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Figure 3 Analysis of serum and peritoneal wash fiuid samples from patients with GC by ELISA. (a) High levels of MIA were detected
in serum samples from four patients with stage I'V GC. Yellow bars indicate the cutoff levels defined in this study. Red bars indicate the
mean of protein levels. In peritoneal wash fiuid samples, one and two cytology-positive samples showed high levels of MIA. (b) High
levels of MMP-10 were detected in 65 serum samples from patients with GC, including stage I GC. Among 60 serum samples from
healthy individuals, high levels of MMP-10 were detected in 15. Yellow bars indicate the cutoff levels defined in this study. Red bars
indicate mean of protein levels. Error bars indicate s.e. from the mean. In peritoneal wash fluid samples, one and two cytology-positive

samples showed high levels of MMP-10. *Mann-Whitney U-test.

colorectal cancer (Hau et al., 2002), glioma (Hau et al.,
2004), and pancreatic cancer (El Fitori et al., 2005), and
association of MIA with tumor progression has been
reported. We found that expression of MIA was
correlated with T grade, N grade, tumor stage, and
patient prognosis, indicating that it plays an important
role in GC progression and may serve as a good
marker of GC progression. In contrast to malignant
melanoma, high MIA levels were detected in only
four of 17 serum samples from patients with stage IV
GC, although overexpression of MIA was frequently
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found in primary GC tissues by immunohistochemistry.
Therefore, MIA is not a suitable serum marker for
early detection for GC, but it is a good indicator of
a poor prognosis. We cannot explain the discrepancy
between MIA expression level in primary GC and in
serum. We did confirm that MIA was present in the
culture medium of GC cells stably transfected
with MIA, suggesting that MIA is secreted by GC
cells. The origin of MIA in serum samples may be
circulating GC cells but not primary GC cells. Levels of
MIA in serum from patients with pancreatic cancer are
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reported to be low, despite MIA mRNA and protein

overexpression in pancreatic cancer tissues (El Fitori
et al., 2005).
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In addition to the usefulness of MIA as an indicator
of poor prognosis, it has been reported that MIA
enhances migration and invasion ability and inhibits
apoptosis of melanocytic cells (Bosserhoff er al., 2001;
Poser et al., 2004). Here, we showed that transfection of
MIA enhanced invasive activity of MKN-28 cells. As
expression of MIA was highly specific to cancer cells, it
may be a good therapeutic target with less adverse
effects for various types of cancers, including GC.

Among the nine genes overexpressed in GC, MMP-10
{also known as stromelysin 2) was frequently over-
expressed in GC. MMPs induce extracellular matrix
breakdown associated with normal tissue remodeling
and are associated with tissue destruction in arthritis,
cancer invasion, and metastasis (Nelson er al., 2000;
Visse and Nagase, 2003). Overexpression of MMP-10
has been reported in cancers of the lung, head, and neck
(Muller et al., 1991), esophagus (Mathew et ai., 2002;
Sharma et al., 2004), brain (Thorns et al., 2003), and
liver (Bodey et al., 2000). The present immunohisto-
chemical study showed MMP-10 to be correlated with a
poor prognosis in patients with GC. Importantly, high
levels of MMP-10 protein were defected in serum
samples from most of the patients with GC, even at
stage I. An available tumor marker for GC is
carcinoembryonic antigen (CEA) (Molnar er al., 1976).
Despite the reliability of CEA as a marker for detection
of GC, the preoperative rate of serum CEA positivity in
GC is 20-40% (Koga et al., 1987, Shimizu et al., 1987).
In the present study, of 36 serum samples from patients
with stage I GC, 32 (88.9%) showed high levels of
MMP-10 protein, indicating that MMP-10 is a serum
tumor marker with high sensitivity. In contrast,
immunochistochemical staining of MMP-10 was detected
in 35 (42.2%) of 83 stage I GC samples. This
discrepancy between immunohistochemical and ELISA
results may be due to methodological differences.
MMP-10 immunohistochemical results were evaluated
with reference to the percentage of stained cancer cells;
the intensity of immunostaining was not evaluated
because of lack of internal control in immunohisto-
chemistry. More detailed quantitative methods for the
measurement of MMP-10 protein will be necessary to
determine the relation between MMP-10 protein levels
in serum samples and primary GC samples. In addition,
because high levels of MMP-10 protein were detected in
nine (15.0%) of 60 serum samples from healthy
individuals, characterization of these individuals is

Figure 4 Expression of MIA in MKN-28 cells. (a) MIA protein
levels in the culture media of MKN-28 cells transfected with
pcDNA-MIA or pcDNA 3.1 constructs were measured by ELISA.
In MKN-28 cells stably transfected with pcDNA-MIA, increased
MIA levels were detected. (b) Effect of MIA expression on cell
growth of MXN28 cells. Cell growth was assessed by MTT assay at
1 and 2 days after seeding on 96-well plates. (c} Effect of MIA on
cell invasion. MKN-28 cells transfected with pcDNA-MIA or
pcDINA 3.1 constructs were incubated in Boyden chambers. After 1
and 2 days, invading cells were counted. Bars and error bars, mean
and s.d. of three different experiments. On day 2, the clones were
up to three-fold more invasive than the empty vector-transfected
cells. NS = not significant.
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necessary to determine if MMP-10 is a valid serum
tumor marker. At least, gastritis may not be a reason for
high levels of MMP-10 protein because it was not
detected in 15 of the 20 serum samples of patients with
gastritis, and only three samples showed low levels (200-
400 pg/ml). Overexpression of MMP-10 was reported in
human diabetic corneas (Saghizadeh et al., 2001), but no
expression was observed in synovial samples from
patients with rheumatoid arthritis (Hembry et al., 1995).

Clinical trials using MMP inhibitors as cancer
therapeutics have been reported (Rudek er al., 2001;
Rizvi et al, 2004). MMP inhibitors inhibit a broad
spectrum of MMPs, and several adverse effects have
been reported. MMP-10 activates proMMP-7 and
proMMP-9 (Nakamura et al., 1998), which are thought
to be particularly important for the malignant behavior
of GC cells (Nomura et al,, 1996; Yamashita et al.,
1998). As expression of MMP-10 was narrowly re-
stricted in cancer, MMP-10-specific inhibitors may
provide antitumor drugs with less adverse effects for
the treatment of various types of cancers, including GC.

Of two peritoneal wash cytology-positive samples,
one showed a high MIA level. The levels of MMP-10 in
peritoneal wash fluid were higher in two cytology-
positive samples than those in cytology-negative sam-
ples. Peritoneal wash cytology is a frequently performed
and important technique in the diagnosis of peritoneal
dissemination. However, it often fails to detect malig-
nant cells. It has been reported that peritoneal wash
cytological examination is the most significant factor
predicting peritoneal recurrence, with a sensitivity of
56% (Bando er al., 1999). As pellets from peritoneal
wash fluid are used for cytology, it may be useful to
investigate the levels of MIA or MMP-10 in the
supernatants of cytology-negative peritoneal wash
fluid to detect micrometastases of GC cells in the
peritoneal cavity. As we studied here a small number of
peritoneal wash fluids, additional investigation with
more samples will clarify whether measurement of the
levels of MIA or MMP-10 is useful to detect occult
cancer cells in the supernatants of cytology-negative
peritoneal wash fluid.

DKZX4 immunostaining was identified in only 1.3% of
GC samples, whereas overexpression of DKK4 mRNA
was observed in 25.0% of GC samples by quantitative
RT-PCR. As bulk GC tissues were used for guantitative
RT-PCR analysis, the resulting data may not reflect the
expression levels of DKK4 in cancer cells alone. DEX4-
positive cells were identified in the intestinal metaplasia
of the stomach by immunostaining. Expression of
DKEK4 mRNA observed in quantitative RT-PCR may
be due to non-neoplastic tissue contamination, such as
intestinal metaplasia. DKK4 suppresses the Wnt signal-
ing pathway (Mao and Niehrs, 2003), which is thought
to participate in carcinogenesis (Beachy e al., 2004).
Thus, DKK4 may not be a good therapeutic target, at
least for GC.

In addition to MIA, MMP-10, and DKK4, APin
protein, GWI112, and Reg IV are reported to be secretory
proteins (Clark ef al., 2003; Solomon ef al., 2003). These
secreted molecules may constitute good serum tumor
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markers. Creation of antibodies and immunchistochem-
ical and functional analyses of APin protein, GWII2,
and Reg IV should be performed. In addition, recent
data have shown the antiapoptotic activity of GW112
(Zhang et al., 2004).

Although we identified several genes that were over-
expressed in GC SAGE libraries, there were many genes
that were overexpressed according to SAGE but not
quantitative RT-PCR. The inconsistent results between
SAGE and quantitative RT-PCR may be due to the
small number of SAGE libraries. Among 34 candidates,
the expression of many genes was highest in the normal
pancreas or ducdenum by quantitative RT-PCR. To
further identify camcer-specific genes, detailed SAGE
libraries of normal tissues, such as pancreas and
duodenum, are needed.

In conclusion, our present study yielded a list of genes
that are potential tumor markers of GC. We identified
MMP-10 as a serum tumor marker for diagnosis of GC
and identified MIA and MMP-10 as prognostic
indicators of GC. We identified several genes by
quantitative RT-PCR that have not previously been
implicated in GC. Although the functions of these genes,
APin, GWI112, and Reg IV, are not well understood in
cancer, they may provide novel therapeutic targets for
GC. Our current data also provide information with
respect to the expression of these genes throughout the
body. As both MIA and MMP-10 play important roles
in tumor cell invasion, specific inhibitors against MIA or
MMP-10 may constitute good anticancer drugs with less
adverse effect. As the number of samples from normal
organs studied here was small, additional examination
will certify the specificity of nine GC-specific genes
identified in this study.

Materials and methods

Tissue samples

In all, 195 primary tumors, 69 serum samples, and 29
peritoneal wash samples were collected from patients diag-
nosed with GC. Patients were treated at the Hiroshima
University Hospital or an affiliated hospital.

For quantitative RT-PCR, 44 GC samples and correspond-
ing non-neoplastic mucosa samples were used. The samples
were obtained during surgery at the Hiroshima University
Hospital or an affiliated hospital. We confirmed microscopi-
cally that the tumor specimens were predominantly (> 80%)
cancer tissue. Samples were frozen immediately in liquid
nitrogen and stored at —80°C until use. Noncancerous samples
of heart, lung, stomach, small intestine, colon, liver, pancreas,
kidney, bone marrow, peripheral lenkocytes, spleen, skeletal
muscle, brain, and spinal cord were purchased from Clontech
(Palo Alto, CA, USA).

For immunohistochemical analysis, we used archival for-
malin-fixed, paraffin-embedded tissues from 151 patients who
had undergone surgical excision for GC. Of the 151 patients ,
59 had early GC and 92 had advanced GC. Early GC is limited
to the mucosa, or the mucosa and submucosa, regardless of
nodal status. Advanced GC is a tumor whose invasion is
beyond muscularis propria (Hohenberger and Gretschel,
2003). Information on patient prognosis was available for 58
of the 92 advanced GC cases.



Among 151 GC cases used for immunochistochemical
analysis, serum samples were available for ELISA from 69
GC cases (44 men and 25 women, age range, 35-88 years;
mean, 68.7 years). Serzm samples were collected presurgically,
before initiation of therapy, and stored at —80°C until
analysis. Serum samples from 20 patients with chronic-active
gastritis with Helicobacter pylori infection (13 men and seven
women; age range, 57-83 years; mean, 68.8 years) were
also collected. The presence of H. pylori was determined
with the following tests: the H&E staining and Giemsa
staining of biopsied tissues, rapid urease test, and urea breath
test. Control serum samples were obtained from 60
healthy individuals (32 men and 28 women; age range,
30-83 years; mean, 63.4 years). Peritonsal wash samples
from 29 patients with GC were obtained at the time of
surgery at the Hiroshima University Hospital or an affiliated
hospital.

Histologic classification (intestinal-type or diffuse-type)
was according to the Lauren classification system (Lauren,
1965). Tumor staging was according to the TNM staging
system (Sobin and Wittekind, 2002). As written informed
consent was not cobtained, for strict privacy protection,
identifying information for all samples was removed before
analysis; this procedure was in accordance with the Ethical
Guidelines for Human Genome/Gene Research of the
Japanese Government.

Identification of candidate GC-specific genes

To identify GC-specific genes, we used four GC SAGE
libraries (W226T, GSMB82867, W246T, GSM8B505; S219T,
GSM7800; P208T, GSM9103) published by us and 14 normal
SAGE libraries (white matter, GSM676; cerebelium, GSM695;
thalamus, GSM713; heart, GSM149%9; lung, GSM762; sto-
mach, GSM784; colon, GSM728; liver, GSM785; kidney,
GSM708; leukocyte, GSM709; peritoneum, GSM738; skeletal
muscle, GSMS819; spinal cord, GSM2386; lymph node,
GSM14785) available from the SAGEmap online database
(http://www.ncbi.nlm.nih.gov/SAGE/; Lal er al., 1999). We
compared tags from each GC SAGE library with those of
normal SAGE libraries. To exclude tags generated by
sequencing errors, we selected only tags that occurred at least
three times in each GC SAGE library. In addition, we selected
tags that were not found in any of the 14 normal SAGE
libraries.

Evaluation of the specificity of gene expression

To evaluate the specificity of expression of each gene, a
specificity index was calculated as follows: first, we identified
the normal tissue in which the target gene expression was the
highest of the 14 normal tissues analysed by quantitative RT—
PCR (the mRINA expression level in this tissue was denoted as
A). We then identified the GC among the nine GC samples in
which the target gene expression was highest by quantitative
RT-PCR. (the mRNA expression level in this tissue was
denoted as B). The ratio B/A was defined as the specificity
index. When the specificity index of the target gene was > 10,
the gene was considered to show high specificity for GC. When
the specificity index of the target gene was <10 and > 2, the
gene was considered to show low specificity for GC, When the
specificity index of the target gene was <2, the gene was
considered to show no specificity for GC.

Ouantitative RT-PCR analysis

Total RNA was extracted with an RNeasy Mini Kit
{Qiagen, Valencia, CA, USA), and | ug of total RNA was
converted to cDNA with an First Strand cDNA Synthesis Kit
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(Amersham Biosciences Corp., Piscataway, NJ, USA). PCR
was performed with a 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 Biosys-
tems) as described previously (Kondo ef al, 2004). ACTB-
specific PCR products were amplified from the same RNA
samples and served as internal controls (Kondo er al., 2004).
Primer sequences and additional PCR conditions are available
upon request.

Immunohistochemistry

A Dako LSAB Kit (Dako, Carpinteria, CA, USA) was used
for immunohistochemical analysis. In brief, microwave pre-
treatment in citrate buffer was performed for 15 min to retrieve
antigenicity. After peroxidase activity was blocked with 3%
H;0;—methanol for 10min, sections were incubated with
normai goat serum (Dako) for 20min to block nonspecific
antibody-binding sites. Sections were incubated with the
following antibody dilutions: mouse monoclonal anti-MIA
(2F7, 1:50; mouse monocional anti-MMP-10, 1:100 (Novo-
castra, Newcastle, UJK), and mouse mongoclonal anti-DKX4,
1:100 (R&D Systems, Abingdon, UK). The specificity of the
MIA antibody has been characterized in detail (Bosserhoff
et al., 1999). Specificity of DKK4 staining was confirmed by
preabsorption of the anti-DKK4 antibody with excess DKK4
protein  (R&D Systems). Sections were incubated with
primary antibody for 8h at 4C, followed by incubations
with biotinylated anti-mouse IgG and peroxidase-labeled
streptavidin for 10min each. Staining was completed with
a 10-min incubation with the substrate-chromogen solution.
The sections were counterstained with 0.1% hematoxylin.
The percentage of stained cancer cells was evalonated for
each antibody. A result was considered positive if at least
50% of the cells were stained. When fewer than 50% of cancer
cells were stained, the immunostaining was considered
negative.

ELISA

Serum and peritoneal wash fluid levels of MIA and MMP-10
were measured with an MIA ELISA XKit (Roche Diagnostics
Co., Indianapolis, IN, USA) and a Quantikine Human MMP-
10 Immunoassay Kit (R&D Systems) according to the
manufacturer’s instructions.

Cell lines, expression vector, and stable transfection

A human GC-derived cell line, MKN-28, was kindly provided
by Dr Toshimitsu Suzuki. MKN-28 cells were maintained in
RPMI 1640 medium (Nissui Pharmaceutical Co., Ltd, Tokyo,
Japan) containing 10% fetal bovine serum (BioWhittaker,
Walkersville, MA, USA) in a humidified atmosphere of 5%
CO, and 95% air at 37°C.

For constitutive expression of the MI4 gene, cDNA was
PCR amplified and subcloned into pcDNA 3.1 (Invitrogen
Corp., Carlsbad, CA, USA). The pcDNA-MIA expression
vector was iransfected into MKN-28 cells with FuGENE6
(Roche Diagnostics) according to the manufaciurer’s instruc-
tions. Stable transfectants were selected after 2 weeks of
culture with 80 pgfml G418 (Invitrogen). The amount of
secreted MIA protein in cell culture supernatants was
determined by MIA ELISA.

Cell growth and in vitro invasion assays
Cultured cells were harvested from 80% confluent monolayer
cultures by brief treatment with 0.1% trypsin and 0.1% EDTA.

2555
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The cells were seeded at a density of 2000 cells per well in 96-
well plates. Cell growth was monitored after 1 and 2 days by 3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium  bromide
{MTT) assay (Alley ez al., 1988).

Modified Boyden chamber assays were performed to
examine invasiveness. Stably transfected cells were plated at
10000 cells per well in RPMI 1640 medium plus 1% serum in
the upper chamber of a Transwell insert (8 um pore diameter;
Chemicon, Temecula, CA, USA) coated with Matrigel.
Medium containing 10% serum was added in the bottom
chamber. After | and 2 days, cells in the upper chamber were
removed by scraping, and the cells remaining on the lower
surface of the insert were stained with CyQuant GR dye to
assess the number of cells.

Statistical methods

Statistical analyses were carried out with Fisher’s exact test
and the Mann-Whitney U-test. Kaplan-Meier survival curves
were constructed for MIA or MMP-10-positive and MIA or
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Abstract

Gastric cancer (GC) is one of the most common malignancies worldwide, Genes whose
expression is down-regulated in GC may be tumour suppressor genes. In the present
study, genes with decreased expression in GC were screened for by serial analysis of gene
expression (SAGE) data analysis and reverse transcription {RT)-polymerase chain reaction
(PCR), and CLDNI18 (encoding clandin-18) was identified. Quantitative RT-PCR revealed
that expression of CLDNI18 was down-regulated in 13 {56.5%) of 23 GCs. Immunostaining
showed that normal gastric mucosa and Paneth cells of the duodenum expressed clandin-18
on cell membranes. Expression of claudin-18 was reduced in several intestinal metaplasias
of the stomach. Of 20 samples of gastric adenoma, 18 (90.0%) shewed decreased claudin-
18 expression. Down-regulation of clandin-18 was observed in 84 of 146 GCs (57.5%) and
correlated with poor survival in 65 advanced GCs (¢ = 0.0346). In addition, expression
of the gastric and intestinal phenotypes of GC was examined by immuncstaining for
MUCS5AC, MUCS6, MUC2, and CD10. Of 38 GCs showing only the intestinal phenotype,
down-regulation of claudin-18 was observed in 28 (73.7%), whereas in the remaining 108
GC cases, down-regulation of clandin-18 was observed in 56 (51.9%) (p = 0.0224). These
results indicate that claudin-18 is a good marker of poor survival in GC, Down-regulation
of claudin-18 may be involved in GCs with an intestinal phenotype, and may be an early
event in gastric carcinogenesis.

Copyright © 2006 Pathological Society of Great Britain and Ireland. Published by John
Wiley & Sons, Lid.
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Introduction

The clandin protein family comprises 24 members,
and all claudins are 2027 kD proteins with four

Cancer develops as a result of multiple genetic and
epigenetic alterations [1,2]. Better knowledge of the
changes in gene expression that occur during gastric
carcinogenesis may lead to improvements in diag-
nosis, treatment, and prevention. We previously per-
formed serial analysis of gene expression (SAGE)
on four primary gastric cancer (GC) samples (Gene
Expression Omnibus accession number GSE 545;
SAGE Hiroshima gastric cancer tissue) and iden-
tified several genes and tags that are potentially
involved in invasion, metastasis, and carcinogene-
sis [3]. In the present study, to identify genes with
down-regulation of expression in GC, we screened
GC SAGE libraries and identified several candidate
genes. Among them, CLDNI§, which encodes claudin-
18, was found by quantitative reverse tramscription
(RT)-polymerase chain reaction (PCR) to be frequently
down-regulated in GC. However, little is known about
CLDNI8 and cancer.

transmembrane domains [4]. Members of the claudin
family are involved in various biophysiclogical pro-
cesses, such as regulation of paracellular permeability
and conductance. Several reports have suggested an
association between claudin and cancer {5]. CLDNI§
was first identified as a downstream target gene of
the T/EBP/NKX?2.1 hormeodomain transcription factor
[6]. CLDNI§ has been reported to have two variants
in mice: variant 1 (CLDNI18al) is expressed in the
lung, whereas variant 2 (CLDNI8aZ2} is expressed in
the stomach.

The present study represents the first detailed analy-
sis of CLDNI18 expression in human cancer. To clarify
the pattern of expression and localization of claudin-
18 in GC, we performed immunohistochemical anal-
ysis of surgically resected GC samples. In addition,
because we observed frequent down-regulation of
claudin-18 in intestinal metaplasia of the stomach,
we investigated the association between claudin-18
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expression and expression of the gastric or intestinal
phenotype of GC.

Materials and methods

GC cell lines

Eight cell lines derived from human GC were used,
The TMK-1 cell line was established in our labo-
ratory from a poorly differentiated adenocarcinoma
[7]. Five GC cell lines of the MKN series {(MKN-
1, adenosquamous cell carcinoma; MKN-7; MEKN-
28; MKN-74, well-differentiated adenocarcinoma; and
MKN-45, poorly differentiated adenocarcinoma) were
kindly provided by Dr Toshimitsu Suzuki. KATO-III
and HSC-39 cell lines, which were established from
signet ring cell carcinomas, were kindly provided by
Dr Morimasa Sekiguchi and Dr Kazuyoshi Yanagi-
hara, respectively [8]. All cell lines were maintained
in RPMI 1640 (Nissui Pharmaceutical Co, Ltd, Tokyo,
Japan) containing 10% fetal bovine serum (BioWhit-
taker, Walkersville, MD, USA) in a humidified atmo-
sphere of 5% CO; and 95% air at 37°C.

Tissue samples

For quantitative RT-PCR, 23 GC tissue cases were
used. The samples were obtained at the time of
surgery at Hiroshima University Hospital or an affil-
iated hospital. We confirmed microscopically that the
tumour specimens consisted mainly (>80%) of car-
cinoma tissue. Samples were frozen immediately in
liquid nitrogen and stored at ~80°C until use. Non-
neoplastic samples of heart, lung, stomach, small intes-
tine, colon, liver, pancreas, kidney, bone marrow,
peripheral Jeukocytes, spleen, skeletal muscle, 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 146
patients who had undergone surgical excision for GC,
The 146 GC cases were histologically classified as
well or poorly differentiated. Tumour staging was car-
ried out according to the TNM staging system [9].
Becanse written informed consent was not obtained,
identifying information for all samples was removed
before analysis for strict privacy protection; this pro-
cedure was in accordance with the Ethical Guidelines
for Human Genome/Gene Research enacted by the
Japanese Government.

Screening of SAGE libraries for genes with
expression down-regulated in GC

To identify genes with decreased expression in GC,
we used two GC SAGE libraries (W226T, GSMS8867;
W246T, GSMB505) made by us [3] and one normal
stomach SAGE library (stomach, GSM784) [10] avail-
able from the SAGEmap online database (http://www.
ncbi.nim.nih.gov/SAGE/) [11]. We compared tags
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from each GC SAGE library with those of the nor-
mal stomach SAGE library and selected tags that were
down-regulated in the GC SAGE libraries. To exclude
tags generated by sequencing errors, we selected only
tags that occurred at least twice in the normal stomach
SAGE library. In addition, we selected genes that had
not been investigated previously (Table 1).

Conventional and quantitative RT-PCR analyses

Total RNA was extracted with an RNeasy Mini
Kit (Qiagen, Valencia, CA, USA) and 1 ug of total
RNA was converted to cDNA with a First Strand
cDNA Synthesis Kit (Amersham Biosciences, Piscat-
away, NJ, USA). The amplification products were
then separated by 1% agarose gel electrophoresis,
stained with ethidium bromide, and visualized under
UV light. ACTB-specific PCR products served as
internal controls. The primer sequences for variant-
specific expression of CLDNIS and annealing temper-
atures are listed in Table 2, Other primer sequences
and additional PCR conditions are available upon
reguest.

Quantitation of CLDNI8 mRNA levels in human
tissue samples was performed with real-time fiu-
orescence detection as described previously [12].
Sequences of primers and annealing temperatures
are described in Table 2. PCR was performed with
an SYBR Green PCR Core Reagents Kit (Applied
Biosystems, Foster City, CA, USA). Real-time detec-
tion of the emission intensity of SYBR Green
bound to double-stranded DNA was carried out with
an ABI PRISM 7700 Sequence Detection System
(Applied Biosystems) as described previously [13].
ACTB-specific PCR products were amplified from
the samne RNA samples and served as intemmal con-
trols. We calculated the ratio of CLDNI8 mRNA
levels between GC tissue (T) and corresponding non-
neoplastic mucosa (N). T/N ratios of less than 0.5 were
considered to indicate down-regulation.

Subcloning and sequencing

PCR products were purified and cloned into the
pCR2.1 vector (Invitrogen, Carlsbad, CA, USA). Plas-
mid DNA was extracted from individual clones by
alkaline lysis plasmid mini-preparation. The inserted
PCR fragments obtained from each sample were
sequenced with M13 reverse and M13 forward primers
with the PRISM AmpliTag DNA Polymerase FS
Ready Reaction Dye Terminator Sequencing Kit
(Applied Biosystems). Reamplified DNA fragments
were purified with Centri-sep Columns (Applied
Biosystems) and sequenced with an ABI PRISM 310
Genetic Analyzer (Applied Biosystems),

Antibodies

Anti-claudin-18 antibody (C-term) was purchased
from Invitrogen. We used four antibodies for analysis
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Table 1. List of genes and tags with reduced expression in GC

635

Tags per million

Normal stomach GC W226T GC W246T

Tag sequence (25 302%) {43 908") (32174%) Symbol Description

TCCCCTACAT 553F {14y C 0y 62 (2) ADAMTS1 6 A disintegrin-like and metalloproteinase
(reprolysin type) with thrombospondin
type | motif, 16

TATTTCACTT 395 (10) 22(1) 0 KNSLS Kinesin-like 8

AAACCCCGTC 316 (8) 45 () 0 {0 KIAAD682 KIAAQK82 gene product

GTGGTACAGG 276 (7} 0{0) £2 (%) KIFC3 Kinesin family member C3

CTCATTCAGC 276 (7) 45 (2) CwW SMT3H2Z SMT3 suppressor of mif two 3
homologue 2 (yeast)

CCCCTeccTc 237 {6) 22(1) 0(C) APIS Apoptosis inhibitor 5

GGGAGCCCCT 197 (%) 45 (2) 0N (5)] ARRB2 Arrestin, beta 2

GATTCCTTTG 197 (5) 0O 00y CHES! Checkpoint suppressor |

GTTACAAGCC 197 (5) 22{1) 0 {0 CLDNI8 Claudin 18

CTGATITATT 197 (5) 0 62 (2) COPG Coatomer protein complex, subunit
gamma

GCTAAACAGG 197 {5) 0 ©) 0 (C) EIF3510 Eukaryotic translation initiation factor 3,
subunit 10 theta, 150/170 kD

GACATCGAGG 197 (5) 0O 00 KIF4A Kinesin family member 4A

CCCATAGTCC 197 (5) 0 {0) (V)] RAB4B RAB4B, member RAS oncogene family

AACCCGGAAG 158 (4) 22.(D) 3L BTN3AZ Butyrophilin, subfamily 3, member A2

AACCCGGAAG 158 (4) 22 () 3 Fij3i8i9 Hypothetica! protein FL3 1819

AAGCCCAGGC i58 {4) 45 (2) 62 (2) MR-! Myofibrillogenesis regulator |

AAGATACTGA HB8 (3) o 0O SLC30A9 Solute carrier family 30 (zinc
transporter), member 9

AAGATACTGA 118 (3) 0 C{0) COoPB Coatomer protein complex, subunit beta

AACCACCACG 7% (D (V)] 00y 7 Complement component 7

AAAACTTCTC 79 (2) 0 (0) 0 (0) FLji 0849 Hypothetical protein FLJ10849

AAAACTTCTC 79 (2) 0 E(S)] MOB4A Mob4A protein

AMACTGTTCA 79 {2) 0 3 KIAADZ256 KIAADZ56 gene product

AAGACTGAAG 79 (2) 0(0) 31D PDCDE Programmed call death 8
(apoptosis-inducing factor)

AAGACTGAAG 79 (@) 0(0) 31 (1) RDH 4 Retinol dehydrogenase 14 (all-trans and
9-cis)

AAATATGAAG 79 (2) (0N (1)] LX) SECZ2L! SEC22 vesicle trafiickng proteir-like |

(5. cerevisiae)

* Total number of tags.

¥ The absolute tag counts are normalized to | 000 000 total tags per sample,

* Numbers in parentheses indicate the absolute tag counts.

Table 2. Primer sequences for conventional and quantitative
RT-PCR

Annealing

temperature Size
Primer sequence <) (bp}
First screening primers for CLDN | 8
F: 5-GTGGAGCACCCAGGACCTGTA-3 55 500
R 5-AGGCGATGCACATCATCACAC-Y
CLDNI8 variant |-specific primers
F 5-CAGGATCATGTCCACCACCACA-3 &0 818
R 5-GCCCGTGCTGAGAGGTCTTAGA-Y
CLDN18 variant 2-specific primers
F 5-CGCTGTCCACTTGTCGTGTG-3 €5 880
R 5-TGAGCTCTCCGGGAGTTTCTTC-3
ACTB for conventional RT-PCR
F: 5-CTGTCTGGCGGCACCACCAT-Y 55 254
R 5 -GCAACTAAGTCATAGTCCGC-3
CLDNI 8 for quantitative RT-PCR
F: 5-GATCGTAGGCATCGTCCTGG-¥ €0 65
R: 5-GGATGCATTTCAGGGCAAAG-F
ACTB for quantitative RT-PCR
F. 5. TCACCGAGCGCGGCT-3 60 60

R 5-TAATGTCACGCACGATTTCCC-Y
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of the GC phenotypes: anti-MUCS5AC (Novocastra,
Newcastle, UK) as a marker of gastric foveolar epithe-
lial cells, anti-MUC6 (Novocastra) as a marker of
pyloric gland cells, anti-MUC2 (Novocastra) as a
marker of goblet cells in the small intestine and col-
orectum, and anti-CD10 (Novocastra) as a marker of
microvilli of absorptive cells in the small intestine and
colorectum.

Western blot analysis

For western blot analysis, cells were lysed as described
previously [14]. The lysates (40 pg) were solubilized
in Laemmli sample buffer by boiling and then sub-
jected to 12% SDS-polyacrylamide gel electrophoresis
followed by electrotransfer onto a nitrocellulose fil-
ter. Peroxidase-conjugated anti-rabbit IgG was used in
the secondary reaction. Immune complexes were visu-
alized with an ECL Western Blot Detection System
(Amersham Biosciences).

J Pathol 2006; 208: 633-642
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Immunohistochemistry

A Dako LSAB Kit (Dako, Carpinteria, CA, USA)
was used for immunohistochemical analysis. In brief,
sections were pretreated by microwave treatment
in citrate buffer for 15 min to retrieve antigenic-
ity. After peroxidase activity was blocked with 3%
HoOs—methanol for 10 min, sections were incubated
with normal goat serum (Dako) for 20 min to block
non-specific antibody binding sites. Sections were
incubated with the following primary antibodies: anti-
claudin-18 (diluted 1:100), anti-MUCSAC (1: 100),
anti-MUC6 (1:100), anti-MUC2 (1:100), and anti-
CD10 (1: 100). Sections were incubated with primary
antibody for 1 h at 25 °C, followed by incubations with
biotinylated anti-rabbit/mouse IgG and peroxidase-
labelled streptavidin for 10 min each. Staining was
completed with a 10-min incubation with the sub-
strate—chromogen solution. The sections were coun-
terstained with 0.1% haematoxylin.

Claudin-18 staining was classified according to the
percentage of stained cancer cells. Expression was
considered to be ‘down-regulation’ if less than 50%
(0-10%, 0; 10-50%, 1-+) of cancer cells were stained.
When at least 50% (50—80%, 2--; more than 80%, 3+)
of cancer cells were stained, the immunostaining was
considered ‘not down-regulated’.

Phenotypic analysis of GC

GC cases were classified into four phenotypes: gas-
tric (G) type, intestinal (I) type, gastric and intestinal
mixed (GI) type, and unclassified (N) type. The crite-
ria [15] for classification of G type and I type were
as follows. GCs in which more than 10% of the cells
displayed the gastric or intestinal epithelial cell phe-
notype were classified as G-type or I-type cancers,
respectively. Those sections that showed both gastric
and intestinal phenotypes were classified as GI type,
and those that lacked both the gastric and the intestinal
phenotypes were classified as N type.

Statistical methods

Correlations between clinicopathological parameters
and clandin-18 expression were analysed by Fisher's
exact test. Kaplan—Meier survival curves were
constructed for claudin-18-positive and claudin-18-
negative patients. Survival rates were compared
between claudin-18-positive and claudin-18-negative
groups. The differences in survival curves between
groups were tested for statistical significance by the
log-rank test [16]. p values of less than 0.05 were
considered statistically significant.

Results

Identification of down-regulated genes in GC
through analysis of SAGE data

To identify genes with decreased expression in GC,
we screened SAGE libraries. We compared tags from
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two GC SAGE libraries with those of a normal
stomach SAGE library and selected tags that were
down-regulated in the GC SAGE libraries. To exclude
tags generated by sequencing errors, we selected
only tags that occurred at least twice in the nor-
mal stomach SAGE library. Down-regulated genes
in the GC libraries included ADAMTSI6, KNSLS,
and KIFC3. We then investigated the expression of
the candidate down-regulated genes listed in Table 1
by conventional RT-PCR analysis in eight GC cell
lines (representative results are shown in Figure 1A).
In this screening process, we found that expression
of CLDNI8 was abolished in six of eight GC cell
lines; however, the other genes listed in Table 1 were
expressed in almost all GC cell lines. Thus, we decided
to investigate CLDNI18 expression in GC tissues. We
next investigated the expression of CLDNI8 in 23 GC
tissue samples and 23 corresponding non-neoplastic
mucosa samples by quantitative RT-PCR, Of the 23
GC cases, expression of CLDNJ8 was down-regulated
in 13 (56.5%) (Figure 1B).

Expression of CLDN/8 variant | and variant 2 in
non-neoplastic tissues and GC tissues

CLDNI8 has been reported to have two variants in
mice. We first investigated tissue specificity of the
expression of CLDNI8 mRNA variants. The con-
ventional RT-PCR primers that we used for the first
screening amplified exons 3-5 and this allowed ampli-
fication of both variants 1 and 2 (Figure 2). As shown
in Figure 2, variant-specific primers were designed.
The cDNA of variant I was PCR-amplified in nor-
mal lung and that of variant 2 was PCR-amplified in
normal stomach. The amplified cDNA of each vari-
ant was subcloned into pCR2.1. Sequencing analysis
confirmed that the inserted PCR fragments obtained
from each sample represented each variant, indicating
that each variant-specific primer amplified each variant
(data not shown). These vectors containing CLDNIS8
variant 1 and variant 2 served as positive controls for
RT-PCR analysis.

We next investigated CLDNI8 expression in 14
non-neoplastic organs (Figure 3A). CLDN18 variant 1
was expressed only in normal lung, whereas CLDNI8
varant 2 was expressed in normal stomach and
duodenum. Expression of CLDNI8 variant 2 was
observed in three of ten GC samples (Figure 3B),
whereas the remaining seven samples showed weak or
no expression of variant 2. All ten corresponding non-
neoplastic gastric mucosa samples expressed CLDNIS
variant 2. CLDNI8 variant 1 was not expressed
in any GC or corresponding non-neoplastic mucosa
samples. These results indicate that the quantitative
RT-PCR data represented CLDNI8 variant 2 and that
specifically CLDNI8 variant 2 was down-regulated
in GC. In GC cell lines (Figure 3C), expression
of CLDNI8 wvariant 2 was detected in MEKN-45
and MKN-74 cell lines. CLDNI8 variant 1 was not
expressed in any of the GC cell lines that we studied.
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Figure 1. CLDN/8 is down-regulated in GC. (A) Conventional RT-PCR analysis of candidate genes in eight GC cell lines. Expression
of CLDN 8 was not detected in six of eight GC cell lines. The remaining genes were expressed frequently. (B} Quantitative RT-PCR
analysis of CLDN18 in GCs and corresponding non-neoplastic mucosa. Fold-change indicates the ratio of CLDNI8 mRNA fevel in
GC (T) to that in corresponding non-neoplastic mucosa (N). Expression of CLDN/8 was reduced (T/N < 0.5} in 13 (56.5%) of 23

GC cases

Expression and localization of claudin-18 in
neoplastic and non-neoplastic human tissues

We observed down-regulation of CLDNI8 variant 2 in
GC tissues; however, the expression pattern and dis-
tribution of claudin-18 protein in GC remain unclear.
To address this issue, we performed immunostaining
of claudin-18. We first tested the specificity of the
anti-claudin-18 antibody. Western blotting of Iysates of
eight GC cell lines (Figure 3D} was performed and the
anti-claudin-18 antibody detected an approximately 29
kD band on western blots of MEN-45 and MKN-
74 cell extracts. These results are consistent with the
RT-PCR data for CLDNI8 variant 2. The anti-clandin-
18 antibody recognizes both clandin-18 variant 1 and
variant 2 (Figure 2), but our RT-PCR indicated that
only CLDNI8 variant 2 is expressed in GC cell lines,
GC, and corresponding non-neoplastic mucosa. Thus,
this anti-claudin-18 antibody should recognize only
claudin-18 variant 2 in these samples. Immunostain-
ing of GC cell lines revealed that claudin-18 was
present in cell membranes of MKN-45 but not MKN-
28 cells (Figure 3E). Taken together, these data show
that this anti-claudin-18 antibody specifically recog-
nizes claudin-18 protein.

We next performed immunostaining of claudin-18
in non-neoplastic stomach and duodenum because RT-
PCR revealed obvious CLDNI8 variant 2 expression
in these tissues. In non-neoplastic gastric mucosa, all
epithelial cells (foveolar, endocrine, parietal, and chief
cells) expressed claudin-18 along the cell membrane
but not in the cytoplasm (Figures 4A and 4B). In

—129—

the duodenum, claudin-18 was expressed in Paneth
cells (Figure 4C). Clandin-18 expression was lost in
some of the intestinal metaplasia of the stomach
(Figure 4D). Stromal cells showed weak or no staining
of clandin-18.

In neoplastic lesions, most adenomas (18/20, 90.0%)
of the stomach did not express claudin-18. In GC tis-
sues, down-regulation of claudin-18 was observed in
both well (Figure 4E) and poorly (Figure 4F) differ-
entiated GC. Some signet ring cell carcinoma cells
were positive for clandin-18 (Figure 4G). Membra-
nous immunostaining of claudin-18 was also observed
in single GC cells in several poorly differentiated
GCs (Figure 4H). Some GCs showed heterogeneity
of immunostaining of claudin-18, but a tendency for
down-regulation of clandin-18 at the invasive front
was not observed. Of 146 GC cases, down-regulation
of claudin-18 was observed in 84 (57.5%) cases
(0, 63 cases; 1+, 21 cases; 2+, 45 cases; 34+, 17
cases). We analysed the relationship of claudin-18
down-regulation to clinicopathological characteristics.
Down-regulation of claudin-18 was not correlated with
T grade, N grade, tumour stage, or histological type
(Table 3). However, patients with GC showing down-
regulation of claudin-18 had a significantly worse sur-
vival rate than patients with normal claudin-18 expres-
sion (p = 0.0346, log-rank test) (Figure 41).

Claudin- 8 is down-regulated in GC with the
intestinal phenotype

We further investigated the association between
claudin-18 expression and gastric/intestinal phenotype

J Pathol 2006; 208: 633—-642
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Figure 2. Schematic representation of human CLDN!8 transcript variants. CLDN/8 contains two kinds of exons (exon la and
exon 1b). Arrows indicate locations of the primers used for RT-PCR analysis. The antibody recognition site is present within the
region encoded by exons 3—4
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Figure 3. Expression of CLDN/8 variants | and 2 in GC tissues and GC cell lines. {(A) Conventional RT-PCR analysis of CLDN/8
variants | and 2 in 14 non-neoplastic organs. CLDNI8 variant | was expressed only in normal lung, whereas CLDN{8 varfant
2 was expressed in normal stomach and duodenum. CLDNI8 variant 2 was expressed in all five samples of corresponding
non-neoplastic gastric mucosa. Plasmids containing CLDN/8 varfant | ¢DNA and CLDNI8 variant 2 ¢cDNA served as positive
controls. (B) Conventional RT-PCR analysis of CLDNI8 variants | and 2 in GC and corresponding non-neoplastic gastric mucosa.
In GC samples, obvious CLDN18 variant 2 expression was observed in cases 4, 5, and 10. All ten corresponding non-neoplastic
gastric mucosa expressed CLDN/8 variant 2. CLDN!8 variant | was not expressed in GC and corresponding non-neoplastic
mucosa. (C) Conventional RT-PCR analysis of CLDN/8 variants | and 2 in GC cell lines. CLDN!8 variant 2 was expressed in
MKN-45 and MKN-74 cell lines. (D)} Western blot analysis of claudin-18 with anti-claudin-18 antibody. An approximately 29 kD
band is present in MKN-45 and MKN-74 cells, (E) Immunostaining of claudin-18 in GC cell lines. In MKN-45 cells, claudin- 18 was
focated to the cell membrane. Claudin-18 was not detected in MKN-28 cells

expression because claudin-18 was down-regulated
in intestinal metaplagia of the stomach. Gastric
and intestinal markers were detected in 56 of
146 (39.99%) cases for MUCSAC, 12 (8.4%) cases
for MUCS6, 53 (36.4%) cases for MUC2, and
16 (11.9%) cases for CDI10. In some GC cases
showing the intestinal phenotype, down-regulation
of claudin-18 was observed (Figures 5A-3C), and
in several GC cases with the gastric phenotype,
claudin-18 expression was detected (Figures 5D—5F).
However, even in gastric phenotype GC, clandin-18

J Pathol 2006; 208: 633642

was expressed in GC cells that did not express
MUCSAC and MUCS6 (Figures SD-35F). In addition,
there were several GC cases without the gastric
phenotype that showed claudin-18 expression and
several GC cases without the intestinal phenotype that
did not express claudin-18. In total, there was no
clear relationship between expression of claudin-18
and the four gastric/intestinal markers tested (Table 4).
On the basis of the expression of these four markers,
we classified the 146 GC cases phenotypically as 32
(224%) G type, 49 (25.9%) I type, 27 (19.6%) GI
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Figure 4. Immunohistochemical analysis of claudin- 18 in non-neoplastic stomach and duodenum and in GC tissues. In the stomach
(A, B), claudin- 18 was detected in all cell membranes. In duedenum (C), only Paneth cells expressed claudin-18. In some intestinal
metaplasia of the stomach (D), claudin- 18 was not expressed. In GC tissues, down-regulation of claudin-|8 was observed in some
well (E} and poorly (F) differentiated GCs. Signet ring cell carcinoma cells (G) were positive for claudin-18. Single GC cells in
poorly differentiated GC (H) expressed claudin-18. (I) Prognostic value of claudin-18 staining. The survival of patients with GCs
showing down-regulation of claudin-18 was significantly worse in the group of 65 patients with advanced GC (p = 0.0346, log-rank
test). Original magnification: (A} x 100; (B, G, H) »x400; {C) x 1000; (D—F) %200
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type, and 38 (32.2%) N type. Down-regulation of
claudin-18 was observed more frequently in I-type GC
than in other (G, GI, and N) GC types (Figure 5G).

Discussion

Genes whose expression is down-regulated in can-
cer may be tumour suppressor genes. Previously, five
SAGE studies of GC have been reported, and several
up-regulated and down-regulated genes were identified
(3,10,17-19]. A combination of SAGE library screen-
ing and RT-PCR in the present study revealed that
CLDNI18 is down-regulated in GC. Down-regulation
of claudin-18 was observed in some intestinal meta-
plasias and adenomas, suggesting that this change
occurs at an early stage of stomach carcinogenesis.
GCs are often classified histologically into well and
poorly differentiated types on the basis of glandular
structure. Several lines of evidence have suggested
that intracellular molecules play important roles in
histclogical type-specific carcinogenesis. E~cadherin, a
component of adherence junctions, is not expressed in
poorly differentiated GCs [20,21]. It has been reported
that claudins 1, 3, 4, and 7, and ZO-1, are strongly
expressed in most well-differentiated GCs but less
frequently in poorly differentiated GCs [19,22]. In
the present study, there was no association between
claudin-18 expression and histological type. Therefore,
down-regulation of claudin-18 is associated with both
well and poorly differentiated GC, and it is likely that
claudin-18 expression does not participate in glandular
differentiation of GC.

In contrast, I-type GC showed frequent down-
regulation of claudin-18 in the present study. In fact,
CLDNI& variant 2 was not expressed in the colon,
and in the duodenum, claudin-1§ was expressed only
in Paneth cells. Down-regulation of claudin-18 may
be involved in expression of the intestinal pheno-
type in GC. Expression of the gastric and intesti-
nal phenotypes has been studied mainly according to

Table 3, Relationship between claudin-18 protein expression
and clinicopathological characteristics in GC

Claudin-18 expression

Y Sanada et al

mucin expression. Several molecules, such as liver-
intestine cadherin (Li-cadherin) [23] and regenerating
gene type IV (Reg IV) [24], have been reported to
be associated with gastric/intestinal phenotype expres-
sion in GC. In addition to mucin expression, it appears
that other molecules including claudin-18 are likely
involved in expression of the gastric and intestinal phe-
notypes of GC, and give biological behaviour of GC.
In the present study, down-regulation of claudin-18
correlated with poor survival, suggesting that down-
regulation of claudin-18 may contribute to the malig-
nant behaviour of GC. On the other hand, MUC?2
expression has been reported to be associated with a
favourable prognosis in GC [25,26]. Similar results
have been reported [15]. Because down-regulation
of claudin-18 occurred frequently in I-type GC, it
is reasonable to speculate that GC showing down-
regulation of claudin-18 is associated with favourable
survival. However, 17 of 32 G-type GC cases showed
down-regulation of claudin-18, indicating that down-
regulation of claudin-18 does not occur only in I-type
GC and thus, GC showing down-regulation of claudin-
18 has several different characteristics from I-type GC.

The biological function of claudin-18 is poorly
understood. In addition, little is known about the sig-
nificance of dysregulation of tight junction proteins in
human cancers (discussed in ref 5). The function of
the tight junction is maintenance of a luminal barrier,
paracellular transport, and signal transduction. Disrup-
tion of tight junctions can cause loss of cell polar-
ity, resulting in an abnormal influx of growth factors,
which could provide auto- and paracrine stimulation to
tumourigenic epithelial cells. Because claudin-18 vari-
ant 2 is expressed only in normal stomach and Paneth
cells of the duodenum, dysfunction of tight junctions
caused by down-regulation of claudin-18 may lead
to an abnormal influx of stomach- or Paneth cell-
related growth factors. In ovarian cancer, clandin-3
and claudin-4 proteins are highly overexpressed [27]
and overexpression of these claudins increases cell
invasion and motility [28]. In colon cancer, increased

Table 4. Relationship between claudin-|8 protein expression
and gastric/intestinal markers in GC

Claudin-18 expression

Down- Not down-
regulated regulated p value* Reduced Preserved p value*
T grade MUCSAC
Tl 35 (61.4%) 22 04950 Positive 28 (50.0%) 28 0.1700
T2/314 49 (55.1%) 40 Negative 56 (62.2%) 34
N grade MUCS
NO 48 (60.0%) 32 06140 Positive 4(33.3%) 8 0.1248
N1/2/3 36 (54.5%) 30 Negative 80 (59.7%) 54
Stage MUC2
I 60 (59.4%) 4] 0.5870 Positive 29 (54.7%) 24 0.606%
mav 24 (53.3%) 21 Negative 55 (59.1%) 38
Histalogy CDio
Well differentiated 52 {59.8%) 35 0.6090 Positive 12 (75.0%) 4 0.1821
Poorly differentiated 32 (54.29) 27 Negative 72 (554% 58

* Fisher's exact test.

J Pathol 2006; 208: 633-642

* Fisher's exact test.
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Figure 5. Expressien of GC phenotype. In I-type GC (A-C), neither claudin-18 {A) nor MUCSAC (B) was detected by
immunohistochemical staining. Expression of CD10 (C) was observed. In G-type GC (D~F), claudin-18 (D) was detected in GC
cell membranes. MUCS5AC was also expressed in this case, but many claudin-18-pasitive GC cells did not express MUCSAC
{E). MUCS6 expression was not found in this case (F), (G) Summary of claudin- I8 expression and expression of GC phenotype.
Down-regulation of claudin-18 occurred more frequently in I-type GC than in other (Gl, G, and N} GC types (p = 0.0224, Fisher’s

exact test). Original magnification: x 100

expression of claudin-1 has been reported and changes
in claudin-1 expression have significant effects on
the growth of xenografted tumours and metastasis in
athymic mice [29].

Whether the CLDNIS gene is a tumour suppressor
or not remains to be determined. It has been reported
that Sox2, an HMG-box gastric transcription factor,
may play an important role in maintaining the gastric
phenotype in GC as well as normal stomach [30,31].
Thus, Sox2 may induce CLDNI§ variant 2 expression.
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In the present study, we investigated only CLDNI8
gene expression in GC tissue samples: the remaining
genes listed in Table 1 were not investigated in these
samples because these genes were expressed in almost
all GC cell lines. Further studies of these genes should
be performed in the near future.

In summary, our data show that expression of
CLDN18 variant 2 is down-regulated in GC and that
this reduced expression correlates with poor survival
in patients with GC. Because claudin-18 is frequently

| Pathol 2006; 208: 633-642
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down-regulated in I-type~GC, loss of claudin-18 may
be a key factor mediating the biological behaviour of
I-type GC.
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h-prune, which has been suggested to be involved in cell migration, was identified as a glycogen synthase
kinase 3 (GSK-3)-binding protein. Treatment of cultured cells with GSK-3 inhibitors or small interfering RNA
(siRNA) for GSK-3 and h-prune inhibited their motility. The kinase activity of GSK-3 was required for the
interaction of GSK-3 with h-prune. h-prune was localized to focal adhesions, and the siRNA for GSK-3 or
h-prune delayed the disassembly of paxillin. The tyrosine phosphorylation of focal adhesion kinase (FAK) and
the activation of Rac were suppressed in GSK-3 or h-prune knocked-down cells. GSK-3 inhibitors suppressed
the disassembly of paxillin and the activation of FAK and Rac. Furthermore, h-prune was highly expressed in
colorectal and pancreatic cancers, and the positivity of the h-prune expression was correlated with tumor
invasion. These results suggest that GSK-3 and h-prune cooperatively regulate the disassembly of focal
adhesions to promote cell migration and that h-prune is useful as a marker for tumor aggressiveness.

The serine/threonine kinase glycogen synthase kinase 3
{GSK-3) was first described for a metabolic pathway for gly-
cogen synthase regulation that is sensitive to insulin-mediated
inhibition (35). GSK-3 has subsequently been shown to regu-
late several physiological responses, including protein synthe-
sis, gene expression, subcellular localization of proteins, and
protein cdegradation, in mammalian cells by phosphorylating
many substrates (3, 9, 16). There are two members of GSK-3a
and GSK-3B in mammals (49). GSK-3 is highly conserved
through evolution and plays a fundamental role in cellular
responses. For example, there are four genes, MCKI, MDS1/
RIMII, MRKI, and YOLI28¢c, which encode homologs of
mammalian GSK-3 in Saccharomyces cerevisiae. Mckl stabi-
lizes Rogl (1) and stimulates gene expression by Msn2 in
yeasts (19).

To understand the molecular mechanism by which GSK-3
recognizes specific target substrates, we have tried to isolate
proteins that bind to GSK-3. So far, we have identified Axin,
Axil, and AKAP220 as GSK-3B-binding proteins (21, 43, 52).
Axin binds 10 not only GSK-3 but also B-catenin, APC, and
Dvl, all of which are important components in the Wnt signal-

_ing pathway (25, 48). In the Axin complex, GSK-3 phosphor-
.ylates B-catenin, APC, and Axin efficiently (21, 27) and thereby
induces ubiquitination of B-catenin, leading to its degradation.
Axil has characteristics similar to those of Axin (52). AKAP220
binds to not only GSK-3 but also cyclic AMP (cAMP)-depen-
dent protein kinase and protein phosphatase 1 (43). The phos-
phorylation and dephosphorylation of GSK-3 occur efficiently
in the AKAP220 complex. Therefore, GSK-3 may exhibit dif-
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ferent functions and regulation depending on its binding part-
ners.

Evidence that GSK-3 regulates cellular architecture in neu-
ronal cells has been accumulated {5, 24). Two microtubule-
associating proteins, Tau and MAPIB, are phosphorylated by
GSK-3, which regulates their binding to microtubules, thereby
modulating microtubule dynamics. An inactive pool of GSK-3
has been found to be localized at the leading edge of the cells
alongside F-actin, and semapholin 3A and lysophosphatidic
acid activate GSK-3, causing growth cone collapse and neurite
retraction (10). GSK-3 mediates Par6-PKC{-dependent pro-
motion of polarization and cell protrusion in astrocytes (11).
Furthermore, GSK-3 phosphorylates CRMP2 1o specify the
fate of axons and dendrites (34). GSK-3 has also been shown to
be involved in signaling activated by cell adhesion in nonneu-
ronal cells (23, 37). The formation of extending lamellipodia in
migrating keratinocytes is blocked by GSK-3 inhibitors (29).
The initiation and stimulation of sperm motility are accompa-
nied by the inactivation of GSK-3 (41). Although these results
suggest that GSK-3 is involved in the dynamics of actin fila-
ments and microtubules, how the GSK-3 activity is linked to
molecules involved in cell migration is not clearly understood.

The human homeolog of Drosophila prune protein (h-prune)
belongs to the DHH superfamily of phosphodiesterases
{PDE), which have cytoplasmic cyclic nucleotide phosphodies-
terase activity (8). Overexpression of h-prune in cultured cells
is involved in promoting cellular motility, and inhibition of
PDE activity by a PDE inhibitor suppresses h-prune-induced
motility (8). Consistent with these observations, overexpres-
sion of h-prune in breast cancer is correlated with cancer
progression and aggressiveness (35). However, the molecular
mechanism by which h-prune regulates cell motility remains to
be defined.

To understand the molecular mechanism by which GSK-3
regulates cell migration, we screened new GSK-3-binding pro-
teins. Here, we identified h-prune as a GSK-3-binding protein.
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Knockdown of GSK-3 and h-prune by small interfering RNA
{siRNA) suppressed cell migration. h-prune formed a complex
with paxillin and vinculin at focal adhesions. Loss of activity of
GSK-3 or knockdown of GSK-3 and h-prune inhibited the
disassembly of paxillin, the tyrosine phosphorylation of focal
adhesion kinase (FAK), and the activation of Rac. These re-
sults indicate that GSK-3 and h-prune cooperatively regulate
the disassembly of focal adhesions to regulate cell migration.

MATERIALS AND METHODS

Materials and chemicals, Heba S3 and C57MG cells were provided by K.
Matsumoto {Nagoya University, Nagoya, Japan) and S. Takada (National Insti-
tutes of Natural Sciences, Okazaki, Japan), respectively, Human GSK-3p cDNA
was provided by J. R. Woodget: (Ontario Cancer Institute, Toronto, Canada).
Recombinant baculoviruses expressing glutathione S-transferase (GST)-fused
h-prune wild type (WT) were generated by Y. Matsuura (Osaka University,
Suita, Japan). Paxillin cONA and pGEX-aPAK-CRIB were provided by H. Sabe
(Osaka Bioscience Institute, Osaka, Japan) and K. Kaibuchi (Nagoya University,
Nagoya, Japan), respectively. Green fluorescent protein (GFP)-1agged Super-
FAK (the K578E/KS81E mutant) was provided by M. D. Schalter (University of
North Carolina, Chapel Hill, NC) (15). HeLa 83 cells stably expressing h-prune
(WT) or amino acid region 199 to 453 of h-prune [h-prune(199-453)] were
generated by selection with G418. NIH 3T3 and HeLa $3 celis stably expressing
GFP-paxillin were generated by selection with puromycin. The anti-Myc anti-
body was prepared from 9E10 cells. The anti-k-prune antibody was prepared in
rabbits by immunization with recembinant h-prune(199-453) proteins. siRNA
duplexes used were as follows: human GSK-3a (sense), 5'-GAAGGUUCUCC
AGGACAAGTT-3'; human GSK-38 {(sense), 5-AGUUAGCAGAGACAAGG
ACTT-3": mouse GSK-3R (sense), 5-GAAGUCUAGCCUAUAUCCATT-3";
h-prune (sease}, 5'-GGCGUCAAGGUGGCCAUUATT-3"; and human casein
kinase fa (CKlx) (sense), 3'-CCAGGCAUCCCCAGUUGCUTT-3', Other ma-
terials were from commercial sources.

Plasmid construction. pCGN/GSK-3B (WT), pCGN/GSK-3p K85M, pCGN/
GSK-3B K85R, pCGN/GSK-3B Y216F, pCGN/GSK-3B $9A, and pGEX-4T/
GSK-3p (WT) were conssructed as previously described (21, 43). Standard re-
combinant DNA techniques were used 1o construct the following plasmids:
pEF-BOS-Myc/h-prune (WT), pEF-BOS-Myc/h-prune(1-332), pEF-BOS-Myc/
h-prune(199-453), pEF.BOS-Myc/h-prune(333-453), pGEX-6P/h-prune (WT),
pV-IKSA-prune {WT), pAd-CMV-Myc/h-prune {WT), and pRSETA/GSK-3
(WT).

Cell culture, COS, NIH 3T3, and Hela S3 cells were grown in Dulbecco’s
modified Eagle's medium supplemented with 1095 calf serum and 10% fetal
bovine serum (FBS). C57MG cells were grewn in Dulbecco’s modified Eagle's
medium supplemented with 109 FBS and 10 pe/ml insulin. SW480 and CHO
cells were grown in RPMI medium and Ham’s F-12 medium supplemented with
109 FBS, respectively. When necessary, the cells were treated with 3 to 10 pM
$B216763 for 4 h or 10 to 30 mM LiCi for 12 b or transfected with the siRNA
for GSK-3f or h-prune.

Celt migration assay. To measure the cell migration activity, Transwell and
wound-healing assays were performed. The Transwell cell migration assay was
periormed using a modified Boyden chamber (tissue culture ireated, 6.5-mm
diameter, 10-pm thickness, 8-um pores; Transwell} (Costar, Cambridge, MA) as
described previcusly (20, 32). The haptotactic migration assay was done by
coating only the lower surface of the polycarbonate membrane with 10 ug/ml
collagen or fibronectin, whereas the random migration assay was done by coating
both the upper and lower surfaces of the membrane with 0.1 pg/ml collagen.
Hela S3, SW480, and CHO cells (2.5 % 10 cells) and NIH 313 eelis (2.5 % 16°
cells) suspended in serum-free medium contzining 0.1%0 bovine serum atbumin
with or without inhibitoss were applied 1o the upper chamber and allowed to
migrate to the lower side of the upper chamber for 2 to 12 h. The numbers of the
cells that migrated 10 the lower side of the wpper chamber were counted, and
relative cell migration was expressed as the percentage of migrated cells with
freatment compared to those without treatment.

To carzry out the wound-healing assay, Hela 83, C57MG, NIH 3T3, and
S$W480 cells were plated onto collagen- or fibronectin-coated coversiips. The
monolayer cells were then scratched manually with a plastic pipette tip, and after
being washed with phosphate-bufiered saline, wounded monolayers of the cells
were allowed to heal for 12 to 24 h,

Immunohistochemistry, The immunocytochemical analyses of the culiured
cells were performed as described previously (51) except that the cultured cells
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were simultaneously fixed and permeabilized with phosphate-buffered saline
containing 3.7% paraformaldehyde and 0.5% Triton X-100. The immunohisto-
chemical analyses of paraffin-embedded tissues from patients were performed as
previously described (30). The sections were counterstained with 0.1% hema-
toxylin. A resuft was considered positive when more than 50% of the cells were
stained.

Clinicopathological analyses of h-prune. For immunohistochemical analyses,
we used archival formalin-fixed, paraffin-embedded tissues from 134 patients
who had undergone suegical excision for cotorectal cancer (adenocarcinoma) (n
= 092} or pancreatic cancer (ductal adenocarcinoma) (n = 42). Tumor staging
was carried out according to the TNM staging system (40}, The procedure 10
proteci privacy was in accordance with the Ethical Guidelines for Human Ge-
nome/Gene Research enacted by the Japanese government. Correlations be-
tween clinicopathologic parameters and h-prune expression were analyzed by
Fisher's exact test, P values less than 0.05 were considered statisticalty significant.

Live imaging of adhesion and lameHipodia. The dynamics of GFP-paxitlin of
the scratched monolayer cells were quantified as described previously (14, 46).
Fluorescence intensities of individual adhesions from background-subtracted
images were measured over time using MetaMorph software (Universal Imaging
Corporation, Downingtown, PA). For rate constant measurements, periods of
disassembly (decreasing fluorescence intensity) of adhesions containing GFP-
paxillin were plotted on separate semilogarithmic graphs repeesenting fluores-
cence intensity ratios over time. Semilogarithmic plots of fluorescence intensities
as a function of time were generated using the formula In {Iy1) for disassembly,
where I, is the initial fluorescence intensity ard I is the fluorescence intensity at
various time points. The slopes of linear regression tread lines fitted 10 the
semilogarithmic plots were then calculated to determine apparent rate constants
of disassembly. For each rate constant, measurements were made on at least 10
individual adhesions in five separate cells. For lamellipodium formation, images
were captured at 5-min intervals for 60 min. The average arca of protrusion
(pm®) per 5-min interval was calculated. Measurements were made with at least
five separate cells (7).

Others. Yeast two-hybrid screening was carried out as previously described
(21, 52). Immunoprecipitation assays and RNA interference (RNAJ) were per-
formed as described previously (18, 51). The GSK-3 activity was assayed by the
use of synthetic peptides as substrates (21, 43). The PDE activity of HeLa 83 cells
was assayed using [PH]cAMP as a substrate (44). Activation of Rac was assayed
using GST-CRIB (2},

RESULTS

Involvement of GSK-3 in cell migration, First, we examined
the involvement of GSK-3 in cell motility using a Transwell
migration assay. Hel.a 33 cells migrated over both collagen
and fibronectin (Fig. 1A). LiCl, which is known to inhibit
GSK-3 activity (28, 42), reduced the migration of Hela 83
cells, but NaCl did not affect the migration (Fig. 1A).
SB216763, which is another GSK-3 inhibitor, also suppressed
the migration (Fig. 1A). CHO cells migrated over fibronectin
but not collagen, and LiCl reduced the migration (Fig. 1B).
Overexpression of wild-type GSK-3p or a constitutively active
form of GSK-3B did not affect cell migration (data not shown),
indicating that GSK-3 is not a limiting factor for migration.

We depleted endogenous GSK-3 in Hel.a 53 cells by RNAi
to find whether GSK-3 is definitively involved in the regulation
of cell migration. An siRNA for GSK-3f or GSK-3a reduced
the respective levels but not the levels of vinculin and CKla
{Fig. 1C). A single-stranded sense oligonucleotide for GSK-3§
or siRNA for CKla did not affect the protein levels of GSK-3p
and GSK-3a (Fig. 1C). A decrease of either GSK-3p or
GSK-3a but not CKla inhibited the migration of Hel.a 83 cells
(Fig. 1C). Since these assays were done by coating the lower
surface of the membranes with substrates, these results indi-
cate the involvement of GSK-3 in haptotaxis. Random migra-
tion was measured by coating both the upper and lower sur-
faces of the membrane with the substrates. Inhibition of
GSK-3 also suppressed the random migration of HeLa S3 cells



900 KOBAYASHI ET AlL. MoL. CELL. BioL.

CHO - Fibronectin

Hela 83 - Collagen

Hela S3 - Fibronectin B

B

$100 100p et
5 i 05 i
P 2% s0iff
£% soff 50 FS0N
o - rBEERS B = :
>~ 9@‘5“@\@ \>\>o.,_,,9 0
o Y &*‘@‘s\oé@‘* B o
A LETETOTT VaN g¥ RS
Hela S3
C HeLa S3 - siRNA ! Collagen Fibronectin_ D HeLa S3 - Collagen
1 _loorg
g z
c £
S gt
- -t
£5 £k
i C=

FIG. 1. Involvement of GSK-3 in cell migration. (A) Hel.a 83 cells treated with the indicated inhibitors were subjected to the Transwelt
migration assay. (B) CHO cells treated with NaCl or LiCl were subjected to the Transwell migration assay. (C) Left panel, the lysates of HeLa
S3 cells transfected with the indicated siRNAs were probed with the indicated antibodies. Right panel, HeLa 53 cells transfected with the indicated
siRNAs were subjected to the Transwell migration assay. A single-strand RNA for GSK-38 was used as a control. (D) HeLa 83 cells treated with
S$B216763 were subjected to the random migration assay. The results shown are means = standard errors of the means from four independent
experiments. DMSO, dimethyl sulfoxide; Na, NaCl; Li, LiCl; SB, SB216763; no treat, no treatrnent.

(Fig. 1D). Therefore, GSK-3 is involved in both haptotactic
and random migration. In the following experiments, we used
a haptotactic assay. Inhibition of GSK-3 by LiCl in CHO cells
and reduction of GSK-3p by RNAI in Hel.a S3 ceils did not
inhibit cell adhesiveness {data not shown).

Identification of h-prune as a GSK-3-binding protein, To
identify GSK-3-binding proteins that are involved in cell mi-
gration, we screened a human brain ¢DNA library using the
yeast two-hybrid method. A 1.8-kb ¢DNA insert was found to
carry a sequence containing an open reading frame for h-prune
(Fig. 2A). h-prune belongs to the DHH family and exhibits
PDE activity, and overexpression of h-prune enhances cel
migration, which is inhibited by the suppression of its PDE
activity (8).

Reciprocal immunoprecipitation analyses showed that
GSK-3p and h-prune formed a complex at the endogenous
level in HeLa 53 cells (Fig. 2B). GSK-3« also formed a com-
plex with h-prune (Fig. 2B). In vitro binding studies using

recombinant proteins demonstrated that GSK-3p bound di-
rectly to h-prune (Fig. 2C). Amino acid region 333 to 453 of
h-prune was necessary and sufficient for the complex formation
with GSK-3p in intact cells (Fig. 2D). Treaiment of HeLa S3
cells with GSK-3 inhibitors decreased the formation of a com-
plex between GSK-3p and h-prune (Fig. 2E). Furthermore,
GSK-3B kinase-inactive mutants (the K85M, K85R, and
Y216F mutants) did not form a complex with h-prune under
the conditions in which wild-type GSK-3p and a constitutively
active GSK-3f mutant (89A) did (Fig. 2F). These results in-
dicate that the kinase activity of GSK-3 is required for its
interaction with h-prune in intact cells. GSK-3 did not phos-
phorylate h-prune in vitro, and SB216763 did not affect the
phosphorylation of h-prune in intact cells, where *°P was met-
abolically labeled (data not shown). h-prune does not possess
the typical consensus sequences for phosphorylation by GSK-3.
Therefore, it is unlikely that h-prune is a substrate of GSK-3.

The kinase activity of GSK-3 in the h-prune immune com-

FIG. 2. Interaction of h-prune with GSK-3. (A) Schematic representation of the deletion mutants of h-prune vsed in this study. {(B) The lysates
of HeLa 33 cells (lanes 1 and 6) were immunoprecipitated with anti-GSK-3p or anti-h-prune antibody, and the immunoprecipitates were probed
with the indicated antibodies (lanes 3, 5, and 8). The immunoprecipitates formed with anti-Myc and anti-GFP antibodies were used as controls
(lanes 2, 4, and 7). GSK-3c/B Ab is an antibody that recognizes both GSK-3a () and GSK-3B (B). (C) Recombinant His,-GSK-3B, GST-h-prune,
and GST (0.5 g of protein) were stained with Coomassie brifliant blue (lanes 1 to 3). After 0.4 pM His,~GSK-3B was incubated with 0.5 pM
GS8T-h-prune or GST immobilized on glutathione-Sepharose in 100 i of reaction mixture (20 mM Tris/HCI, pH 7.3, and 1 mM dithiothreitol) for
1 h at 4°C, GST-h-prune and GST were precipitated by centrifugation, and then the precipitates were probed with the anti-Hisg antibody (lanes
4 10 6). (D) The lysates of COS cells expressing the deletion mutants of Myc-h-prune were probed with anti-GSK-38 or anti-Myc antibody (lanes
1 to 5). The same lysates were immunoprecipitated with anii-Myc antibody, and the immunoprecipitates were probed with the indicated antibodies
(lanes 6 to 10). (E) HeLa 83 cells treated with 10 pM $B216763 or 30 mM LiCl were lysed, and the lysates were probed with anti-GSK-3B or
anti-h-prune antibody (lanes 1 to 4). The same lysates were immunoprecipitated with anti-GSK-33 (lanes 3 to 6) or anti-h-prune antibody (lanes
7 to 10), and the immunoprecipitates were probed with the indicated antibodies. The lower bands detected by anti-h-prune antibody in Fig. 2B
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and E are nonspecific bands. (F) The lysates of COS cells expressing HA-GSK-3p mutants and Mye-h-prune were probed with anti-HA or
anti-Myc antibody (lanes 1 to 7). The same lysates were immunoprecipitated with anti-Myc antibody, and the immunoprecipitates were probed with
the indicated antibodies (lanes § to 13). (G) Left panel, the kinase activity of GSK-3 in the immunoprecipitates from HelLa 83 cells with
anti-h-prune antibody was measured in the presence or absence of SB216763 in vitro. Right panel, the lysates of HeLa §3 cells expressing
Myc-h-prune were immunoprecipitated with anti-Myc or anti-HA antibody, and the immunoprecipitates were probed with anti-GSK-3 antibody
and the phospho-specific antibody to GSK-3B Tyr216 (pY216-GSK-3B). (H) The PDE activity of h-prune in HeLa $3 cells was measured after
treatment with SB216763 in intact cells or with IBMX in vitro. (I} After HeLa S3 cells were treated with 10 M dipyridamole for 4 h, h-prune was
immunoprecipitated from the lysates and the immunoprecipitates were probed with anti-GSK-3@ and anti-h-prune antibodies. HA, hemagglutinin
1P, immunoprecipitation; Ab, antibody; SB, $B216763; Dip, dipyridamole; Ig, immunoglobulin; DMSO, dimethy] sulfoxide; no treat, no treatment;

Mock, control.
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