05 were
obtained by two-sided tests.

Results

Isolation of hypermethylated CGIs in GC-Pt compared
with HV in individuals with past H. pylori infection

A pool of three samples from HV with past infection and
another pool of three samples from GC-Pt with past
infection were analyzed by MeDIP-CGI microarray anal-
ysis. CGIs that were hypermethylated in the latter group
compared with the former group were selected as follows:
(1) Me value in the latter pool was higher than that in the
former pool by 0.2 or more, (2) Me value in the former
pool was lower than 0.4, and (3) criteria (1) and (2) were
satisfied in three consecutive probes. A total of 15 CGIs

were isolated by these criteria (Table 1), and representative
data around CGI #5 are shown in Fig. 1.

From the 15 CGls, those differentially methylated in a
screening set, which consisted of 10 HV with past infection
and 10 GC-Pt with past infection, were searched for by
evaluating PMRs by gMSP (Supplementary Table 2).
Seven CGIs (#1 to #7; Table 1), distributed on various
chromosomes, were methylated at significantly higher

Table 1 CGIs identified by MeDIP-CGI microarray

CGI Gene
no. symbol

Location
around a
gene

Chromosomal
position

Name

#1 EMX1 Intron 1

Empty 2pl13.2
spiracles,
homeobox 1

MicroRNA 663

NK6,
homeobox 1
Orthopedia
homeobox
5-Oxoprolinase
(ATP-
hydrolysing)
Cytochrome
P450, family 1,
subfamily B,
polypeptide 1
Neurofilament, 8p21
medium
polypeptide
Polyamine-
modulated
factor 1
Brain-derived
neurotrophic
factor
Somatostatin
receptor 5
Myosin ID
Calcium/
calmodulin-
dependent
protein kinase
II inhibitor 2
GATA binding
protein 4

#2  miR663
#3  NKX6-1

20p11.1 Overlap

4q21.23 Intron 1

Downstream

#  OTP 5q13.3

Downstream

#5  OPLAH 8q24.3

Exon 1

#  CYPIBI 2p22.2

#1  NEFM Exon 1

Intron 1

#8  PMFI 1922

Intron 1

#9  BDNF 11p14.1

Promoter

#10 SSTRS 16p13.3

Intron 1
Promoter

#11  MYOID
#12 CAMK2N2

17q11.2
3q27.1

#13 GATA4 8p23.1 Promoter

Nuclear factor of 18q23 Promoter
activated

T-cells,

cytoplasmic,

calcineurin-

dependent 1

#14 NFATCI

Exon 1

#15 ANKRD9  Ankyrin repeat

domain 9

1493231

CGI CpG island, MeDIP methylated DNA immunoprecipitation
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Fig. 1 Data of methylated DNA immunoprecipitation-CpG island
(MeDIP-CGI) microarray analysis in the genomic region around CGI
#5. Methylation levels were assessed by Me values, and the Me
values of the two pools were visualized by the UCSC Genome
Browser (http://genome.ucsc.edu/) for a genomic region (from nt.
145,174,733 to nt. 145,180,586 on chromosome 8§ in NCBI36/hg18

levels in GC-Pt than in HV (P < 0.05). Relative positions
against a gene also varied—two CGIs being located in
exon 1, two in intron 1, two 300 bp downstream of the
annotated end, and one overlapping with pre-microRNA
663,

Validation of the usefulness of the seven markers

The usefulness of the seven CGIs was validated by gMSP
analysis of an independent set of samples (Fig. 2). The
validation set consisted of seven never-infected HV (Group
[G] 1), 21 HV with current infection (G2), 14 HV with past
infection (G3), 21 GC-Pt with current infection (G4), and
21 GC-Pt with past infection (G5) (Supplementary
Table 3). For comparison, two currently available markers
(FLNe¢ and THBD) were also analyzed. In the individuals
with past infection (G3 and G5), the seven CGIs had levels
that were 2.8-, 1.5-, 3.8-, 2.3, 2.5-, 1.8-, and 3.8-fold,
respectively, higher in G5 than in G3 (P < 0.01). FLNc
tended to have a higher level in G5 than in G3 (P = 0.087),
but THBD did not show any significant difference
(P = 0.341). These data showed that the methylation lev-
els of all the seven CGIs had the power of cancer risk
estimation even in individuals with past infection.
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assembly). Vertical bars show Me values of individual probes. Closed
boxes above the Me values indicate the differentially methylated
probes. Quantitative methylation-specific polymerase chain reaction
(gMSP) primers were designed in the area shown by the open box. HV
healthy volunteers, GC-Pr gastric cancer patients

In the HV, methylation levels in G2 were much higher
than those in G1 (P < 0.05), but those in G3 were lower
than those in G2. This observation supported the model that
active infection by H. pylori induces methylation potently
in non-stem cells, in addition to stem cells, and that
methylation levels will eventually decrease after H. pylori
infection has been eradicated. Also, methylation levels in
G3 were significantly higher (four of the seven CGIs,
P < 0.05) or tended to be higher than those in G1. This
observation again supported the model that methylation
induced in stem cells will remain even after H. pylori
infection is eradicated.

Power of the seven CGIs as gastric cancer risk markers

AUCs to detect individuals in G5 were calculated using
individuals in G3 and G5 (Table 2; Fig. 3). AUCs for the
seven CGIs ranged between 0.78 and 0.84 and were sig-
nificantly larger than 0.5 (P < 0.01). In contrast, the AUCs
for the two currently available markers were 0.69 (95% CI
0.51-0.87) and 0.65 (95% CI 0.45-0.84), respectively, and
were not significantly different from 0.5. Using optimal
cut-off values obtained by the ROCs, ORs for the seven
CGIs were calculated to be 12.7-36.0 (Table 2). ORs for
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are associated with gastric cancer risk even in individuals
with past infection. These seven CGIs are promising can-
didate markers to estimate gastric cancer risk.
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Table 2 AUC and OR for new

andl ctcrently} sail Able ey CGI no. Gene symbol AUC 95% CI P value OR 95% CI P value
#1 EMXI 0.84 0.70-097  <0.001 238  3.7-153 <0.001
# miR663 0.78 0.62-0.94 0006 267  2.8-258 0.005
#3 NKX6-1 0.84 0.69-099  <0.001 150  2.8-80.1 0.002
#4 oTP 0.83 0.69-0.97 0.001 360  3.7-354 0.002
#5 OPLAH 0.83 0.69-0.98 0.001 156  2.9-835 0.001
#6 CYPIBI 0.78 0.62-0.94 0.006 B 23760 0.006
#7 NEFM 0.84 071-0.98  <0.001 238 3715 <0.001
CGI CpG island, AUC area - FLNc 0.69 0.51-0.87 0.055 57 1.2-25.9 0.025
under the curve, C7 confidence  _ THBD 0.65 0.45-0.84 0.152 5.0 1.1-21.8 0.032

interval, OR odds ratio

1.0 : - P =

0.8

o
o

Sensitivity
o
-

0.2

0.0

0.4 0.6
1 - Specificity

Fig. 3 Receiver-operating characteristic (ROC) curves of CGI #3 and
#7, whose AUC values were the largest in the seven CGls, are shown
with those of two currently available markers, FLNc and THBD.
Black line, dotted line, dot-and-dash line, and dashed line show ROC
curves of CGI #3, #7, FLNc, and THBD, respectively. The AUC
values of CGI #3 and #7 were larger than those of FLNc and THBD

the two currently available markers, FLN¢ and THBD,
were 5.7 (95% CI 1.2-25.9) and 5.0 (95% CI 1.1-21.8),
respectively. These results clearly showed that the meth-
ylation levels of the seven CGIs had greater power than the
two currently available markers to estimate gastric cancer
risk in individuals with past infection.

Discussion

In the present study, by carrying out genome-wide meth-
ylation analysis of gastric cancer patients (GC-Pt) and
healthy volunteers (HV), both with past infection, we
screened seven gastric cancer risk markers that are highly
informative in individuals with past infection. Their use-
fulness was validated in 35 individuals (21 GC-Pt and 14
age-matched HV). To our knowledge, this is the first study
that has evaluated epigenetic gastric cancer risk markers in

@ Springer

individuals with past infection, and these markers are
expected to be especially useful. This is because the
number of individuals with past infection is increasing as
more and more people receive H. pylori eradication ther-
apy [18], but the usefulness of the current methods for
gastric cancer risk estimation, i.e., a combination of the
detection of H. pylori infection and the serum pepsinogen
test, in this population has not been established [18-20].

None of the seven CGIs were located in promoter
regions. We analyzed the association between the meth-
ylation levels of the seven CGIs and the expression levels
of genes close to them, but no association was observed for
any of the seven CGIs (data not shown). This was in line
with the current knowledge that DNA methylation of only
promoter CGIs consistently causes gene silencing, but that
methylation of gene bodies may or may not be associated
with increased expression [14, 21, 22]. The lack of asso-
ciation between methylation and gene expression sup-
ported the hypothesis that the methylation of these seven
CGls reflects the degree of overall epigenomic damage in
gastric stem cells, and that the degree of epigenomic
damage, and not the change of expression of individual
genes, is associated with gastric cancer risk.

Epigenomic damage induced by H. pylori infection is
one of the major causes of gastric cancer [23-26], but it is
not known whether the epigenomic damage is independent
of other risk factors. For example, salt intake is a risk factor
for gastric cancer [27, 28], and although it does not induce
methylation in gastric mucosae by itself in a Mongolian
gerbil model [29, 30], it shows synergistic effects with
H. pylori on cancer development [31]. It is not known yet
whether epigenomic damage in the gastric mucosa pro-
vides independent information from past salt exposure or
whether the exposure is already reflected in methylation
levels. Multivariate analysis in a large cohort with a reli-
able record of history of salt intake will clarify this issue,
and might provide a risk marker that complements the
epigenetic gastric cancer risk markers.

In conclusion, we identified seven CGIs whose meth-
ylation levels are increased after H. pylori infection, and
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available markers, FLNc and THBD, in the validation set. The
horizontal line represents the mean methylation level in each group.
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significantly higher than those in G3 (P < 0.01), but there were no
significant differences for the two currently available markers.
*P < 0.05, **P < 0.01, ***P < 0.001
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Abstract

Infection-associated cancers account for a large proportion of human cancers, and gastric cancer, the vast
majority of which is associated with Helicobacter pylori infection, is a typical example of such cancers.
Epigenetic alterations are known to occur frequently in gastric cancers, and H. pylori infection has now been
shown to induce aberrant DNA methylation in gastric mucosae. Accumulation of aberrant methylation in
gastric mucosae produces a field for cancerization, and methylation levels correlate with gastric cancer risk.
H. pylori infection induces methylation of specific genes, and such specificity is determined by the epigenetic
status in normal cells, including the presence of H3K27me3 and RNA polymerase II (active or stalled).
Specific types of inflammation, such as that induced by H. pylori infection, are important for methylation
induction, and infiltration of monocytes appears to be involved. The presence of an epigenetic field defect is
not limited to gastric cancers and is observed in various types of cancers. It provides translational
opportunities for cancer risk diagnosis incorporating life history, assessment of past exposure to carcino-
genic factors, and cancer prevention. Clin Cancer Res; 18(4); 923-9. ©2011 AACR.

Background

Infection-associated cancers account for a large propor-
tion of human cancers. These include gastric cancers
induced by Helicobacter pylori (1), hepatocellular carcino-
mas induced by hepatitis C virus (HCV) and hepatitis B
virus [HBV (2-4)], cervical cancers induced by human
papilloma virus [HPV (5, 6)], and lymphomas and naso-
pharyngeal cancers associated with Epstein-Barr virus [EBV
(7, 8)]. The carcinogenic mechanisms of these infection-
associated cancers have been extensively investigated, and
although multiple contributing mechanisms have been
clarified, they are not yet completely understood.

General mechanisms of infection-associated cancers
Virus-associated cancers have complex mechanisms of car-
cinogenesis. Viral oncogenes, such as E6 and E7 of HPV and X
protein of HBV, can be integrated into host cells and produce
aberrant growth signals and inactivate tumor-suppressor
genes (6). Also, integration of virus genes into the host genome
can alter the expression of nearby tumor-related genes and
induce a genomic instability that will eventually contribute to
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cancer development (4). Even if the virus genes are not inte-
grated, they can be persistently expressed and perturb impor-
tant cellular signaling, such as cell proliferation, apoptosis, and
cytokine expression, as in the case of HCV and EBV (7).

Both bacterial and viral infections can be associated with
severe tissue damage and resultant chronic inflammation
(4, 6, 7). Tissue damage itself activates cell proliferation and
increases the chance that mutations will occur. In addition,
chronic inflammation is considered to be deeply involved
in cancer development and progression by multiple
mechanisms, such as increased production of active oxygen
species, induction of inflammation-mediated cell prolifer-
ation, and increased cytokine production (9, 10). In addi-
tion to this, induction of epigenetic alterations is now
recognized as one of the mechanisms underlying induction
of cancer by chronic inflammation.

H. pylori infection and epigenetic alterations in gastric
cancers

Gastric cancer is still the third-leading cause of death from
cancer in men and the fifth-leading cause in women world-
wide, although its incidence is gradually decreasing (11).
The vast majority of gastric cancers are caused by H. pylori
infection (12), which is a Gram-negative bacterium (13). A
minor percentage (~10%) of gastric cancers are associated
with EBV infection (14). It is known that when H. pylori
infects the human stomach, it induces severe inflammation,
including ulcers, then chronic inflammation, and finally
gastric cancers within tens of years. Investigators have main-
ly discussed the carcinogenic mechanisms of H. pylori from
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the standpoint of induction of cell proliferation, mutations,
and direct activation of cellular signaling (15-17).

However, tumor-suppressor genes such as CDKN2A,
CDH1, MLH1, and RUNX3 are inactivated more frequently
by aberrant DNA methylation than by mutations, indicat-
ing that gastric cancer is an epigenetic disease (18). In
addition to methylation silencing of driver tumor-suppres-
sor genes, recent genome-wide analyses have revealed that
hundreds of passenger genes are also methylated in gastric
cancers (19). The fact that H. pylori infection induces epi-
genetic alterations provides the missing link between the
causal role of H. pylori infection in gastric carcinogenesis and
the deep involvement of epigenetic alterations in gastric
cancers. Gastric cancer is a typical example of a disease in
which infection, chronic inflammation, and epigenetic
alterations are interconnected.

Induction of epigenetic alterations by H. pylori and the
formation of field defects

The first hint that the presence of aberrant DNA methyl-
ation might be associated with H. pylori infection came from
the observation that promoter methylation of CDHI was
detected more frequently in the gastric mucosae of indivi-
duals with H. pylori infection than in those without the
infection (20). By quantifying the methylation levels of 8
marker CpG islands, Maekita and colleagues (21) convinc-
ingly showed that individuals with H. pylori infection have
much higher methylation levels in their gastric mucosae (5.4-
to 303-fold) than those without (P < 0.0001). In addition to
the 8 marker CpG islands associated with protein-coding
genes, CpG islands of microRINA genes are also methylated in
association with H. pylori infection (22, 23).

In one study, patients with gastric cancer who had pre-
viously had an H. pylori infection but were currently not
infected had lower methylation levels of the 8 marker CpG
islands in the gastric mucosae compared with patients who
were currently infected with H. pylori (21). This suggests that
the methylation level is very high when active H. pylori
infection is present in the stomach and decreases to certain
levels when the infection is discontinued. In other studies,
various degrees of decrease were observed in individuals
who received eradication therapy for H. pylori (24, 25), and
the methylation level after the decrease was considered to
represent the degree of epigenomic damage to the individ-
ual. This decrease of methylation could be due to a turnover
of gastric epithelial cells with methylation or to the removal
of 5-methylcytosine, which is present in individuals with
active H. pylori infection.

Of importance, among individuals without current H.
pylori infection, the methylation levels of the 8 marker CpG
islands in gastric mucosae were shown to correlate with
gastric cancer risk (21, 26). Patients with gastric cancers had
2.2- to 32-fold higher methylation levels in gastric mucosae
compared with healthy individuals (21), and patients with
multiple gastric cancers had significantly higher methyla-
tion levels than those with a single gastric cancer (26). This
correlation strongly supports the notion that the accumu-
lation of aberrant methylation in gastric mucosae produces

an epigenetic field for cancerization, i.e., a field defect (Fig. 1;
ref. 27).

Epigenetic field for cancerization

In the epigenetic field for gastric cancers, tumor-suppres-
sor genes that are causally involved in gastric cancer devel-
opment (i.e., driver genes), such as CDKN2A, CDHI,
MLH1, and RUNX3, are methylated only at very low levels,
showing that such events are present only in a very small
fraction of cells (21). In contrast, many other genes that are
unlikely to be causally involved in gastric carcinogenesis
(i.e., passenger genes), such as HANDI (a transcription
factor involved in heart morphogenesis), are methylated
at high levels, showing that their methylation is presentina
large fraction of cells. Most of the genes that are highly
methylated in gastric cancers are either unexpressed or
expressed only at low levels in normal cells (28). Generally,
genes with low expression are susceptible to methylation
induction (29), and it is considered that most of the genes
that are methylated in the epigenetic field were methylated
as a consequence of gastric carcinogenesis. In addition to
accumnulation of aberrant methylation, an epigenetic field
involves hypomethylation of the Alu and Sata repeat
sequences (30), which potentially can be involved in geno-
mic instability.

Epigenetic field defects are present not only in gastric
cancers but in other cancers as well (27). In the case of
hepatocellular carcinoma, aberrant DNA methylation was
frequently observed in noncancerous tissues of cancer
patients compared with normal livers of patients with
metastatic liver tumors (31). A quantitative analysis
revealed increased methylation of multiple tumor-suppres-
sor genes, such as SOCS1, RASSF1A, and CDH1, in HCV-
infected, noncancerous liver tissues (32), suggesting the
importance of an epigenetic field for HCV-associated hepa-
tocarcinogenesis. In the case of esophageal adenocarcino-
ma, the presence of APC and CDKN2A methylation in
Barrett's metaplasia has been reported (33), and such meth-
ylation was shown to be associated with progression of
Barrett's metaplasia (34). Also in the case of esophageal
squamous cell carcinoma, methylation of specific genes,
such as UCHLI and HOXAY, in esophageal mucosae was
associated with therisk of developing esophageal squamous
cell carcinoma (35, 36). In ulcerative colitis, the driver gene
CDKN2A and passenger genes such as MYOD and ESR
were shown to be methylated in colonic mucosae, which
are predisposed to colon cancers (37, 38). In addition, in the
case of sporadic colorectal cancers, MGMT methylation in
cancer tissues was associated with high levels of MGMT
methylation in the background colonic mucosae (39). The
presence of epigenetic field defects has also been indicated
for breast (40), renal (41), and bladder cancers (42, 43).

Critical roles of specific types of inflammation in
methylation induction

The association between H. pylori infection and high
levels of DNA methylation in gastric mucosae in humans
strongly indicates that H. pylori infection induces aberrant
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Figure 1. Formation of epigenetic field for cancerization by chronic inflammation triggered by H. pylori infection. H. pylori infection induces acute inflammation,
followed by chronic inflammation, formation of an epigenetic field for cancerization, and development of gastric cancers. Aberrant methylation is induced in
driver genes (schematically represented by gene 1) and passenger genes (genes 3 and 4). Specific genes are methylated in gastric mucosae with

H. pylori infection, and driver genes usually have very low methylation levels. On the other hand, passenger genes that have low or no expressionin normal cells
usually have high methylation levels. The methylation level of some passenger genes reflects the degree of accumulation of epigenomic damage, and
correlates with gastric cancer risk. Chronic inflammation triggered by H. pylor infection is critical for methylation induction, and if data from a mouse
colitis model are combined, the importance of monocytes can be speculated. As translational targets, methylation levels of specific genes in normal-appearing
tissues can be used as a cancer risk marker that reflects a person's life. The methylation signature has potential as a marker for past exposure to
specific environmental factors. Suppression of induction of aberrant DNA methylation, and possibly removal of accumulated aberrant methylation can

be used for cancer prevention (shown in red).

DNA methylation. This cause-consequence relationship
was shown with the use of Mongolian gerbils, in which
H. pylori infection-induced gastritis and gastric cancers can
be recapitulated (44). Gerbils infected with H. pylori devel-
oped severe gastritis and had markedly increased methyl-
ation levels, showing the causal role of H. pylori infection in
methylation induction (45). The methylation levels were
clearly decreased after eradication of the H. pylori, in agree-

ment with the decreased methylation levels observed in
patients who received eradication therapy.

In the attempt to determine how H. pylori induces meth-
ylation, investigators have considered both direct and indi-
rect actions of H. pylori. First, because H. pylori possesses
multiple DNA methyltransferases (46) and a type IV secre-
tion system [a syringe-like structure capable of delivering
bacterial materials into a host cell (47)], H. pylori itself may
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induce methylation in epithelial cells by injecting its own
DNA methyltransferases. Alternatively, studies in patients
with ulcerative colitis showed that chronic inflammation
played a role in methylation induction (37, 38), and chron-
ic inflammation triggered by H. pylori infection may have
been responsible for the methylation induction. Niwa and
colleagues (45) addressed this issue by suppressing inflam-
mation in gerbils with H. pylori infection using cyclosporin
A, an immunosuppressant. Although colonization of H.
pylori was not affected at all, methylation induction was
markedly suppressed. This clearly shows that it was the
inflammation triggered by the H. pylori infection, not the H.
pylori itself, that was involved in methylation induction. A
temporal analysis of the expression of inflammation-related
genes in gastric mucosae of infected gerbils showed that the
expression levels of Cxcl2, 11b, Nos2, and Tnf paralleled the
methylation levels.

Inflammation in the stomach can be induced not only by
H. pylori infection but also by high concentrations of eth-
anol (EtOH) or saturated sodium chloride (NaCl) solution.
A methylation analysis of gastric mucosae exposed to these
kinds of inflammation showed that only inflammation
triggered by H. pylori infection was capable of inducing
aberrant DNA methylation (48). Histologically, H. pylori
infection induced chronic inflammation with prominent
lymphocyte and macrophage infiltration, whereas EtOH
and NaCl treatment induced persistent neutrophil infiltra-
tion. Cell proliferation, which is known to be important for
methylation induction (38), was most strongly induced in
the NaCl group and was shown to be insufficient for
methylation induction. Among inflaimmation-related
genes, expression of Il1b, Nos2, and Tnf was increased
specifically in gastric mucosae of gerbils with H. pylori
infection. Therefore, it is considered that specific types of
inflammation are necessary for methylation induction.

Chronic inflammation is characterized by infiltration of
mononuclear cells, i.e., lymphocytes and monocytes. To
clarify which cell type(s) plays the major role in methylation
induction, Katsurano and colleagues (49) examined SCID
mice, which lack both B and T lymphocytes. Because H.
pylori cannot infect mice efficiently, they used a colitis model
induced by dextran sulfate sodium (DSS). Even in SCID
mice, DNA methylation and colon tumors could be induced
at the same levels as in wild-type mice. This shows that
lymphocytes are dispensable for methylation induction,
and strongly suggests that monocytes are important. Expres-
sion of Ifng, 111b, and Nos2 was induced in both wild-type
and SCID mice by DSS treatment.

If we hypothesize that the same effectors are working in
gerbil stomachs infected by H. pylori and mouse colons
treated with DSS, we can conclude that expression of Il1b
and Nos2 may be involved in methylation induction. Pro-
moter polymorphisms of IL1B are reported to be associated
with human gastric cancer susceptibility by increasing or
decreasing IL1B production in response to H. pylori infec-
tion and thus the progression of gastric atrophy (50, 51).
Increased production of NO in vitro is reported to increase
the enzyme activity of DNA methyltransferases without

changing their expression, and to induce DNA methylation
of specific genes (52). In the human and gerbil stomachs
infected by H. pylori and mouse colons treated with DSS, no
changes in the expression of DNA methyltransferases 1, 3a,
and 3b were observed (28, 45, 49). Itis possible that a signal
from chronic inflammation, possibly IL1B, and elevation of
NO in epithelial cells lead to inappropriate localization of
deregulated DNA methyltransferase(s) to methylation-sus-
ceptible CpG islands (see below) and induce aberrant DNA
methylation as an infrequent event.

Methylation fingerprints produced by H. pylori
infection

Target genes for methylation induction by H. pylori infec-
tion are present in gastric mucosae (28). Among 48 pro-
moter CpG islands whose methylation was analyzed in
gastric mucosae of individuals with and without H. pylori
infection, some were consistently methylated in individuals
with current or past infection and others were not methyl-
ated at all. Analysis of polyconal tissues, unlike that of
cancers, can provide information about multiple events that
have taken place independently, and the presence of target
genes was convincingly shown in gastric mucosae (29).
Similarly, in the esophagus, specific genes were methylated
in association with smoking history (35), and again the
presence of target gene specificity for methylation induction
was shown.

The target gene specificity is defined by epigenetic factors
in the cells where methylation is induced (29, 53, 54) and in
the genome architecture (55, 56). Epigenetic factors that
promote methylation induction include low transcription
and the presence of an H3K27me3 modification. In con-
trast, the presence of histone acetylation and RNA polymer-
ase Il (active or stalled) protects CpG islands from becoming
methylated. A multivariate analysis revealed that the most
influential factors are the promoting effect of H3K27me3
and the protective effect of RNA polymerase 11 (54). A
genomic factor that promotes methylation induction is a
distant location from repetitive elements (55, 56). It is
currently speculated that infection by H. pylori induces
H3K27me3 and removes RNA polymerase II at its target
genes, and that these genes then become methylated.

Clinical-Translational Advances

Cancer risk marker that reflects life history

The importance of predicting cancer risks has been
repeatedly emphasized because the ability to select high-
risk individuals enables efficient cancer screening and
reduces social costs (57-59). To this end, a massive effort
has been made in association studies, and many cancer risk
alleles for common cancers have been identified. Most of
these risk alleles give odds ratios between 1.5 and 2.0
(51, 58, 59), and can be used to estimate cancer risk when
a person is born.

At the same time, a person is exposed to various envi-
ronmental carcinogenic factors, and the cancer risk of an
adult will differ depending on what sort of life he or she has
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spent. Therefore, a cancer risk marker that incorporates
information about life-to-date is important. At least some
of a person'’s life history, such as smoking and infection by
H. pylori, is imprinted on the epigenome and produces an
epigenetic field for cancerization. The severity of the field
can be measured as methylation levels of specific marker
genes, and correlates with cancer risk. The odds ratios
obtained by DNA methylation markers of gastric cancers,
such as THBD, FLNc, and miR-124a, range from 2.4 to 22.1
[calculated based on our previous reports (21, 22)]. Pas-
senger genes can be useful as marker genes because they are
consistently methylated and have high methylation levelsin
noncancerous tissues (21, 27), whereas driver genes are
only stochastically methylated and have low methylation
levels (Fig. 1). Therefore, for evaluating the degree of epi-
genomic damage that has been done in the past, methyl-
ation of passenger genes is often superior to that of driver
genes.

The presence of an epigenetic field defect is also known
for other types of cancers, as mentioned above (27). There-
fore, investigators are now developing methods to estimate
epigenetic cancer risk, taking life history into account, in
various types of cancer. For example, a multicenter study
was conducted to evaluate the validity of methylation
markers to predict progression of Barrett's esophagus, and
methylation of HPP1, CDKN2A, and RUNX3 were shown to
be informative (34).

Marker for past exposure to specific environmental
factors

H. pylori infection is associated with methylation of a
specific set of genes, most of which are considered as
passengers, in gastric mucosae (28). A history of smoking
is associated with methylation of UCHLI and HOXA9,
which are also considered to be passengers, in esophageal
mucosae (35, 36). Once the specificity of methylation
signatures to various carcinogenic agents is clarified, past
exposure to such carcinogenic factors can be estimated by
the methylation signature. The methylation signature has
advantages over other exposure markers because it persists
for a long time and does not require any record by humans.
For example, past exposure to H. pylori infection can be
estimated by serum antibody, but it persists only up to
several years after H. pylori infection discontinues (60). The
ability to estimate past exposure using a methylation sig-
nature would be very helpful from an epidemiological
viewpoint.

Epigenetic cancer prevention

The presence of an epigenetic field for cancerization
and the deep involvement of chronic inflammation in
its formation provide targets for cancer prevention. Sup-
pression of induction of aberrant DNA methylation is
expected to lead to a decreased incidence of cancers.
This concept is supported by animal models for macro-
scopic colon tumors (61, 62), lung tumors (63), and
prostate cancers (64, 65). It was shown that in gerbil
stomachs, administration of a demethylating agent,

5-aza-2'-deoxycytidine (5-aza-dC), decreased the inci-
dence of gastric cancers induced by H. pylori infection
and a mutagen, N-methyl-N-nitrosourea (unpublished).
In addition to suppression of DNA methylation induc-
tion, suppression of H3K27me3, a premarker for DNA
methylation induction, is also an attractive target. The
histone methyltransferase that is responsible for this
modification, EZH2, is known to be overexpressed in
aggressive tumors (66) and precancerous lesions (67),
and therefore inhibitors of EZH2, such as 3-deazanepla-
nocin A (66), may have preventive applications.

Anti-inflammatory drugs, especially nonsteroidal anti-
inflammatory drugs (NSAIDs), are effective for prevention
of at least some cancers, but their use is still limited to
individuals with high risk (68). The use of NSAIDS is
limited in part because of possible side-effects, such as
peptic ulcer. To avoid such side-effects and suppress the
pathways that are responsible for cancer development,
researchers are actively investigating the mechanisms of
cancer induction by chronic inflammation (69). Because
induction of epigenetic alterations is one of these important
mechanisms, suppression of specific components of inflam-
mation that are responsible for induction of epigenetic
alterations is expected to provide a good target for cancer
prevention.

Lastly, DNA methylation is reversible by DNA demethy-
lating agents, such as 5-aza-dC and 5-azacytidine (70).
Currently available demethylating agents do not have a
high specificity for aberrantly methylated genes, and can
demethylate normally methylated sequences. Such
sequences include normally methylated CpG islands and
repetitive sequences originating from retrotransposons, and
it is feared that DNA demethylating agents might induce
demethylation of these retrotransposons. Therefore, for
cancer prevention using current demethylating agents, we
must carefully balance risk and benefit, and probably such
agents are not widely indicated. However, many epigenetic
drugs are being developed, and it is possible that some of the
new demethylating agents will have a specificity or prefer-
ence for aberrantly methylated promoter CpG islands, and
can be used in a wider range of individuals in the future.

Conclusions

The fact that H. pylori infection induces aberrant DNA
methylation in gastric mucosae provides the missing link
between the major role of H. pylori infection in gastric
cancers and the deep involvement of epigenetic alterations
in gastric cancers. The severity of infection correlates with
gastric cancer risk and can provide a unique cancer risk
marker that reflects a person’s life. H. pylori infection has
been shown to induce methylation of specific genes, and
there are underlying mechanisms. The methylation signa-
ture has potential as a marker for past exposure to H. pylori
infection. Specific types of inflammation, such as that
induced by H. pylori infection, are capable of inducing
aberrant methylation, and monocytes appear to be involved
in the induction. Suppression of methylation induction,
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specific inflammatory processes, and reversal of epigenetic
alterations are targets for cancer prevention.
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