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Abstract Claudins are involved in the formation of tight
junctions in epithelial and endothelial cells. Claudins form
a family of 24 members displaying organ- and tissue-
specific patterns of expression. In the present study, we
evaluated the specificity of the claudin-2 expression in
various normal human tissues and gastrointestinal cancers
by quantitative reverse transcriptase–polymerase chain
reaction and immunohistochemistry. In 14 various normal
tissues, claudin-2 mRNA was expressed in the kidney,
liver, pancreas, stomach, and small intestine; the highest
level of which was detected in the kidney. Colorectal
cancers (CRCs) expressed claudin-2 mRNA at high levels.
Immunohistochemical analysis of claudin-2 in 146 gastric
cancers (GCs) and 99 CRCs demonstrated claudin-2 ex-
pression in 2.1% of GCs and 25.3% of CRCs, respectively.
There was no obvious correlation between claudin-2 ex-
pression and clinicopathological parameters of CRCs.
These results suggest that the expression of claudin-2
may involve organ specificity, and increased expression of
claudin-2 may participate in colorectal carcinogenesis.
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Introduction

Claudin-1 and claudin-2 were the first members of the
transmembrane tetraspan family of proteins identified as being
involved in tight junction formation with the reruitment of
occludin [4] and binding to other tight junction constituents
[8]. Claudins form a family of at least 24 members
displaying organ- and tissue-specific patterns of expression
[9, 17]. Among the claudin family members, expression of
claudin-2 is found in the liver, pancreas, and gut in normal
rat tissues [17]. Claudin-2 expression is ubiquitous in the
epithelial cells at the crypts of the small intestine but
restricted to the undifferentiated cell compartment of the
colon in rats [17]. Claudin-2 is also known to be expressed
in mouse nephron [3, 9]. However, the expression pattern
of claudin-2 remains to be elucidated in normal human
tissues.

Gastrointestinal cancers including gastric cancer (GC)
and colorectal cancer (CRC) are the most common
malignancies worldwide. A better knowledge of changes
in gene expression during gastrointestinal carcinogenesis
may lead to new paradigms and possible improvements in
diagnosis, treatment, and prevention. On the other hand,
relatively little is known about the expression of claudins in
human tumors, and only little information is available on
the influence of claudin expression on tumor behavior. It
was reported that the expression of claudin-7 was
decreased in high-grade breast cancer [10]. Overexpression
of claudin-4 has been found in pancreatic adenocarcinoma
and its precursor lesions [15, 22], while overexpression of
claudin-3 and claudin-4 has been found in prostate and
ovarian carcinomas [7, 13]. Concerning the expression of
claudin-2 in tumor tissue, it has been reported that claudin-
2 expression was detected in 98 (52%) of 188 breast
carcinomas [20]. There is one report showing claudin-2
expression in gastrointestinal tumors, but the sample
number was small [21].

In the present study, the expression of claudin-2 was
investigated in various normal tissues, GCs, and CRCs by
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quantitative reverse transcriptase–polymerase chain reac-
tion (RT-PCR) and immunohistochemistry. The aim of this
study is to clarify whether claudin-2 expression is specific
for cancer by comparing the expression level of claudin-2
in various normal tissues with that in cancer tissues.

Materials and methods

Tissue samples

For quantitative RT-PCR, five GCs and nine CRCs were
used. The samples were obtained at the time of surgery at
the Hiroshima University Hospital and affiliated hospitals.
We confirmed microscopically that the tumor specimens
consisted mainly (>50%) of carcinoma tissue. Samples
were frozen immediately in liquid nitrogen and stored at
−80°C until use. Noncancerous samples of the heart, lung,
stomach, small intestine, colon, liver, pancreas, kidney,
bone marrow, peripheral leukocytes, spleen, skeletal mus-
cle, brain, and spinal cord were purchased directly from
Clontech (Palo Alto, CA, USA).

For immunohistochemical analysis, we used archival
formalin-fixed, paraffin-embedded tissues from 245 pa-
tients who had undergone surgical excision or removal of
the tumor by polypectomy for GC (n=146) and CRC
(n=99). The 146 GCs were either histologically classified
(n=85) or poorly (n=61) differentiated. Ninety-nine CRCs
were either histologically classified (n=47) or moderately
(n=45) or poorly (n=7) differentiated. Tumor staging was
carried out according to the tumor–node–metastasis (TNM)
staging system [12]. Because written informed consent was
not obtained, for strict privacy protection, identifying
information for all samples was removed before analysis;
the procedure was in accordance with the Ethical Guide-
lines for Human Genome/Gene Research enacted by the
Japanese Government.

Cell lines

Eight cell lines derived from human GC were used. The
TMK-1 cell line was established in our laboratory [16].
Five GC cell lines of the MKN series were kindly provided
by Dr. T. Suzuki. KATO-III and HSC-39 cell lines were
kindly provided by Dr. M. Sekiguchi and Dr. K.
Yanagihara [25], respectively. All cell lines were main-
tained in RPMI 1640 (Nissui Pharmaceutical Co., Ltd.,
Tokyo, Japan) containing 10% fetal bovine serum (Whit-
taker, Walkersville, MA, USA) in a humidified atmosphere
of 5% CO2 and 95% air at 37°C.

Quantitative RT-PCR analysis

Total RNAwas extracted with an RNeasy Mini kit (Qiagen,
Valencia, CA, USA), and 1 μg of total RNAwas converted

to cDNA with a First-Strand cDNA Synthesis kit (Amers-
ham Pharmacia, Little Chalfont, UK). PCR was performed
with an SYBR Green PCR Core Reagents kit (Applied
Biosystems, Foster City, CA, USA). Real-time detection of
the emission intensity of SYBR green bound to double-
stranded DNA was performed with an ABI PRISM 7700
Sequence Detection System (Applied Biosystems) as
described previously [11]. Claudin-2 cDNA and internal
control cDNAs [β-actin gene (ACTB) and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH)] were PCR-ampli-
fied separately. Relative gene expression was determined
by the threshold cycles for the claudin-2 and ACTB or
GAPDH genes. Reference samples (GC cell line, KATO-
III) were included on each assay plate to verify plate-to-
plate consistency. Plates were normalized to each other by
these reference samples. PCR amplification was performed
according to the manufacturer’s instructions in 96-well
optical trays with caps with a 25-μl final reaction mixture.
Quantitative RT-PCRs were performed in triplicate for each
sample primer set, and the mean of the three experiments
was used as the relative quantification value. Claudin-2
primer sequences are forward primer 5′-TCCCCAAACCC
ACTAATCACA-3′ and reverse primer 5′-CCAACCTCAG
CCAGAGAGAGG-3′. ACTB primer sequences were 5′-T
CACCGAGCGCGGCT-3′ and 5′-TAATGTCACGCAC
GATTTCCC-3′ [11]. GAPDH primer sequences were 5′-
GGTGAAGGTCGGAGTCAACG-3′ and 5′-AGAGTTAA
AAGCAGCCCTGGTG-3′. The units are arbitrary, and we
calculated claudin-2 mRNA expression by standardization
to 1.0 μg total RNA from KATO-III as 1.0. We found a
similar result in both quantitative RT-PCR analyses of
claudin-2 and ACTB or GAPDH of 8 GC cell lines, 14
various normal tissues, 5 GC tissues, and 9 CRC tissues.
Therefore, throughout this article, we will describe and
discuss the results obtained using ACTB as an internal
control in quantitative RT-PCR analysis.

Western blot analysis

Preparation of whole cell lysates from GC cell lines was
made and Western blotting was performed as described
previously [26]. Protein concentrations were determined by
Bradford protein assay (Bio-Rad, Hercules, CA, USA)
with bovine serum albumin used as the standard. Lysates
(20 μg) were solubilized in Laemmli’s sample buffer by
boiling and then subjected to 12% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) followed
by electrotransfer onto a nitrocellulose filter. Anti-claudin-
2 polyclonal antibody was purchased from Zymed (South
San Francisco, CA, USA), and anti-β-actin mouse mono-
clonal antibody was purchased from Sigma (USA). Perox-
idase-conjugated anti-rabbit IgG and anti-mouse IgG was
used in the secondary reaction, respectively. The immuno-
complex was visualized with an ECL Western Blot De-
tection System (Amersham Pharmacia Biotech).
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Immunohistochemistry

A Dako LSAB kit (Dako, Carpinteria, CA, USA), which is
based on the LSAB method, was used for the immunohis-
tochemical analysis. In brief, microwave pretreatment in
citrate buffer was performed for 15 min to retrieve anti-
genicity. After blocking the peroxidase with 3% H2O2–
methanol for 10 min, sections were incubated with
antibody/rabbit polyclonal anti-claudin-2, 1:100 (Zymed).

Sections were treated consecutively at room temperature
with primary antibody for 2 h, followed by sequential
10 min incubation with biotinylated anti-rabbit IgG and
peroxidase-labeled streptavidin. Staining was completed
after 10 min incubation with the substrate–chromogen
solution. The sections were counterstained with 0.1%
hematoxylin. The results of staining with each antibody
were evaluated with reference to the percentage of stained
cancer cells. The results of immunohistochemistry were
graded as follows: “−,” 0% to 25% of tumor cells showed
immunoreactivity; “+,” 25–50% of tumor cells showed
immunoreactivity; “++,” more than 50% of tumor cells
showed immunoreactivity. We regarded “++” as positive
throughout this report.

Statistical methods

Associations between clinicopathologic parameters and
claudin-2 expression were analyzed by Fisher’s exact test.
P values less than 0.05 were considered statistically
significant.

Results

Measurement of mRNA expression of claudin-2
in various normal tissues, GCs, and CRCs
by quantitative RT-PCR

To measure the expression levels of claudin-2 mRNA, we
performed quantitative RT-PCR on 5 GCs, 5 CRCs, and 14
normal tissue samples (heart, lung, stomach, small intes-
tine, colon, liver, pancreas, kidney, bone marrow, periph-
eral leukocytes, spleen, skeletal muscle, brain, and spinal
cord). The results are shown in Fig. 1. In general, the
expression levels in CRCs were higher than those in GCs
and normal tissues. Among the 14 normal tissues men-
tioned, the highest level of expression was detected in the
kidney. Although obvious expression of claudin-2 was also
detected in the liver, pancreas, stomach, and small in-
testine, it was not as high as compared with the kidney. In
the lung and skeletal muscle, a faint expression of claudin-
2 was found. There was no expression in the remaining
normal tissues. Expression levels of claudin-2 were not so
different between normal stomach and GCs. While no
expression of claudin-2 was found in normal colon, two of
five CRCs expressed claudin-2 at significantly higher
levels (more than 5 arbitrary units).

Expression and localization of claudin-2
in cancer cell lines

To confirm the mRNA expression of claudin-2 in cancer
cells, we performed quantitative RT-PCR in eight GC cell

Fig. 1 Quantitative RT-PCR
analysis of claudin-2 in 14
various normal tissues as well as
in 5 GC and 5 CRC samples.
Among the various normal tis-
sues, the highest level of clau-
din-2 expression was found in
the kidney; low expression was
detected in the stomach, small
intestine, liver, and pancreas;
and faint expression was seen in
the lung and skeletal muscle. In
GCs, the expression levels were
not so different from that in
normal stomach. In CRCs, the
expression levels were higher
than those in normal colon
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lines. As shown in Fig. 2a, an obvious expression of
claudin-2 was detected in MKN-45, MKN-74, and KATO-
III, whereas only a low level of expression was seen in
HSC-39; there was no expression detected in the remaining
four GC cell lines. The anti-claudin-2 antibody detected an
approximately 22-kDa band onWestern blot of cell extracts
from MKN-45, MKN-74, and KATO-III (Fig. 2b). We also
confirmed these results by immunohistochemical staining
in MKN-28 andMKN-45 cell lines. Claudin-2 staining was
detected in cell membranes in MKN-45 cells but not in
MKN-28 cells (Fig. 2c). Thus, this antibody was con-
sidered to be useful in the detection of claudin-2 protein in
situ.

Expression and localization of claudin-2
in CRC tissues

To predict the sensitivity of anti-claudin-2 rabbit polyclon-
al antibody in immunohistochemistry, we examined the
mRNA expression and protein expression of claudin-2 in
an additional four CRC tissues. Firstly, we performed
quantitative RT-PCR to detect claudin-2mRNA expression
level and found an obvious expression of claudin-2 (more
than 5 arbitrary units) in three of four examined CRC tissue
samples (Fig. 3a). The anti-claudin-2 antibody detected an
approximately 22-kDa band on Western blot of protein
extracts from the three CRC tissues, which showed obvious
high expression in quantitative RT-PCR analysis (Fig. 3b).
We also confirmed these results by immunohistochemical
staining. Claudin-2 staining was detected in cell mem-
branes of the same three CRC tissue samples, which
expressed claudin-2 at a significantly higher level in both
quantitative RT-PCR and Western blotting analyses
(Fig. 4c). Therefore, in these CRC tissue samples, we

found a good correlation between mRNA and protein
levels. This result also suggests that in immunohistochem-
ical analysis, our antibody may detect claudin-2 protein
expression at levels higher than 5 arbitrary units measured
by quantitative RT-PCR analysis.

Fig. 2 Expression and localiza-
tion of claudin-2 in GC cell
lines. Claudin-2 expression was
analyzed at the mRNA level by
quantitative RT-PCR (a) and at
the protein level by Western
analysis (b) and immunohisto-
chemistry (c); claudin-2 immu-
noreactivity was evident in the
cell membranes of MKN-45
cells but not MKN-28 cells

Fig. 3 Expression of claudin-2 in CRC tissue samples. Claudin-2
expression was analyzed at the mRNA level by quantitative RT-PCR
(a) and at the protein level by Western analysis (b)
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Expression of claudin-2 protein in GCs and CRCs
by immunohistochemistry

We then examined the expression of claudin-2 protein in
146 GC and 99 CRC samples by immunohistochemistry.
Immunostaining was also performed in normal kidney to
serve as a positive control because our real-time RT-PCR
revealed a high expression level and a previous report
showed claudin-2 expression in mouse nephron. In the
kidney, claudin-2 positivity was found strongest in the
basal membranes of the proximal tubule, which is
consistent with the result of previous reports [3, 9]
(Fig. 3a). No obvious staining of claudin-2 was found in
normal liver, stomach, and small and large intestines (data

not shown). Of the 146 cases of GC, only 3 (2.1%) were
positive for claudin-2. Immunoreactivity of claudin-2 was
mainly observed in the cell membranes of GC cells forming
a tubular structure (Fig. 3b). In CRCs, 25 (25.3%) of 99
cases were positive for claudin-2. Claudin-2 was mainly
localized in the cell membranes of tumor cells forming a
papillotubular structure (Fig. 3c).

We analyzed the relation between the expression of
claudin-2 and clinicopathologic characteristics of CRC.
There was no clear correlation between claudin-2 staining
and clinicopathological parameters such as location, T
grade, N grade, M grade, stage, and histologic differenti-
ation (Table 1).

Discussion

Cellular tight junctions are structures that help preserve the
integrity of cellular layers and regulate their permeability
[23, 24]. It may be hypothesized that changes in expression
of tight junctional proteins can lead to cellular disorienta-
tion and detachment, which are commonly seen in
neoplasia. In this study, we demonstrated for the first
time the expression of claudin-2 mRNA in normal human
kidney, liver, pancreas, and so on. Among these, the
highest level of expression was detected in the kidney. In
addition, an obvious expression of claudin-2 was also
detected in the stomach and small intestine. These results
are consistent with a previous report in rat and mice;
claudin-2 is expressed in nephron, liver, pancreas, and gut

Fig. 4 Immunohistochemical analysis of claudin-2 in normal
kidney (as a control) as well as in GC and CRC tissues. Staining
for claudin-2 was observed in the basal membranes of the proximal
tubule of the kidney (a), the cellular membrane of GC cells forming
a tubular structure (b), and the cellular membrane of CRC cells
forming a papillotubular structure (c). c is case number 1, which
expressed claudin-2 at a high level (more than 5 arbitrary units
measured by quantitative RT-PCR), as shown in Fig. 3a,b. Original
magnification was ×400

Table 1 Relation between claudin-2 protein expression and clini-
copathologic characteristics in CRCs

Claudin-2 expression P valuea

Location
Right 8/32 (25.0%) 1.0000
Left 17/67 (25.4%)
T grade
T1/2 7/29 (24.1%) 1.0000
T3/4 18/70 (25.7%)
N grade
N0 17/58 (29.3%) 0.3494
N1/2 8/41 (19.5%)
M grade
M0 25/95 (26.3%) 0.5695
M1 0/4 (0.0%)
Stage
I 6/25 (24.0%) 0.1453
II 11/33 (33.3%)
III 8/37 (21.6%)
IV 0/4 (0.0%)
Histology
Well 14/47 (29.8%) 0.4774
Moderate 9/45 (20.0%)
Poor 2/7 (28.6%)
aFisher’s exact test
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[3, 17]. We found a basal expression of claudin-2 in kidney
tubules, although claudin-2 is not a known basal membrane
protein and tight junctions are not known to be in the region
of basal membrane. We could not explain well this unusual
expression. However, it has been already published by
Kiuchi-Saishin et al. [9] that claudin-2, claudin-10, and
claudin-11 were clearly concentrated at the tight junction of
epithelial cells of the proximal tubules. Among these, only
claudin-2 seemed to be distributed along basal plasma
membranes in addition to tight junction. This staining is
specific for claudin-2 because the kidneys of claudin-2-
deficient mice demonstrated no such staining (Furuse et al.,
unpublished data) [9].

We also investigated claudin-2 expression in 146 GC
and 99 CRC cases to evaluate their differential expression
of claudin-2 in gastrointestinal cancers. In previous studies,
type-specific expression of claudin-1, claudin-2, claudin-3,
claudin-4, claudin-5, and claudin-7 has been detected in
various types of cancers including carcinomas of breast,
pancreas, liver, esophagus, etc. [20, 21]. Soini [21] also
analyzed claudin-2 expression in a small number of GCs
and CRCs by using the monoclonal anticlaudin-2 antibody
and reported that 12 of 13 GCs (92%) and 9 of 11 CRCs
(82%) were positive for claudin-2. No method other than
immunohistochemistry was utilized. In our study, the
frequency of claudin-2 expression in GC and CRC was
much lower as compared to the above studies, partly due to
the different antibody used. However, our immunohisto-
chemistry must be precise even if it was not so sensitive
because we have found a good correlation between levels
of claudin-2 mRNA expression and protein expression by
immunostaining and Western analysis of not only GC cell
lines but also CRC tissues, as shown in Figs. 2, 3, and 4c.
Our antibody may detect claudin-2 expression at levels
higher than 5 arbitrary units, as measured by quantitative
RT-PCR. In situ hybridization experiments may help detect
the expression of claudin-2 with high sensitivity. We will
perform it in a future study of claudin-2.

The results of the present study demonstrated that
expression of claudin-2 was detected in CRCs, whereas no
expression of claudin-2 was detected in normal colon. We
did not find any significantly different expression between
GC and normal stomach. Therefore, the participation of
claudin-2 in tumorigenesis may involve organ specificity.
Claudin species have been found to be the major
constituents of tight junction strands [2, 5, 9, 19]. The
presence of junctional claudin-2 causes the formation of
cation-selective channels sufficient to transform a “tight”
junction into a “leaky” one [1]. In carcinogenesis of CRC,
claudin-2 may contribute to an easier leak of tight junctions
in between neoplastic cells. Although we observed claudin-
2 staining mainly in the neoplastic cells forming a tubular
or papillary structure in both GCs and CRCs, we did not
find any significant correlation between claudin-2 protein
expression and histological differentiation. Moreover, we
could not find any correlation with tumor advancement.
Therefore, increased expression of claudin-2 may partici-

pate in the development but not in the progression of
CRCs, although the exact mechanism is unknown. It has
been shown that human claudin-2 promoter activity is
positively regulated by the caudal-related homeobox gene
(CDX2), as well as by the hepatocyte nuclear factor-1 alpha
isoform (HNF-1α) [18]. A published study has shown the
presence of functional cross talk between CDX2 and the
Wnt pathway in the positive regulation of claudin-2
expression [14]. These regulations may be the cause of
the involvement of claudin-2 in colorectal carcinogenesis.
In fact, abnormalities in Wnt signaling, including β-
catenin/TCF, have been shown to participate in the
pathogenesis of CRC [6]. Further studies are needed to
explore the exact mechanism of claudin-2 involvement in
gastrointestinal tumor pathology.
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