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Abstract

Changes in the pattern of DNA methylation are among the most common alterations observed in human cancers, such as gastric

carcinomas. We analysed in a series of 51 sporadic gastric carcinomas the methylation status of the promoter regions of the
hMLH1, CDH1, MGMT and COX2 genes. We aimed to determine the frequency of CpG island hypermethylation and to find out
whether the occurrence of concurrent hypermethylation is related to the clinicopathological features of the gastric carcinomas.

Using methylation-sensitive restriction analysis/polymerase chain reaction (PCR) and methylation-specific PCR (MSP) strategies,
we searched for the presence of hypermethylation on the promoter region of the 4 selected genes. All showed hypermethylation of
their promoter regions with frequencies of 37, 51, 61 and 29% for hMLH1, CDH1, MGMT and COX2, respectively. Concurrent
hypermethylation was more frequently observed in MSI-H (P=0.0005) and diploid (P=0.029) tumours. Hypermethylation of

hMLH1 was associated with MSI-H tumours (P=0.0001), whereas hypermethylation of MGMT was associated with MSI-H
(p=0.021) and diploid tumours (p=0.012). Our results indicate that concurrent hypermethylation is a common event in gastric
cancer, suggesting that global methylation changes play an important role in the development of sporadic gastric carcinoma.

Moreover, inactivation of different gene promoters by hypermethylation is significantly associated with microsatellite instability
(MSI-H) and diploidy: hMLH1 determines MSI-H and MGMT the diploid status of gastric carcinomas.
# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In neoplasia, genome-wide epigenetic disturbances
result in altered DNA methylation patterns. Genome-
wide hypomethylation and selective hypermethylation
of DNA sequences is a common event in several can-
cers and became recognised as a hallmark of human
cancers [1].
Methylation of regulatory regions of genes acts as an

important alternative to genetic alteration for gene inac-
tivation. Methylation of cytosines within CpG islands is
also observed in physiological conditions as a common
epigenetic event, such as chromosome X inactivation
and ageing [2,3]. CpG island hypermethylation of nor-
mally unmethylated promoter regions correlates with
loss of transcription [4].
Hypermethylation of several gene promoters has

been described in sporadic gastric carcinomas, namely
in genes of the repair pathway such as hMLH1 and
MGMT, cell cycle regulators such as the cyclin-
dependent kinase inhibitor—p16, the mediator of epi-
thelial cell growth COX2, and cell adhesion molecules
such as CDH1 [1,5,6]. Moreover, it was recently
shown that hypermethylation of gene promoters
increases along the pathway that evolves from chronic
gastritis, intestinal metaplasia, and adenomas to carci-
nomas of the stomach [7,8]. Although epigenetic
changes have been accepted as an important mechan-
ism underlying gastric carcinoma progression, there
are no data related to concurrent hypermethylation
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and the clinicopathological parameters of gastric
tumours.
In this study, we searched for the promoter methyla-

tion status of the cancer-related genes hMLH1, CDH1,
MGMT and COX2, in a series of 51 sporadic gastric
carcinomas with the following aims: (1) To determine
the frequency of CpG island hypermethylation and (2)
to find out whether the occurrence of concurrent
hypermethylation is related to clinicopathological fea-
tures of gastric carcinomas.
2. Materials and methods

2.1. Samples

Haematoxylin-eosin stained sections were used to
classify 51 gastric carcinomas according to Lauren’s [9]
and Carneiro’s [10] classification. Invasion of the gastric
wall, as well as the presence of lymph node metastases,
was recorded in every case using the unified 1987 TNM
system for pathological staging. Orcein stained sections
were used for the detection of vascular invasion. Ploidy
of the cases was determined by flow cytometry accord-
ing to the method described by David and collaborators
[11]. The cases were previously analysed for micro-
satellite instability (MSI) phenotype [12]. Tumours were
classified as having a MSI-H phenotype whenever they
presented a high frequency of microsatellite instability
(540%) at dinucleotide repeats and BAT26 markers.
Cases were considered MSS/MSI-L whenever they
presented instability at a low rate at dinucleotide
repeats (<40%), or did not show instability at any
locus analysed. We considered MSS and MSI-L cases
together because there is no evidence for a separate
category of MSI-L nor a trimodal distribution of MSI
(MSI-H, MSI-L, MSS). Moreover, MSI-low and MSS
tumours do not differ in their clinicopathological
features [13–18].

2.2. Methylation-specific PCR (MSP)

DNA methylation patterns in the CpG islands of
hMLH1 was analysed using HpaII-sensitive methylation
restriction analysis, followed by polymerase chain reac-
tion (PCR) [17]. The promoter methylation analysis of
the CDH1, MGMT and COX2 genes was performed by
chemical modification of unmethylated cytosines to
uracil and subsequent PCR using primers specific for
either methylated or the modified unmethylated DNA.
One mg of genomic DNA was treated with bisulphite.
DNA samples were then purified using the Wizard
DNA purification kit (Promega), denatured with
NaOH, and eluted in water. MSP was performed to
examine the methylation status at the promoter regions.
The primer sequences of each gene, for both methylated
and unmethylated reactions were previously described
[19–21]. Amplifications were performed in a 30 ml
reaction mixture for 35 cycles with denaturation at
94�C for 30 s, annealing at 57 �C for 30 s for CDH1
and MGMT and at 61 �C for COX2, and extension at
72 �C for 30 s. Initial and final extension steps were at
94 and 72 �C, respectively, for 5 min. Amplified pro-
ducts were separated by electrophoresis in a 2.5%
agarose gel. DNA from blood samples was used as
negative controls.

2.3. Statistical analysis

For the statistical analysis between concurrent
methylation and the clinicopathological features of the
cases, the number of genes affected by hypermethylation
was the sole criterion used. Five different categories
were defined according to the number of genes affected
by hypermethylation and cases were ranked as follows:
0: with no methylation, 1: with methylation in one gene
promoter, 2: with methylation in 2 gene promoters, 3:
with methylation in 3 gene promoters, and 4: with
hypermethylation in the promoter region of all genes.
The statistical analysis of concurrent hypermethylation

and the clinicopathological features of the cases were
evaluated with an analysis of variance, and Mann–Whit-
ney and Kruskal–Wallis tests. Associations between the
MSI and the ploidy status of the tumours and the methy-
lation status of each gene promoter (hMLH1, CDH1,
MGMT and COX2) were assessed by the w2 test. A P
value of <0.05 was considered statistically significant.
3. Results

We searched for the presence of hypermethylation in
the promoter region of 4 genes (hMLH1, CDH1,
MGMT, COX2) in 51 sporadic gastric carcinomas. We
observed hypermethylation of the promoter regions in
19 (37%), 26 (51%), 31 (61%) and 15 (29%) for the
hMLH1, CDH1,MGMT and COX2 genes, respectively.
Except for the hMLH1 gene promoter, all the cases
under analysis showed hypermethylated sequences
together with nonmethylated sequences (Fig. 1). Due to
the technique used in the detection of hypermethylation
in hMLH1 promoter, in the hypermethylated cases, only
methylated sequences could be detected. In the blood
samples, used as negative controls, no hypermethylated
sequences were found in any of the gene promoters.
The methylation status of the 4 gene promoters in

each case is depicted in Fig. 2. Forty seven out of 51
(92%) carcinomas presented methylation in one or
more loci under analysis. Only 4 (8%) carcinomas did
not show hypermethylation in any of the studied
regions. The profile of methylation shows that there are
no preferential combinations of methylated loci
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throughout the tumours (Fig. 2). To determine the
relationship between concurrent hypermethylation and
the clinicopathological features of the patients and the
tumours, we ranked the 51 gastric carcinomas in 5
groups with an increasing number of methylated loci
(from without any affected locus to four methylated
loci). The mean age of the patients within the 5 groups
of carcinomas was not significantly different (P=0.287).
There was no association between concurrent hyper-
methylation and the gender of the patients (Table 1).
No significant association was found between con-
current hypermethylation and the histological classifi-
cation of the carcinomas, wall invasion, presence of
vascular invasion, lymph node metastases and TNM
staging of the tumours (Table 1). The analysis between
concurrent hypermethylation and the features of the
tumours yielded significant associations with the MSI
status (P=0.0005) and the ploidy of the tumours
(P=0.029) (Table 1). Tumours with hypermethylation
in a higher number of gene promoters were more fre-
quently MSI-H and diploid (Fig. 3). To clarify if these
associations were determined by the hypermethylation
of a specific gene promoter, we looked for the relation-
ship between both the MSI status and ploidy, and the
methylation status of each gene promoter region (Table 2).
We found that hypermethylation of the hMLH1 promoter
region was significantly associated with MSI-H
(P=0.0001). Hypermethylation of the MGMT promoter
region was significantly associated with MSI-H
(P=0.021) and diploidy (P=0.012) (Table 2). Analysis of
the relationship between concurrent hypermethylation
and MSI status or ploidy of the tumours showed that the
significant association between concurrent hypermethyl-
ation and MSI-H was lost when hMLH1 was excluded
(P=0.09), as well as the association with diploidy, when
MGMT was excluded (P=0.132).
Fig. 2. Summary of methylation of hMLH1, CDH1, MGMT and

COX2 genes in the panel of 51 gastric carcinomas analysed. Black

boxes, methylation; White boxes, nonmethylation.
Fig. 1. Examples of cases with (+) and without (�) promoter region

hypermethylation for the genes hMLH1 (a), CDH1 (b), MGMT (c)

and COX2 (d). Ms, methylation-specific PCR (MSPI) digestion; Hp,

HpaII digestion; Un, undigested; U, unmethylated; M, methylated.
Table 1

Relationship between concurrent hypermethylation and the clinico-

pathological characteristics of the gastric carcinoma casesa
Clinopathological

features
Concurrent hypermethylation
Count
 Range
 Mean rank
 Median
 P value
Gender
Male
 26
 0–3
 25.4
 2.0
 0.78
Female
 25
 0–4
 26.6
 2.0
Laurén’s classification
Intestinal
 25
 0–4
 24.3
 2.0
 0.27
Diffuse
 7
 0–2
 20.4
 2.0
Atypical
 19
 1–3
 30.2
 2.0
Carneiro’s classification
Glandular
 27
 0–4
 24.3
 2.0
 0.75
Isolated cells
 5
 1–2
 25.5
 2.0
Solid
 9
 1–3
 30.3
 2.0
Mixed
 9
 0–3
 24.4
 2.0
Wall invasion
T1+T1sm
 8
 0–3
 23.7
 1.5
 0.63
5T2
 43
 0–4
 26.4
 2.0
Vascular invasion
Absent
 20
 0–4
 28.9
 2.0
 0.33
Present
 30
 0–3
 23.9
 2.0
Lymph node metastases
Absent
 22
 0–3
 28.3
 2.0
 0.22
Present
 28
 0–4
 23.3
 2.0
TNM staging
I
 19
 0–3
 29.4
 2.0
 0.27
II
 14
 0–4
 24.9
 2.0
III
 17
 0–3
 21.6
 2.0
MSI Status
MSS/MSI-L
 26
 0–3
 18.3
 1.0
 0.0005
MSI-H
 23
 1–4
 32.6
 2.0
Ploidy
Diploid
 16
 0–4
 20.4
 2.5
 0.029
Aneuploid
 16
 0–3
 12.6
 1.0
MSI, microsatellite instability; MSI-L, MSI-low; MSI-H, MSI-high;

MSS, microsatellite stable.
a Some data is missing in some categories.
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4. Discussion

In this study, we analysed the methylation status of
the promoter region of four tumour-related genes—
hMLH1, CDH1, MGMT and COX2—that were pre-
viously described to be silenced by promoter hyper-
methylation in gastric cancer. Hypermethylation was
detected in all the genes, with increasing percentages
from 29 and 37% for COX2 and hMLH1, to 51% and
61% for CDH1 and MGMT gene promoters, respec-
tively. The lower frequency of promoter hypermethyla-
tion detected in COX2 and hMLH1 in comparison to
CDH1 andMGMT is likely to be related to the fact that
in primary gastric cancer COX2 and hMLH1 hyper-
methylation is associated only to a subset of tumours.
The high frequency of hypermethylation in CDH1 and
MGMT genes suggests that the inactivation of these
tumour-related genes may play a pivotal role in gastric
tumorigenesis.
Cyclooxygenase-2 (COX2) is upregulated in approxi-

mately 80% of gastric carcinomas [22], although a sub-
set of cases does not express the gene [6]. In primary
gastric carcinomas, aberrant methylation of the 50

region of COX2 was described in 12% of the cases [6].
Moreover, hypermethylation was linked with the loss of
expression of COX2 mRNA [23]. The percentage of
cases with COX2 hypermethylation found in our series
(29%) seems to follow a similar trend, showing that
only a subset gastric carcinomas evolved independently
of COX2 expression.
Regarding hMLH1, it is known that hypermethyla-

tion of its promoter region leads to diminished protein
expression and is significantly associated with genome-
wide instability of simple repeat sequences, referred to
as microsatellite instability phenotype (MSI-H)
[8,17,24,25]. The frequency of hypermethylation detec-
ted in all cases under study is 37% (19/51), which is in
accordance with the results described by Leung and
collaborators [26] in gastric carcinomas. Considering
the MSI-H cases only, 17 of the 23 cases (74%) proved
to be hypermethylated in the promoter region of
hMLH1. Not surprisingly, significant associations were
found between hMLH1 promoter hypermethylation and
MSI-H carcinomas (P=0.0001), which is in agreement
with what is known for MSI-H sporadic carcinomas in
different MSI tumour types [27–29].
The percentage of CDH1 promoter hypermethylation

(51%) detected in this study is in accordance with
previous results in sporadic gastric carcinomas [30].
CDH1 is regarded as a key tumour suppressor gene in
gastric cancer development of the diffuse type, in her-
editary as well as sporadic forms [31–33]. Moreover,
Fig. 3. Distribution of concurrent hypermethylation in (a) microsatellite stable (MSS) and microsatellite instability-high (MSI-H) gastric carcino-

mas, and in (b) aneuploid and diploid gastric carcinomas.
Table 2

Relationship between hypermethylation of hMLH1, CDH1,MGMT and COX2 gene promoters and the MSI status and ploidy in gastric carcinoma

cases
No. total
 hMLH1

MET+ (%)
P value
 CDH1

MET+ (%)
P value
 MGMT

MET+ (%)
P value
 COX2

MET+ (%)
P value
MSI status
 49
 0.0001
 NS
 0.021
 NS
MSS/MSI-L
 26
 2 (8)
 16 (62)
 23 (46)
 4 (15)
MSI-H
 23
 17 (74)
 9 (39)
 18 (78)
 9 (39)
Ploidy
 32
 NS
 0.012
 NS
Diploid
 16
 9 (56)
 NS
 8 (50)
 13 (81)
 7 (44)
Aneuploid
 16
 5 (31)
 9 (56)
 6 (38)
 3 (19)
MET+, Positive for methylation. NS, non significant.
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hypermethylation of CDH1 promoter was found to
occur frequently in all histological types of gastric can-
cer [5,30,34], which is in agreement with what we also
found in this study (data not shown).
MGMT is a repair protein responsible for the

removal of O6-alkyl adducts produced by several carci-
nogens, including N-nitrosomethylurea. In primary
gastric carcinomas as well as in many other types of
malignancies, epigenetic silencing of the MGMT gene
by promoter hypermethylation has been demonstrated
[1,21,35]. Interestingly, we found for the first time in the
setting of gastric neoplasms, that MGMT promoter
hypermethylation was significantly associated with the
MSI-H phenotype (P=0.021), and with the diploid sta-
tus of the tumours (P=0.012). Our results contrast with
those reported of Whitehall and collaborators [36], who
suggested that MGMT promoter hypermethylation is
the putative underlying epigenetic mechanism of MSI-L
colon carcinomas. In our study, even when we separated
the MSI-L cases (<40% of loci affected by dinucleotide
instability and BAT26-negative) (n=7) from the MSS
cases (no loci affected by instability) (n=19), we found
only 2 MSI-L cases (29%) with MGMT hypermethyl-
ation compared with the 78% found in the MSI-H cases
(data not shown). One hypothesis to explain the associ-
ation between hypermethylation of MGMT and
diploidy of the tumours stems from the function of the
protein: when MGMT is silenced, it will not remove
O6-alkyl adducts from the guanine nucleotides, leading
the DNA polymerase b to misread guanines as ade-
nines. This will promote G to A transitions [37],
increasing the mutation rate. However, this explanation
may be a bit simplistic as there is some evidence that
silencing of MGMT will lead to some chromosomal
instability [37].
In this study, we found no preferential combination of

hypermethylated loci. Through the analysis of different
tumour tissues, Esteller and collaborators [1] showed
that for each human cancer there exists a unique profile
of promoter hypermethylation, in which some gene
changes are shared whereas others are cancer-type spe-
cific. In our panel of tumours, we found hypermethyl-
ation of all the gene promoters studied, and no
particular profile was noticed. This is likely to depend
on the specific promoter regions under analysis. We
focused our study on candidate gene promoters that
were previously shown to undergo epigenetic inactiva-
tion by hypermethylation in gastric cancers [1,5,6,23].
We observed a continuous distribution of the CpG

island methylation in all of the tumours: the number of
cases with methylated loci increased from no methyl-
ation to 2 methylated loci, and decreased from 2
methylated loci up to all four loci methylated. This is in
contrast to the observations in colon cancer by Toyota
and collaborators who found a bimodal distribution in
all of the tumours [38]. The continuous distribution of
hypermethylation of different promoter regions was also
observed by Hawkins and collaborators [39] in a series
of 426 colon carcinomas. A continuous distribution is in
keeping with a generalised deregulation of CpG island
methylation of promoters in cancer cells, in accordance
to a model proposed by Nguyen and collaborators [4],
in which a random and global defect in methylation
leads to multiple abnormally methylated CpG islands.
We observed that concurrent CpG island methylation

was significantly associated with MSI-H and diploid
tumours. We have also demonstrated that the associ-
ation of the 3 phenotypes is in keeping with a hyper-
methylation/MSI pathway leading to genetic instability,
which in turn results in diploid or near-diploid tumours.
To our knowledge, this is the first report describing the
aforementioned association in gastric carcinomas. The
most impressive associations are with regard to the tan-
dem methylation of the hMLH1 promoter and MSI-H
phenotype, and the tandem methylation of MGMT
promoter and the diploid status of the carcinomas.
In summary, in this study we verified that hyper-

methylation of several promoter regions occurs fre-
quently in gastric cancer, reinforcing the idea that
hypermethylation plays an important role in gastric car-
cinogenesis. Significant associations were found between
concurrent hypermethylation, MSI status and ploidy of
tumours. Inactivation of different gene promoters by
hypermethylation is likely to lead to specific character-
istics of the tumours: hMLH1 determines MSI-H and
MGMT the diploid status of gastric carcinomas.
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