Environ Health Prev Med (2008) 13:8-15
DOI 10.1007/s12199-007-0005-x

SPECIAL FEATURE

Frontiers in Epigenetics Medicine

DNA methylation: a marker for carcinogen exposure

and cancer risk

Takeshi Nakajima - Shotaro Enomoto -
Toshikazu Ushijima

Received: 17 July 2007/ Accepted: 24 August 2007 / Published online: 11 December 2007

© The Japanese Society for Hygiene 2008

Abstract Cancers arise as a consequence of multiple
genetic and epigenetic alterations. Many genes aberrantly
methylated in cancers have been identified in recent years,
and their use in cancer diagnosis and therapy is currently
under investigation. During our genome-wide screening for
a novel tumor-suppressor gene in gastric cancers, we found
that only a small amount of aberrant methylation was
present, even in non-cancerous gastric mucosae. A sub-
sequent large-scale analysis of the gastric mucosae of
healthy individuals and gastric cancer patients using quan-
titative methylation-specific PCR (qMSP) revealed that
Helicobacter pylori infection potently induced aberrant
DNA methylation in non-cancerous gastric mucosae and
that these high methylation levels can decrease following
cessation of the H. pylori infection. Helicobacter pylori
infection induced the methylation of specific genes among
48 genes that can be methylated in gastric cancer cell lines.
Most importantly, the methylation levels in the gastric
mucosae of individuals without H. pylori infection corre-
lated with their risk of gastric cancer. These findings show
that a field for cancerization is formed by H. pylori infection
and that this field can be measured using DNA methylation
as a marker. The concept of an “epigenetic field for canc-
erization” has been also demonstrated for colon and breast
cancers, and it is possibly present for other cancers and
other diseases. Applied knowledge of epigenetic changes in
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human diseases has now started to make an impact on the
prevention, diagnostics, and therapeutics of these diseases.
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Introduction

Epigenetic modifications are defined as DNA-associated
modifications that are faithfully inherited upon somatic cell
division, such as DNA methylation at CpG sites, histone
modifications, and polycomb complex formation [1]. DNA
methylation, in particular, is faithfully replicated upon cell
division [2, 3], and is known to serve as a machinery for
cellular memory [4]. At the same time, epigenetic modi-
fications show plasticity during development, adaptation,
and diseases. Epigenetic modifications are reprogrammed
during the formation of germ cells, and dynamic and
coordinated changes take place during development and
differentiation [5]. Epigenetic changes are also physiolog-
ically induced in somatic cells to maintain the memory of
exposure to environmental stimuli [6, 7].

Our increasing knowledge of epigenetic changes in
human diseases has now started to make an impact on the
prevention, diagnostics, and therapeutics of these diseases.
From a viewpoint of environmental health and preventive
medicine, epigenetic alterations in non-disease tissues are
becoming important because it is becoming clear that they
can be used as markers for disease risk and past exposure to
some disease-inducing factors. In this review, we provide a
brief introduction to aberrant DNA methylation in cancers,
describe our experimental findings on the presence of
aberrant DNA methylation in non-cancerous gastric
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mucosae, including a description of its use as a marker
for both the risk of gastric cancers and past exposure to
Helicobacter pylori, an established gastric carcinogen and,
finally, discuss the concept of field cancerization and its
usefulness an a diagnostic marker in other cancers.

Aberrant DNA methylation in cancers
Aberrant DNA methylation in carcinogenesis

The existence of aberrant DNA methylation in cancer tis-
sues has been known since the early 1980s, but it was not
until the early 1990s that it was shown to have a causal
involvement in human cancers [1, 8]. Aberrant DNA
methylation in cancers is often summarized as (1) genome-
overall hypomethylation and (2) regional hypermethylation.
Genome-overall hypomethylation is mainly due to hy-
pomethylation of repetitive DNA sequences, such as LINE
and Alu (SINE), that constitute a major part of the genome
and are normally methylated [9]. Such hypomethylation can
cause chromosomal instability and, consequently, tumors
[10] as well as aberrant expression of normally methylated
genes, such as melanoma antigen genes (MAGEs) [11]. The
aberrant activation of oncogenes due to promoter demeth-
ylation (hypomethylation) has as yet not been established.

Regional hypermethylation refers to the aberrant meth-
ylation of normally unmethylated sequences, most of which
are clusters of CpG sites, denoted CpG islands (CGIs).
Importantly, when a CGI is located in a gene promoter
region, its methylation consistently leads to transcriptional
silencing of its downstream gene (Fig. 1). This also applies
to many tumor-suppressor genes, such as CDKN2A (various
cancers), CDH]1 (gastric cancers), APC (colorectal cancers),
and BRCAI (breast cancer). Methylation-silencing of
tumor-suppressor genes is now known to be involved in
various human cancers [1]. In addition to aberrant DNA
methylation being causally involved in carcinogenesis
(driver methylation), recent genome-wide studies have
revealed the presence of many genes whose methylation is
considered to be a consequence of carcinogenesis (passen-
ger methylation) [12—14]. This fact clearly demonstrates the
need to carefully analyze the role of any newly detected
gene in terms of its role in carcinogenesis.

Clinical use of aberrant DNA methylation

Both diagnostic and therapeutic applications of aberrant
DNA methylation in cancers are being developed [15]. One
diagnostic application is the use of cancer-specific patterns
of aberrant DNA methylation to detect cancer cells and
cancer-derived DNA. Different from mutations, aberrant
DNA methylation can be detected with high sensitivity —
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Fig. 1 Methylation of a promoter CpG island (CGI) and transcription
of its downstream gene. Open and closed circles Unmethylated and
methylated CpG sites, respectively. a In a normal cell, most CpG sites
within a promoter CGI are unmethylated. b Methylation of most CpG
sites (dense methylation) of the promoter CGI completely blocks
transcription. If such methylation occurs in a tumor-suppressor gene,
it leads to inactivation of the tumor-suppressor gene

for example, at a sensitivity of one aberrantly methylated
DNA molecule among 1000 molecules. The chemical
stability of DNA is also an advantage in this application. A
second diagnostic application is the association of patterns
of aberrant DNA methylation in cancer tissues with tumor
characteristics, such as histological type, risk of disease
progression, sensitivity to chemotherapy, and molecular
alterations [15, 16]. An example of this can be found in
neuroblastomas, where the methylation pattern is very
closely associated with survival risk [17]. Thirdly, meth-
ylation in non-cancerous tissues is now recognized as a
marker for cancer risk and exposure to carcinogenic fac-
tors, which will be the main topic of this review.

In terms of therapeutic purposes, epigenetic abnormali-
ties are now used as promising targets. The Federal Drug
Agency has approved two demethylating agents, 5-aza-
cytidine (5-aza; Vidaza) and 5-aza-2'-deoxycytidine (5-
aza-dC; Decitabine), for hematological malignancies [18].
In addition, preclinical trials are ongoing for solid tumors.
Demethylating agents currently seem to have therapeutic
windows, being active in tumor cells but having few side-
effects in normal cells. The concept of “maximum toler-
ance dose” is not valid for demethylating agents, and an
optimal dose for maximum demethylating activity should
be achieved [18]. Further investigations are necessary on
the most suitable dosing, including the identification of
appropriate marker genes and tissue, and on the target
specificity in cancer and normal cells.

Aberrant methylation in non-cancerous
gastric mucosae

Presence of “aberrant” DNA methylation
in non-cancerous gastric mucosae

In human gastric cancers, CDKN2A (p16), CDHI (E-cad-
herin), and hMLH] are inactivated more frequently by the
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aberrant methylation of promoter CGI than by mutations or
chromosomal losses [19]. During previous study carried
out in our laboratory in which we identified a novel tumor-
suppressor gene, LOX [20], we observed that aberrant DNA
methylation was present even in non-cancerous gastric
mucosae of gastric cancer patients, although at a very
low level [21, 9]. It is unlikely that these cancer cells
contaminated non-cancerous samples because aberrant
methylation in non-cancerous gastric mucosae was
observed too often to be contamination.

Methylation in non-cancerous gastric mucosae
and H. pylori infection

To clarify the meaning of “a small amount” of aberrant
methylation in non-cancerous gastric mucosae, we quan-
tified the methylation levels in gastric mucosae of healthy
volunteers and in non-cancerous gastric mucosae of gastric
cancer patients [22]. Healthy volunteers (individuals
without gastric cancer) and gastric cancer patients were
classified according to their status of H. pylori infection, a
major etiological factor for gastric cancers [23, 24], at the
time of sampling. The numbers of methylated and unme-
thylated DNA molecules were counted, using quantitative
methylation-specific PCR (qMSP), for eight regions of
seven genes, all of which can be methylated in gastric
cancers. Methylation levels were calculated as the number
of methylated molecules present among the total number of
DNA molecules. This value was considered to represent
the fraction of cells with methylation in a gastric mucosa.

All of the eight regions showed a similar tendency in
terms of methylation levels. Among healthy volunteers,
methylation levels were 5.4- to 303-fold higher in
H. pylori-positive individuals than H. pylori-negative
individuals [22]. This finding strongly indicates that
H. pylori infection can potently induce aberrant DNA
methylation in non-cancerous gastric mucosae. In addition,
H. pylori-positive individuals had higher methylation lev-
els than H. pylori-negative gastric cancer cases, most of
whom were considered to have had prior exposure to
H. pylori infection (Fig. 2a).

Temporary and permanent components of methylation
level induced by H. pylori

The above results indicate that high methylation levels will
decrease to certain levels after cessation of the H. pylori
infection. Since endogenous DNA demethylase has not
been established and active demethylation in a cell was
unlikely to take place, this decrease is considered to be
passive demethylation due to cell turnover. A gastric gland
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consists of one stem cell, multiple progenitor cells, and
many differentiated cells [25], and it is expected that
methylation in stem cells will persist forever (permanent
component) while methylation in progenitor and differen-
tiated cells will disappear (temporary component). It is
therefore likely that H. pylori infection induced both per-
manent and temporary components of methylation, and that
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Fig. 2 Methylation induction by Helicobacter pylori infection and
gastric cancer risk. a Schematic representation of methylation levels
in the gastric mucosae of individuals with and without gastric cancer,
and with and without H. pylori infection. Methylation levels were
measured in DNA extracted from gastric biopsy specimens. Without
H. pylori infection, there is a significant difference between healthy
volunteers (group 1) and gastric cancer cases (group 2). With
H. pylori infection, the methylation level is high in both healthy
volunteers (group 3) and gastric cancer cases (group 4). H. pylori-
positive individuals had higher methylation levels than H. pylori-
negative gastric cancer cases, most of whom were considered to have
had prior exposure to H. pylori infection. Modified from Maekita
et al. [22]. b A hypothetical temporal profile of gastric methylation
levels during the course of H. pylori infection in years to decades.
Time point 1: Without H. pylori infection, the methylation is initially.
Time points: 2-5, H. pylori infection induces both permanent (closed
box) and temporary (open box) components of methylation, and the
total methylation level fluctuates due to fluctuation of the temporary
component. Time points 6-8: after H. pylori infection discontinues,
the temporary component disappears, and the increase in the
permanent component stops. It is speculated that the permanent
component is due to methylation in stem cells and that the temporary
component is due to methylation in progenitor and differentiated
cells. The permanent component is correlated with damage in stem
cells, and thus with gastric cancer risk
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the temporary component disappeared after cessation of the
H. pylori infection (Fig. 2b).

To support this hypothesis, we eradicated H. pylori and
measured methylation levels 6 weeks after the eradication.
When the eradication was successful, FLNc¢ (filamin C)
methylation levels decreased to certain levels. When
eradication failed, methylation levels fluctuated, depending
upon the individual (Nakajima, in preparation). The
decreased methylation levels in individuals following
successful eradication of H. pylori was considered to be
due to disappearance of the temporary component, leaving
only the permanent component in place.

Methylation levels in gastric mucosae as a marker
for gastric cancer risk

In the study described above [22], individuals without H.
pylori infection, whose methylation levels were considered
to reflect the fraction of stem cells with methylation, had
methylation levels that were 2.2- to 4.9-fold higher in cases
of gastric cancer than in healthy volunteers. We also newly
collected non-cancerous gastric mucosae of patients with a
single gastric cancer and those with multiple gastric can-
cers. Patients in the latter group, who were considered to
have a higher risk of gastric cancers [26], had a signifi-
cantly higher FLNc methylation level than patients with a
single gastric cancer (P < 0.01, ¢ test) [27]. These results
strongly indicate that methylation levels in non-cancerous
gastric mucosae are a good candidate biomarker for gastric
cancer risk. In order to confirm their clinical usefulness, a
prospective study is currently being planned.

Methylation of specific genes in gastric mucosae
by H. pylori infection, and its promising potential

In the initial study where eight regions of seven genes were
analyzed [22], all eight regions were methylated in the
presence of H. pylori infection. There are two possibilities
explaining this result: (1) these eight regions are regions
that can be methylated in gastric cancers, or (2) H. pylori
infection induces genome-wide, non-specific methylation
of CGIs. To distinguish between these two possibilities, we
analyzed the methylation of 48 genes in gastric mucosae of
individuals with and without H. pylori infection. These 48
genes were selected because they can be methylation
silenced in gastric cancer cell lines [14]. Some genes were
resistant to methylation induction, and some were consis-
tently methylated in individuals with H. pylori infection
(unpublished data; for review, see [28]. Since low tran-
scription levels are known to trigger promoter methylation
[12, 29], it was concluded that H. pylori infection can

induce decreased transcription of specific genes and that
some of these can be methylated. This concept can be
expanded to one in which some carcinogenic factors have
the potential to induce methylation of specific genes in
non-cancerous tissues and that the specific methylation
profile of an individual can be used as a marker for past
exposure to specific carcinogenic factors.

Epigenetic field for cancerization

The finding that methylation levels in non-cancerous gas-
tric mucosae correlate with gastric cancer risk has the
potential to be generalized to cancers of other tissues. Since
this finding is closely related with the concept of field
defect, or field for cancerization, which has a long history,
we first provide a short review of the concept of field for
cancerization and then discuss “epigenetic field for
cancerization”.

The concept of field for cancerization

The concept of “field for cancerization” was first used by
Slaughter et al. in 1953 for describing oral cavity cancer
[30] and was based on the phenomenon that, even after
curative resection of a primary cancer, metachronous
(secondary multiple) primary cancers developed further.
This occurrence indicated that the background mucosae of
a cancer patient were already predisposed to cancer
development, providing a field for cancerization. In recent
decades, the concept has been applied to cancers of many
other organs, especially squamous cell carcinomas of the
head and neck (HNSCC) [31, 32], squamous cell carcino-
mas of the esophagus [33, 34], adenocarcinomas from the
Barrett’s esophagus [35], stomach cancers [36], breast
cancers [37], and skin cancers [38]. The presence of cells
with mutations of tumor-related genes, such as p53, in the
field for cancerization has been shown for head and neck
cancers (21-52%) [31, 32] and skin cancers (5/8) [38].

Epigenetic field for cancerization

As the deep involvement of aberrant DNA methylation in
human cancers became clear, the occasional presence of
aberrant DNA methylation in non-cancerous tissues was
recognized in the colon [39, 40], liver [41], Barrett’s
esophagus [42], and stomach [43]. The presence of aberrant
methylation in non-cancerous tissues suggested the
involvement of the former in the field for cancerization.
However, since DNA methylation can show non-significant
fluctuation, analysis of control non-predisposed tissues
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from healthy individuals (or patients with cancers at other
sites) is essential to demonstrate the association between
DNA methylation and the field for cancerization. This was
first achieved in the liver [41] and subsequently in the
colon [44], stomach [22], and breasts ([45]; Table 1). Our
study of the stomach is characterized by a marked differ-
ence achieved by quantitative methylation analysis and by
the clear presence of an inducing factor, H. pylori, in
addition to the systemic collection of non-predisposed
tissues. These reports from multiple institutions strongly
support the existence of an “epigenetic field for cancer-
ization” in addition to a genetic field for cancerization.

Advantages of DNA methylation as a marker for a field
for cancerization

There are several advantages to using DNA methylation as
a marker of a field of cancerization. First, for some cancers,
such as gastric cancers, aberrant DNA methylation of
tumor-suppressor genes is more commonly observed than
mutations [19]. In such cancers, an epigenetic field for
cancerization is likely to be present and can be detected
using appropriate marker genes. Second, the fractions of
cells with aberrant methylation of marker genes can be
much larger than those with mutations. In the case of non-
cancerous gastric mucosae of human gastric cancers, the
former were in the range of 103-107" [22, 27]. In con-
trast, the fractions of cells with mutations of a Lacl marker
gene were in the range of 107*~107 in the colon and liver
of mice heavily exposed to a carcinogen [46]. Third, novel
marker genes can be easily isolated because techniques for
genome-wide screening for changes in DNA methylation
are now available [12]. An ideal marker gene should be
methylated in association with methylation of tumor-

suppressor genes, but at much higher frequencies (Fig. 3).
Finally, methylated DNA molecules can be precisely
quantified, even when present at a frequency of 1 x 107>
[22]. For an assessment of the cancer risk in an individual,
plus—minus judgment has limited meaning, and quantita-
tive analysis is essential. Using qMSP of biopsy materials,
we were able to predict the gastric cancer risk of
individuals.

Inducing factors of aberrant DNA methylation
and their detection

Helicobacter pylori was involved in the induction of the
field for gastric cancers. Infection by H. pylori is known to
induce severe chronic inflammation. Chronic inflammation
is also present in ulcerative colitis for colon cancers, chronic
hepatitis for liver cancers, and Barrett’s esophagus for
esophagus adenocarcinomas. Therefore, chronic inflam-
mation, possibly specific types, is likely to induce aberrant
DNA methylation in normal tissues and thus form a field for
cancerization. Interestingly, interleukin 6, whose polymor-
phisms are involved in the susceptibility of various cancers,
is known to induce expression and activity of DNA meth-
yltransferase [18]. Further investigations are necessary to
clarify which cytokines are really involved.

Epilogue

The presence of an epigenetic field for cancerization,
induced by H. pylori infection, is now evident for human
gastric cancers. For gastric cancer patients with H. pylori
infection, we fortunately have a realistic choice: eradica-
tion therapy for H. pylori. This will prevent further

Table 1 Reports on epigenetic

.. i Cancer
field for cancerization (modified

Inducing factor

Analyzed gene References

from [53] Liver

Colorectal cancer
Sporadic Unknown

UC associated ucC

UC associated ucC

Barrett’s cancer

Lung cancer Smoking?
Gastric cancer H. pylori
Breast cancer Unknown
UC, Ulcerative colitis; HBV, Renal cancer Unknown

hepatitis B virus; HCV, hepatitis
C virus

HBYV and/or HCV

Barrett’s esophagus

CDKN2A,hMLHI1,THBS-1
and five MINT loci

Kondo et al. [41]

MGMT

CDKN2A

ER, MYOD, CDKN2A, and CSPG?2
APC,CDKN2A, and ESRI

CDKN2A, MGMT, DAPK, SOCSI,
RASSFIA, COX2, and RARp

Shen et al. [44]
Hsieh et al. [40]
Issa et al. [52]
Eads et al. [48]
Guo et al. [49]

CDKN2A,LOX,THBD, Maekita et al. [22]
HRASLS,FLNc,HANDI1,
and p4I/ARC

CYP26A1 Yan et al. [45]

CDKN2A, hMLHI,THBS-1,
and five MINT loci

Arai et al. [47]
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exacerbation of an epigenetic field for cancerization and
also enable us to measure the risk of metachronous gastric
cancers accurately. Follow-up procedures will be modified
depending upon the risk. Even if a high risk has already
accumulated, there is a possibility that demethylating
therapy could reduce the risk. If this scenario is eventually
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Fig. 3 Gene function and a good marker gene. Genes 4 and 5 are
tumor-suppressor genes and, when both are methylated, cell trans-
formation takes place. a In a normal tissue, no or little methylation is
present. b After exposure to a carcinogenic factor, such as chronic
inflammation, specific genes become methylated. Good marker genes
(genes 2 and 3) are those readily methylated upon exposure to the
carcinogenic factor in association with the methylation of tumor-
suppressor genes, which are generally resistant to methylation.
Specific methylation of genes 2 and 3, not gene 1, is a candidate
marker for exposure to the carcinogenic factor. ¢ After repeated
exposure to the carcinogenic factor, the fractions of cells with
methylated marker genes increase, and some cells (cell no. 2) can
acquire methylation of multiple tumor-suppressor genes and
transform

realized, clinical management of gastric cancers will
experience a great change.

The concept of epigenetic field cancerization also seems
to be valid for colon and breast cancers [44, 45] and,
possibly, for liver cancers, esophageal adenocarcinomas,
lung cancers, and renal cancers [41, 47-49]. Since the
involvement of epigenetic alterations seems not to be
limited to cancers [50, 51], there is even a possibility that
an epigenetic field defect could be identified for various
diseases. It is clear that if disease risk at a time point can be
measured by a DNA methylation marker, it will help
people to change their lifestyles for more intensive disease
prevention.

The clarification of just how much individual carcino-
genic factors can contribute to human cancers is an
important issue in public health. It is known that some
carcinogenic factors leave their fingerprint in the tissues
damaged by them — even if they themselves are no longer
present — as specific DNA methylation patterns. If more
fingerprints could be identified that are as distinct as that
left by H. pylori, these could be used to identify carcino-
genic factors involved in individual cancers. This would
enable the appropriate efforts and resources to be focused
on the elimination of carcinogenic factors at both indi-
vidual and public levels.

Research in epigenetics is now very active world-wide.
Sweeping changes in the clinical management of cancer
patients and elimination procedures of carcinogenic factors
are in sight.
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