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The hypoxic marker carbonic anhydrase (CA) IX has
been recognized as a tumor-associated protein and is
essential for cancer development. However, because
CA IX expression does not always correlate with hyp-
oxia, its regulatory mechanism remains unclear. The
objective of the present study was to clarify the role
and regulation of CA IX expression in gastric cancer.
The immunohistochemical expression of CA IX and
hypoxia-inducible factor-1� was assessed in 77 pa-
tients with gastric cancer. A methylation-sensitive re-
striction enzyme method was used to quantify site-
specific methylation at �74 bp in the CA9 promoter in
tissue from patients with gastric cancer and in corre-
sponding normal tissue. CA9 expression in cell lines
was strongly dependent on methylation status but not
hypoxic stimuli. In tissue from patients with gastric
cancer, the quantity of methylation was significantly
correlated with the protein expression (P � 0.003).
Moreover, the methylation value was significantly lower
in intestinal-type compared with diffuse-type cancer
(P � 0.003). Compared with normal mucosa, intestinal-
type cancer demonstrated significant hypomethylation,
whereas diffuse-type cancer exhibited hypermethyl-
ation. In conclusion, expression of CA IX in gastric
cancer is predominantly regulated by methylation of a
single CpG rather than by hypoxia. Furthermore, epi-
genetic alterations in CA9 differ between the intestinal
and diffuse types of gastric cancer. (Am J Pathol 2011,

178:515–524; DOI: 10.1016/j.ajpath.2010.10.010)

Despite its declining incidence, gastric cancer remains a
leading cause of cancer-related death worldwide, result-
ing in approximately 700,000 deaths annually.1 Initiation

and progression of gastric cancer is a multistage pro-
cess. Intestinal-type gastric cancer is believed to arise
from a premalignant cascade initiated by Helicobacter
pylori infection; however, the molecular mechanism of
gastric carcinogenesis is unclear.2,3 It is generally ac-
cepted that cancer develops as a result of multiple ge-
netic and epigenetic alterations. Therefore, better under-
standing of the changes in gene expression that occur
during oncogenesis may lead to improvement in cancer
diagnosis, treatment, and prevention.

The carbonic anhydrases (CAs) are a family of zinc
metalloenzymes that have an important role in cellular pH
regulation through reversible hydration of carbon dioxide
to carbonic acid.4,5 To date, 16 isozymes have been
identified, which differ in tissue distribution, subcellular
localization, and catalytic activity.6–8 Two isozymes, CA
IX and CA XII, are associated with and overexpressed in
many tumors.9–11

CA IX was initially described as a tumor-associated
antigen9 and is linked to development of cancer in human
beings.12–14 The distribution of CA IX in human tissues
exhibits a unique pattern that enables designation of CA
IX as a tumor-associated protein. CA IX is present in
numerous tumors, predominantly malignant lesions, but
is usually absent in the normal tissues from which these
tumors originate.6 However, in contrast to other organs,
high expression of CA IX is also observed in normal
gastric mucosa, whereas its expression is absent or re-
duced in gastric cancer cell lines and in primary gastric
tumors.15,16

Hypoxia up-regulates expression of several genes, in-
cluding CA9, via hypoxia-inducible factor-1� (HIF-1�)
protein binding to the hypoxia-responsive element in the
promoter region of various genes.17–19 Expression of CA
IX strongly correlates with the level of hypoxia, necrosis,
and microvascular density.19,20 On the basis of these
findings, CA IX has been recognized as one of the most

Supported by a Grant-in-Aid for Scientific Research from the Japan So-
ciety for the Promotion of Science (Y.K.).

Accepted for publication October 4, 2010.

Address reprint requests to Yoshihiko Kitajima, M.D., Ph.D., Depart-
ment of Surgery, Saga University Faculty of Medicine, 5-1-1 Nabeshima,

Saga 849-8501, Japan. E-mail: kitajiy@esaga.hosp.go.jp.

515

mailto:kitajiy@esaga.hosp.go.jp


516 Nakamura et al
AJP February 2011, Vol. 178, No. 2
reliable endogenous markers of cellular hypoxia. How-
ever, CA IX expression does not always correlate with
pO2 and other hypoxic markers. Several reports previ-
ously demonstrated no correlation between the expres-
sion of HIF-1� and CA IX in immunohistochemical anal-
ysis.21,22 In addition, recent studies have demonstrated
that hypomethylation of the CpG site at �74 bp in the
CA9 promoter correlated with expression of CA IX in renal
cancer and other cancer cell types.23,24 Chen et al25

were the first to propose DNA methylation as a mecha-
nism regulating expression of CA IX in gastric cancer.

The present study quantitatively assessed the site-
specific methylation of the CA9 promoter in 8 gastric
cancer cell lines and cancer tissues from 77 patients.
Correlation of the methylation values with expression of
CA IX was examined to clarify the mechanism that regu-
lates CA IX expression. Based on these assessments, a
possible role of CA9 promoter methylation during gastric
oncogenesis is proposed.

Materials and Methods

Patients

Seventy-seven patients with advanced gastric cancer
who underwent curative surgery at our institution be-
tween June 2000 and December 2008 were enrolled in
the study. None of these patients had hepatic, peritoneal,
distant metastasis, and tumor cells in the peritoneal fluid.
Stage classification was performed according to the
guidelines of the Japanese Gastric Cancer Associa-
tion.26 The curative potential of resection was classified
on the basis of both surgical and histologic observations,
as follows: Cur A, no residual disease, with a high prob-
ability of cure; Cur B, no residual disease but not fulfilling
the criteria for Cur A; and Cur C, definite residual disease.
The diagnosis in all 77 patients was Cur B. The 77 pa-
tients included 51 men (66.2%) and 26 women (33.8%),
who ranged in age from 26 to 88 years [mean (SD), 66.6
(13.0) years]. Fifty-four patients (70.1%) received adju-
vant chemotherapy after surgery; the remaining 23
(29.9%) did not receive this treatment because of ad-
vanced age or complications. Median (range) duration of
follow-up was 23.7 (0.3�102.6) months. Informed con-
sent to use specimens was obtained from all patients,
and the study protocol was approved by the Ethics Com-
mittee of Saga University Faculty of Medicine (Saga,
Japan).

Cell Lines

Eight gastric cancer cell lines (MKN1, MKN7, MKN28,
MKN45, MKN74, HSC45, HSC57, and KATO-III) were
used for the studies. HSC45 and HSC57 were provided
by Dr. K. Yanagihara (Yasuda Women’s University, Hiro-
shima, Japan), and the remaining 6 cell lines were pur-
chased from Cell Bank, RIKEN BioResource Center
(Ibaraki, Japan). The cells were cultured in RPMI-1640
medium (Sigma-Aldrich, Inc., St. Louis, MO) and main-
tained under conditions of either normoxia (20% O2 and

5% CO2 in air) or hypoxia (1% O2, 5% CO2, and 94% N2).
Immunohistochemistry

Paraffin-embedded sections were incubated using anti–CA
IX (R&D Systems, Inc., Minneapolis, MN), 4 �g/ml, and
anti-HIF-1� (Novus Biologicals, LLC, Littleton, CO), 1:200,
for 2 hours at room temperature, and with the correspond-
ing secondary antibodies for 30 minutes. The slides were
washed in PBS, and incubated with a diaminobenzidine
substrate kit (Nichirei Corp., Tokyo, Japan). The level of
staining for CA IX was scored as high or low, with the
percentage of stained cells and the intensity of staining in
the membrane.27 Scoring for percentage was as follows:
0, no cells staining positive; 1, �1% positive cells; 2, 1%
to 10% positive cells; 3, 10% to 33% positive cells; 4, 33%
to 66% positive cells; and 5, �66% positive cells. Scoring
for intensity was as follows: 0, no staining; 1, weak stain-
ing; 2, moderate staining; and 3, strong staining. Tumors
with a total score of �6 were considered to have high
expression of CA IX. Evaluation of HIF-1� staining was
performed as previously reported.28

Total RNA Extraction and Real-Time PCR

Total RNA was extracted from each cell line using an
extraction kit (ISOGEN; Nippon Gene, Osaka, Japan). For
each cell line, 1 �g of RNA was converted into cDNA
using a reverse transcription reaction kit (ReverTra Ace;
Toyoba Co., Ltd., Osaka, Japan). The cDNA was used
as a template for PCR. RT-PCR was performed using
the Light Cycler instrument system (Roche Diagnos-
tics GmbH, Mannheim, Germany). The primers were
designed according to cDNA sequences (GenBank,
Bethesda, MD) as follows: CA9, 5=-CCGAGCGACG-
CAGCCTTTGA-3=, 5=-GGCTCCAGTCTCGGCTACCT-3=
(252 bp), and �-actin, 5=-TTAAGGAGAAGCTGTGC-
TACG-3=, 5=-GTTGAAGGTAGTTTCGTGGAT-3= (206 bp).
A melting curve analysis was used to control for the
specificity of the amplification products. The quantitative
value was normalized to the �-actin expression, which
was used as an internal control. All experiments were
performed in triplicate, and mean values were calcu-
lated.

5-Aza-2=-Deoxycitidine and Trichostatin A
Therapy

Eight gastric cancer cell lines were treated with the
demethylating agent 5-Aza-2=-deoxycytidine (5-Aza-
dc) (Sigma-Aldrich, Inc.), 5 �mol/L, for 72 hours, with drug
replacement every 24 hours. For the last 24 hours, cells
were also exposed to the histone deacetylase inhibitor tri-
chostatin A (Sigma-Aldrich, Inc.), 500 nmol/L. Cells were
harvested and used for RNA isolation.

Western Blot Analysis

Whole cell lysates from cultured cells were prepared
using lysis buffer composed of 150 mmol/L NaCl, 50
mmol/L Tris HCl (pH 7.6), 0.5% Triton X-100, and a

protease inhibitor cocktail mix (Roche Diagnostics
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GmbH). Aliquots containing 10 �g of protein were sub-
jected to 4% to 12% Bis-Tris gel (NuPAGE; Invitrogen
Corp., Carlsbad, CA) and electrophoretically trans-
ferred onto an Amersham Hybond-ECL membrane (GE
Healthcare, Buckinghamshire, UK) in transfer buffer.
After blocking with 5% skim milk for 30 minutes, the
membrane was incubated with primary antibodies for 2
hours at room temperature. The primary antibodies
used for Western blot analyses were anti-CA IX (R&D
Systems, Inc.), 1 �g/ml, and anti–�-actin (1:10,000;
Sigma-Aldrich, Inc.). After incubation with the corre-
sponding secondary antibodies, the signals were de-
veloped using an Amersham ECL Plus Western Blotting
Detection System (GE Healthcare).

PCR-Based Assay for Site-Specific Methylation
of the CA9 Promoter Region

The genomic DNA was extracted from each cell line or
fresh-frozen tissue obtained from patients with gastric
cancer using an EZ1 DNA tissue kit (Qiagen GmbH,
Hilden, Germany). Site-specific methylation of the CA9
promoter region was quantified using a methylation-
sensitive restriction enzyme (MSRE) method according
to procedures described previously, with slight modi-
fications.29 In brief, 1 �g of genomic DNA were di-
gested for 2 hours at 37°C with 10 U of the MSRE HhaI
(Takara Bio Inc., Shiga, Japan) recognizing the GCGC se-

Figure 1. Immunohistochemical analysis of CA IX and HIF-1� expression in
to cancer tissue. High expression of CA IX is observed in normal mucosa. Sta
part. Arrows indicate intestinal metaplasia. Intestinal metaplasia did not expr
surrounded by the red box in A is expanded. Positive staining for CA IX is
Same case as in A. Expression of CA IX in intestinal-type gastric cancer. Str
cancer cells. Original magnification, �200. D: Expression of CA IX in diffuse-t

adjacent normal mucosa strongly expresses CA IX. Original magnification, �200. E:
magnification, �200. F: Sample negative for HIF-1�. HIF-1� is undetectable in the
quence, which is located at �75 to �72 bp with respect to the
transcription start site of the CA9 gene. Twenty nanograms of
the digested DNA was used in the subsequent RT-PCR, which
was performed using a primer set that brackets the HhaI
cleavage site (GCGC), in which the single CpG at �74 bp was
included. The quantitative value was normalized to another
PCR product using a control primer set. The primers were
designed according to the genome sequence (GenBank)
as follows: HhaI target region, 5=-GTGAGACTTTGGCTC-
CATCTCT-3=, 5=-CTGTACGTGCATTGGAAACG-3= (106 bp),
and control region, 5=-TCTGCCCAGTGAAGAGGATT-3=, 5=-
GGGAGCCCTCTTCTTCTGATT-3= (131 bp).

Statistical Analysis

Statistical analysis was performed using commercially
available software (SPSS version 15.0J for Windows;
SPSS, Inc., Chicago, IL). The Mann-Whitney test was
used to compare clinical variables between the two
groups, and the �2 test to compare categorical data. A
cutoff value for the CA9 methylation status was deter-
mined using a receiver-operator characteristic curve.
The survival curves were generated using the Kaplan-
Meier method, and statistical differences were com-
pared using the log-rank test. P � 0.05 was considered
significant.

ed gastric cancer. A: Expression of CA IX in normal gastric mucosa adjacent
slightly weaker in the foveolar epithelia than in the fundic glands at the basal
X in this case. Original magnification, �40. B: Area of normal gastric mucosa
d at the basolateral site of the membrane. Original magnification, �200. C:
ing for CA IX is observed diffusely in the membrane and cytoplasm of the
ric cancer. No positive staining for CA IX is observed in cancer cells, whereas
advanc
ining is
ess CA I
observe
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ype gast
Sample positive for HIF-1�. Nuclear staining of HIF-1� is observed. Original
nucleus of cancer cells. Original magnification, �200.
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Results

Immunohistochemical Staining of CA IX and
HIF-1�

CA IX expression was observed in the normal gastric
mucosa, in which staining of CA IX was predominantly
distributed on the cell membrane, especially on the ba-
solateral side of the gastric glands (Figure 1, A and B).
CA IX expression in intestinal metaplastic lesions in the
corresponding normal mucosa was not observed in this
case (Figure 1A, arrows), whereas expression was occa-
sionally observed in other cases (data not shown). High
expression of CA IX was observed in 39 of 77 gastric
adenocarcinomas (50.6%). Representative high and
low expression levels of CA IX in cancer cells are
shown in Figure 1, C and D. Positive staining for HIF-1�
was observed in 46 cancer tissue samples (59.7%).
Cancer specimens with positive and negative HIF-1�
expression are shown in Figure 1, E and F, respec-
tively. In cancer specimens expressing both HIF-1�
and CA IX, distribution of the two proteins did not
always overlap (Figure 2).

Figure 2. Immunohistochemical expression of CA IX (A) and HIF-1� (B)
in serial tissue sections that express both HIF-1� and CA IX. Distribution
patterns of these two proteins did not always overlap. Original magnifi-
cation, �200.

Table 1. Correlation Between CA IX Expression and Clinicopath

Variable Hig

Age, mean (SD), years 5
Sex, M/F
Histologic type, intestinal/diffuse
Intestinal metaplasia, no/yes
Depth of cancer invasion, T1,2/T3,4
Lymph node metastasis, no/yes
Lymphatic invasion, no/yes
Vascular invasion, no/yes
Stage, II/III–IV
Adjuvant chemotherapy, no/yes
HIF-1�, positive/negative
Unless otherwise indicated, data are given as number of patients.
M, male; F, female.
Expression of CA IX was significantly higher in intesti-
nal-type cancers [22 of 30 (73.3%)] compared with dif-
fuse-type cancers [17 of 47 (36.2%)] (P � 0.002) (Table
1). Furthermore, CA IX was more strongly expressed in
tumors with intestinal metaplasia compared with those with-
out intestinal metaplasia (P � 0.005) (Table 1). However,
CA IX expression demonstrated no significant correlation
with HIF-1� expression. In addition, no statistically signifi-
cant correlations were observed between CA IX expression
and other factors including age, sex, depth of cancer inva-
sion (T), lymph node metastasis (N), lymphatic invasion (ly),
vascular invasion (v), or tumor stage (Table 1).

Figure 3. Kaplan-Meier estimates of disease-specific survival in 77 patients with
gastric cancer. A: Patient survival according to expression of CA IX. CA IX
expression did not correlate with survival (P � 0.319). B: Patient survival ac-
cording to expression of HIF-1�. HIF-1�–negative patients demonstrate signifi-
cantly longer survival compared with HIF-1�–positive cases (P � 0.013).

Features

CA IX expression

P value39) Low (n � 38)

.6) 65.5 (12.5) 0.433
28/10 0.230
8/30 0.002

21/17 0.005
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CA IX Expression and Patient Survival

The relationship between patient outcome and CA IX
expression was statistically analyzed in 77 patients with
advanced gastric cancer. The level of CA IX expression
was not associated with patient survival (Figure 3A),
whereas expression of HIF-1� was significantly associ-
ated with poor prognosis. Disease-specific survival in
patients postive for HIF-1� (n � 46) was significantly
shorter than in those negative for HIF-1� (n � 31) (P �
0.013) (Figure 3B).

Quantification of CA9 Methylation in Gastric
Cancer Cell Lines

A diagram of the promoter region of the CA9 gene is
shown in Figure 4. There are 10 CpG sites between �200
and �300 bp that do not constitute a CpG island. The
present study focused on the CpG at �74 bp, which is
harbored within the HhaI cleavage site GCGC at �75 to
�72 bp. There is a single HhaI site in the promoter
region. Figure 4B shows the methylation status of CpG at

�74 bp in the eight gastric cancer cell lines. Undigested
DNA was universally amplified with a primer targeting the
HhaI site. The PCR product of the digested DNA was
decreased in MKN74, MKN45, HSC45, HSC57, and
KATO-III cells, showing unmethylation of the CpG at �74
bp. In particular, the HSC57 and KATO-III cells demon-
strated no signal, indicating complete digestion by HhaI.
In contrast, the PCR signals were not altered by HhaI
digestion in MKN1, MNK7, or MKN28 cells, indicating
that the gene is methylated at this site in these cell
lines. In contrast, the digested DNA was equally am-
plified with a primer set targeting the control region,
which does not contain the HhaI cleavage site. Quan-
titative methylation values of the CA9 promoter, which
were normalized to the PCR product of the control
region, are shown in Figure 4C.

Correlation Between Promoter Methylation and
Expression of CA IX

Figure 4D shows the mRNA expression of CA9 under con-
ditions of normoxia and hypoxia. The level of expression of
CA9 mRNA under normoxia was detected in the order

Figure 4. A: Diagram of promoter region of the
CA9 gene. There are 10 CpG dinucleotides (°)
between �200 and �300 that do not constitute a
CpG island. There is only one HhaI site in the
promoter region. HRE, hypoxia-responsive ele-
ment: 5=-TGCACGTA-3=). Dashed arrows, Lo-
cation of PCR primers. S, Sense primer; AS, an-
tisense primer. B: Extent of PCR product with or
without HhaI digestion was visualized on aga-
rose gels. Upper lane, Single bands are equally
detectable after PCR of target region without
HhaI digestion. Middle lane, HhaI digestion fol-
lowed by PCR of target region. A decrease in
PCR product is observed in several cell lines,
indicating that an unmethylated CpG site was
digested by HhaI. Lower lane, PCR product of
control region, in which no HhaI site exists. Each
DNA sample was pretreated with HhaI. C: Meth-
ylation value of CA9, which was normalized to
PCR product of control region, in the eight gas-
tric cancer cell lines. Data are given as mean
(SD) of triplicate experiments. D: Real-time
quantitative RT-PCR of CA9 under conditions of
normoxia and hypoxia. Expression under hyp-
oxia was investigated after exposure to hypoxia
for 24 hours. Hypoxic induction of CA9 was
observed in MKN1, MKN74, MKN45, and KATO-
III cells. E: Western blot analysis of CA IX. The
CA IX protein was undetectable in MKN1,
MKN7, and MKN28 cells. Ten micrograms of
protein per sample were loaded, and equal load-
ing was confirmed using �-actin as a control. F:
CA9 expression was restored using 5-Aza-dc and
trichostatin A treatment in MKN1, MKN74, and
MKN45 cells. �-actin was used as internal con-
trol. Data [mean (SD)] are expressed relative to
untreated cells.
HSC57 � KATO-III � HSC45 cells. Little mRNA expression
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was detected in the other five cell lines. The hypoxic induc-
tion of mRNA was observed in four cell lines: MKN-1,
MKN74, MKN45, and KATO-III. Figure 4E shows the ex-
pression of the CA IX protein under normoxia. CA IX was
undetectable in MKN1, MKN7, and MKN28 cells. The ex-
pression pattern of the CA IX protein was similar to that of
the mRNA under normoxia.

Restoration of CA9 Expression after Treatment
With 5-Aza-dc and Trichostatin A

Figure 4F shows mRNA expression of CA9 after treatment
with 5-Aza-dc and trichostatin A in the eight gastric can-
cer cells. Expression of CA9 was elevated in three cell
lines, MKN1, MKN74, and MKN45, all of which carried
hypermethylation of CpG at �74 bp, after drug treatment.
In contrast, CA9 expression was not restored in the re-
maining two cell lines, MKN7 and MKN28, with CA9 hy-

Figure 5. Comparative analysis of the methylation value using the 77
Mann-Whitney test. IM, intestinal metaplasia. A: Methylation values were mo
significantly lower in the case with high CA IX expression compared with th
is highly methylated compared with intestinal-type cancer (n � 30) (P � 0.0
tissue (P � 0.027). E: Methylation value of diffuse-type cancer is significantly hig
on methylation value in normal mucosa (P � 0.308).
permethylation.
Methylation of CA9 in Patients with Gastric Cancer

The methylation status of gastric cancer tissue speci-
mens and the corresponding normal mucosa was as-
sessed using an MSRE method. DNA from HSC57 cells
was analyzed in parallel with each reaction to confirm
the complete digestion by HhaI. Figure 5A shows the
comparative analysis of the methylation values be-
tween the 77 cancer and corresponding normal tis-
sues. In normal tissues, the methylation values ranged
from 0.142 to 0.461 (median, 0.301). In contrast, the
values in cancer tissues varied widely, ranging from
0.068 to 0.552 (median, 0.309). There were no statis-
tically significant differences between the two groups.
In the analysis of the 77 cancer tissue specimens, the
methylation value of CA9 was significantly lower in
patients with high CA IX expression (n � 39) than in
those with low expression of CA IX (n � 38) (P � 0.003)
(Figure 5B). The methylation value was significantly
lower in intestinal-type cancers (n � 30) compared with

and corresponding normal tissue samples. P values calculated with the
le in cancer tissues than in normal mucosa. B: Methylation value of CA9 was
low CA IX expression (P � 0.003). C: Diffuse-type gastric cancer (n � 47)

Methylation value of intestinal-type cancer is significantly lower than in normal
in normal tissue (P � 0.042). F: Presence of intestinal metaplasia had no effect
cancer
re variab
ose with
03). D:
diffuse-type cancers (n � 47) (P � 0.003) (Figure 5C).



Methylation of CA9 in Gastric Cancer 521
AJP February 2011, Vol. 178, No. 2
Further comparative analysis between normal and
cancer tissues was performed. When the comparison
was restricted to intestinal-type cancer, the methylation
value was significantly higher in normal tissues com-
pared with cancer tissues (P � 0.027) (Figure 5D). In
contrast, the value was significantly lower in normal tis-
sues compared with cancer tissues in diffuse-type can-
cer (P � 0.042) (Figure 5E). The methylation value of CA9
in normal tissues did not change regardless of the pres-
ence or absence of intestinal metaplasia (Figure 5F).

Definition of Cutoff Value for CA9 Methylation
Status

The methylation status of CA9 was divided into methyl-
ation and unmethylation groups according to the appro-
priate cutoff value determined using a receiver-operator
characteristic curve. The cutoff value was determined to
be 0.3165, with 63.2% sensitivity and 69.2% specificity.
Thirty-six patients were included in the methylation
group, and the remaining 41 patients were included in
the unmethylation group.

Correlation Between Methylation Status of CA9
and Patient Characteristics

Patient clinicopathologic features were compared be-
tween the methylated (n � 36) and unmethylated (n � 41)
groups (Table 2). Methylation status was significantly cor-
related with expression of CA IX (P � 0.006). Further-
more, methylation status was significantly correlated with
histologic type (P � 0.006). Intestinal metaplasia and
lymph node metastasis were also associated with meth-
ylation status (P � 0.009 and P � 0.022, respectively).

Hypomethylation of CA9 in Intestinal-Type
Gastric Cancer and Hypermethylation in
Diffuse-Type Cancer

The ratio of the methylation value (cancer-to-normal) was
calculated for each of the 77 paired samples, and pa-

Table 2. Correlation Between Methylation Status of CA9 and Cli

Variable Methylati

Age, mean (SD), years 65.6
Sex, M/F 2
Histologic type, intestinal/diffuse
Intestinal metaplasia, no/yes 2
Depth of cancer invasion, T1,2/T3,4
Lymph node metastasis, no/yes
Lymphatic invasion, no/yes
Vascular invasion, no/yes 1
Stage, II/III–IV
Adjuvant chemotherapy, no/yes 1
CA IX, high/low 1

Unless otherwise indicated, data are given as number of patients.
M, male; F, female.
tients were classified into hypermethylation (�1) and hy-
pomethylation (�1) groups. Table 3 gives the relationship
between tumor histologic type and the ratio of the meth-
ylation value. Twenty-two of 30 intestinal cancers (73.3%)
were hypomethylated, and 31 of 47 diffuse-type cancers
(66.0%) were hypermethylated. The �2 test demonstrated
a significant correlation between the methylation ratio
and histologic type (P � 0.001).

Discussion

Adaptation of cancer cells to hypoxia and acidosis is a
crucial process in cancer progression.30,31 Cancer cells
produce a large amount of lactic acid, which is generated
through anaerobic metabolism and insufficient vascular
clearing, resulting in acidification of the tumor microenvi-
ronment.32 Carbon dioxide and lactic acid are important
sources of acidity in tumors, and these metabolites pro-
mote tumor growth and metastasis.33–36

CA IX is induced by hypoxia via the HIF-1� path-
way,19 and the protein has an essential role in tumor
acidification through hydration of carbon dioxide.37 CA
IX is highly expressed in various cancers including
lung,38 esophageal,39 breast,40 and renal41 malignant
lesions, whereas expression is usually absent in nor-
mal tissues.8 Based on these findings, CA IX has been
recognized as a hypoxic marker and a tumor-associ-
ated protein linked to cancer development.12–14 In ad-
dition, previous reports have demonstrated that over-
expression of CA IX and HIF-1� is associated with poor
prognosis in several cancers including gastric carci-
noma.42– 46 However, other reports have shown no cor-
relation or discordant expression between these two
proteins.21,22

The present study initially assessed the immunohisto-
chemical expression of CA IX and HIF-1� in resected
gastric cancer tissue specimens to investigate the hypox-
ia-dependent regulation of CA IX. CA IX was significantly
correlated with tumor histologic type (P � 0.002) (Table
1), however, its expression was not correlated with HIF-
1�. Furthermore, HIF-1�, but not CA IX, was associated
with survival in the 77 patients with gastric cancer with a
similar pathologic background (Figure 3). These results

hologic Features

Methylation status of CA9

P value36) Unmethylation (n � 41)

67.6 (14.4) 0.510
26/15 0.635
22/19 0.006
10/31 0.009
15/26 0.131
1/40 0.022
2/39 1.000

16/25 1.000
2/39 0.242

12/29 1.000
27/14 0.006
nicopat

on (n �

(11.4)
5/11
8/28
0/16
7/29
7/29
2/34
4/22
5/31
1/25
2/24
suggest the hypoxia-independent regulation of CA IX in
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gastric cancer. Recent studies in renal cancer demon-
strated striking evidence that expression of CA9 is, at
least in part, regulated by site-specific hypomethylation
at �74 bp in the CA9 promoter.23,24 In addition, one
study showed that the loss of CA9 expression in gastric
cancer cells was restored after treatment with 5-Aza-dc,
indicating that the expression was silenced by DNA
methylation.25 These studies further prompted investiga-
tion of CA9 promoter methylation to explain the HIF-1�-
independent regulation of this gene.

The CA9 promoter region contains only 10 CpG di-
nucleotides, which do not constitute a CpG island (Figure
4A). Using an MSRE method, site-specific methylation at
�74 bp in the CA9 promoter was quantified in eight
gastric cancer cell lines. Methylation of the single CpG
showed an inverse correlation with expression of the CA
IX protein (Figure 4, C and E). In contrast, hypoxic induc-
tion of CA9 mRNA was observed in only four of eight
gastric cancer cell lines (Figure 4D). Furthermore, in one
of the four cell lines with hypoxic induction of CA9 mRNA,
the CA IX protein could not be detected even in cells
cultured under hypoxia (data not shown). In addition,
when gastric cancer cell lines were treated with 5-Aza-dc
and trichostatin A, CA9 expression was restored in three
of five cell lines that demonstrated CA9 methylation (Fig-
ure 4F). These findings indicate that expression of CA9 is
predominantly regulated by promoter methylation rather
than the hypoxic pathway in gastric cancer cells.

Methylation of CA9 in the 77 paired gastric cancer
tissues and the normal mucosa was also quantified using
an MSRE system. Methylation values were more variable
in cancers (Figure 5A), which suggests that cancers are
more heterogeneous at the CpG site at �74 bp in com-
parison with normal mucosa. In a methylation analysis
restricted to cancer tissues, the methylation value signif-
icantly correlated with CA IX expression and tumor his-
tologic type (Figure 5, B and C). The cutoff value differ-
entiating the methylation status of the CA9 promoter also
revealed a significant correlation between CA9 methyl-
ation and protein expression, and histologic type (Table
2). These results indicated that site-specific methylation
at �74 bp is crucial for determining CA IX expression.
Unmethylation at �74 bp in the CA9 promoter, which
leads to expression of CA IX, is frequently observed in
intestinal-type cancer. Conversely, methylation at �74
bp, which silences CA IX expression, predominantly oc-
curs in diffuse-type cancer.

CA IX is usually absent in normal epithelium.15 In con-
trast to other organs, high expression of CA IX in normal
gastric mucosa has been reported.15,16 In the present
study, the methylation value of CA9 in normal mucosa
was also estimated using an MSRE method (Figure 5A).

Table 3. Correlation Between Ratio of Methylation Value (Cance

Histologic type

Ratio of methy

�1 (n � 39)

Intestinal/diffuse 8/31
The methylation value in cancer tissues was compared
with the baseline methylation value in the matched nor-
mal mucosa specimens. The results showed that the
methylation value in intestinal-type cancer was signifi-
cantly lower than in normal tissue (P � 0.027) (Figure 5D).
In contrast, the methylation value in diffuse-type cancer
was significantly higher than in normal tissue (P � 0.042)
(Figure 5E). In calculation of the ratio of the methylation
value in cancer and normal tissues (Table 3), it was
observed that intestinal-type cancers exhibited hypom-
ethylation (ratio, �1) more frequently than hypermethyl-
ation (ratio, �1). Conversely, the diffuse-type cancers
exhibited more frequent hypermethylation. These results
suggest that the epigenetic alterations of CA9 differ be-
tween the intestinal and diffuse types of gastric cancer,
which lead to differences in CA IX expression.

Previous studies have demonstrated conflicting fea-
tures insofar as the biological behavior of CA IX. NIH3T3
fibroblasts and AGS gastric cancer cells transfected with
CA9 exhibited significantly increased cell prolifera-
tion.10,25 These reports indicated an oncogenic role of
CA9. In sharp contrast, CA IX–deficient mice develop
gastric hyperplasia, which is associated with increased
proliferation.47 It is possible that the former studies might
support the oncogenic model for intestinal-type cancer.
Site-specific hypomethylation at �74 bp, leading to CA9
expression, possibly contributes to development of this
type of cancer. In contrast, the latter model might explain
the possibility that site-specific methylation leads to si-
lencing of CA9 expression, accelerating development of
diffuse-type cancer.

Intestinal metaplasia is believed to be an origin of
intestinal-type cancer.3 In agreement with this theory,
compared with diffuse-type cancers, intestinal-type can-
cers more frequently contained intestinal metaplasia sur-
rounding cancer foci (data not shown). The significant
correlation between CA9 methylation and the presence of
intestinal metaplasia in cancer tissues (Table 2) indicated
that intestinal metaplastic lesions more frequently coexist
with intestinal-type cancers than with diffuse-type can-
cers. This raises the question as to whether hypomethy-
lation of CA9 might occur in the intestinal metaplastic
state, which is believed to be a precancerous lesion of
intestinal-type cancer. To investigate this, the methylation
value of CA9 in normal tissues was compared in mucosa
samples positive or negative for intestinal metaplasia.
However, the results demonstrated that the presence of
intestinal metaplasia did not affect the methylation value
at �74 bp in normal mucosa (Figure 5F). At immunohis-
tochemical analysis, CA IX expression in intestinal meta-
plasia varied widely between the 77 samples of normal
mucosa (data not shown). This indicates that CA9 hy-

al) and Histologic Type

value (cancer/normal)

P value(n � 38) Total

22/16 28/49 0.001
r/Norm

lation

�1
pomethylation might not occur in the intestinal metaplas-
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tic state during the oncogenic process of intestinal-type
cancers.

In conclusion, the present study demonstrates for the
first time, to our knowledge, that expression of CA IX in
gastric cancer is predominantly regulated by methylation
of a single CpG site at the �74 bp position rather than by
hypoxia. Furthermore, epigenetic alterations of CA9 differ
in accordance with tumor histologic type, with the gene
being significantly unmethylated in intestinal-type can-
cers and methylated in diffuse-type cancers.
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