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IQGAP1, a negative regulator of cell-cell adhesion, is upregulated by gene
amplification at 15q26 in gastric cancer cell lines HSC39 and 40A
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Abstract Our previous comparative genomic hybridization
(CGH) study revealed a novel amplified region at 15q26 in
two cell lines established from diffuse types of gastric cancer
(GC). In this amplified region, FES and IGF1R, known
targets on 15q26, were located telomeric to the amplicon in
the two cell lines, HSC39 and 40A, suggesting that another
tumor-associated gene exists in this region. While screening
expressed sequence tags (ESTs) for novel genes in this
region, we identified the IQGAP1 amplification. IQGAP1
has been reported to encode a ras GAP-related protein, and
its interaction with cadherin and/or â-catenin induces a dis-
sociation of â-catenin from the cadherin-catenin complex,
one of the mechanisms for cell-cell adhesion. Northern
and Western blot analyses revealed that amplification
of this gene was accompanied by corresponding increases
in mRNA and protein expression. Moreover, immunocy-
tochemical staining showed that overexpressed IQGAP1
accumulated at the membrane, suggesting its colocalization
with â-catenin. Taken together, these findings suggest
that IQGAP1 may be one of the target genes in the 15q26
amplicon correlated with a malignant phenotype of gastric
cancer cells, such as diffuse and invasive characteristics,
through the disruption of E-cadherin-mediated cell-cell
adhesion.
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Introduction

Evidence indicates that the development and progression of
gastric cancer (GC) is caused by multistep genetic changes,
such as gene amplification (Tahara 1995). Recently, we
identified novel amplifications in different chromosomes by
comparative genomic hybridization (CGH) in 25 GC cell
lines (Fukuda et al. 2000). Among these, a novel amplicon
at 15q26 was detected in two cell lines, HSC39 and 40A,
established from a patient with signet-ring cell carcinoma,
using different methods (Yanagihara et al. 1991). Amplifi-
cations at 15q26 have been found in various malignancies
(Knuutila et al. 1999), including breast cancers (Muleris
et al. 1994) and other types of tumors (Zhang et al. 1993;
Armengol et al. 2000). In this region, FES and/or IGF1R
have been identified as targets for gene amplifications in
breast cancer (Berns et al. 1992; Almeida et al. 1994), mela-
noma (Zhang et al. 1993), and pancreatic adenocarcinoma
(Armengol et al. 2000). In contrast, we found that both
genes were located telomeric to the amplicon at 15q26 in
HSC39 and 40A, suggesting that another tumor-associated
gene is likely to exist in this region. In order to identify
novel tumor-associated gene(s) from this telomeric
amplicon, we screened expressed sequence tags (ESTs)
mapped on 15q26, and found that IQGAP1 may be one of
the target genes for the 15q26-amplicon in these two cell
lines.

Materials and methods

Tumor cell lines

All of the 25 GC cell lines previously analyzed by CGH
(Fukuda et al. 2000) were maintained in RPMI 1640
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medium supplemented with 10% fetal calf serum (FCS) and
penicillin-streptomycin. Of the cell lines, HSC39 and 40A
were a gift from Dr. K. Yanagihara.

Fluorescence in situ hybridization (FISH)

To reduce the size of the amplicon at 15q26 in HSC39,
we performed FISH, using yeast artificial chromosomes
(YACs) and P1-derived artificial chromosome (PAC)
clones, as previously described (Inazawa et al. 1993).
Twenty-nine YACs (797-E-2, 893-A-2, 929-C-7, 826-A-8,
802-B-4, 781-G-3, 851-E-2, 964-F-8, 881-C-4, 765-H-1, 966-
A-2, 747-A-12, 759-H-8, 739-D-8, 883-C-4, 876-A-1, 787-E-
2, 932-G-12, 911-B-8, 748-H-5, 744-B-7, 803-H-4, 838-H-8,
943-B-4, 859-A-12, 933-B-5, 757-H-6, 771-E-6, 914-F-1),
archived by the Whitehead Institute Genome Center
(http://www-genome.wi.mit.edu/) and PACs (17n9 contain-
ing the FES gene, 443n8 containing the IQGAP1 gene)
were chosen as probes. We examined the number of FISH
signals specific to each probe in 10 to 15 metaphase chromo-
somes of each cell line. Hybridization to normal lymphocyte
nuclei was performed as a control to ascertain that the
probes recognized a single-copy target.

Southern and Northern blot hybridization

To identify EST clones within the 15q26 amplicon, we
carried out Southern blot analysis, as described elsewhere
(Sakabe et al. 1999). The following EST clones mapped
around this amplicon were used as probes in this experi-
ment: GEN-012E10, GEN-326C09, GEN-178E08, GEN-
024G06, GEN-134B06, GEN-093E03, and GEN-154A06,
based upon the GENOTK human cDNA database
(http://genotk.genome.ad.jp). Ten micrograms of DNA
from each cell line or normal peripheral leukocytes (con-
trol) was separated with 0.8% agarose gel and transferred
to a nylon membrane. Each probe was labeled with [α-32P]
dCTP, using a random priming method, and hybridized
to the prehybridized membranes. Because a distinct amplifi-
cation was detected with two cDNAs of GEN-326C09 and
154A06, we then performed Northern blot analysis to inves-
tigate the expression status of these genes. Ten micrograms
of total RNA from each cell line was electrophoresed in 1%
agarose/0.67M formaldehyde gel, and then transferred to a
nylon membrane. Membranes were hybridized with each
[α-32P] dCTP-labeled probe.

DNA sequencing

cDNAs were sequenced using a 377 ABI autosequencer
(Applied Biosystems, Tokyo, Japan).

Western blot analysis

Cultured cells were lysed with RIPA buffer (10mM Tris-
HCl [pH7.4], 150mM NaCl, 1% Triton X-100, 0.1% sodium
dodecylsulfate [SDS], 1% sodium deoxycholate, and 1mM

phenylmethanesulfonyl fluoride [PMSF]) for Western
blot analysis. Cell lysates were separated by 8% SDS-
polyacrylamide gel electrophoresis (PAGE) (Laemmli
1970) and electrotransfered to polyvinylidene difluoride
(PVDF) membranes (Fukata et al. 1997). After transfer,
membranes were washed and incubated with blocking
buffer (5% non-fat dry milk, Tris-buffered saline [TBS]
[pH7.6], 0.1% Tween 20 overnight at 4°C. Anti-human
IQGAP1 polyclonal antibody was used as the primary anti-
body (Kuroda et al. 1996). Subsequently, horseradish per-
oxidase-conjugated sheep anti-rabbit Ig served as the
secondary antibody for the enhanced chemiluminescence
(ECL) detection system (Amersham Pharmacia Biotech,
Tokyo, Japan).

Immunofluorescence cytochemistry

Cultured cells were fixed for immunostaining in phosphate-
buffered saline (PBS), containing 4% paraformaldehyde
and blocked with antibody dilution buffer (1% bovine
serum albumin [BSA] in PBS) for 30min at room tempera-
ture, and then incubated for 60min at room temperature
with anti-human IQGAP1 polyclonal antibody (Kuroda
et al. 1996) or anti-â-catenin monoclonal antibody
(Transduction Laboratories, Lexington, KY, USA) as the
first antibody at 10µg/ml. Binding was detected by
fluorescein isothiocyanate (FITC)-conjugated anti-rabbit or
mouse IgG (MBL, Nagoya, Japan) diluted 1 :100 with
antibody dilution buffer, and incubated for 45min at room
temperature. The cells were observed under a fluorescence
microscope (Olympus, Tokyo, Japan) equipped with a
cooled-charged devised camera.

In-vitro binding assay

The interactions of wild type- or mutant type-MBP-â-
catenin with glutathione-s-transterase (GST)-IQGAP1 or
GST-α-catenin were examined as described (Fukata et al.
1997). Briefly, to obtain GST fusion protein, cDNA frag-
ments of IQGAP1 or α-catenin were subcloned into
pGEX2T or pGEX4T-1, respectively, whereas, to obtain
MBP-â-catenin, the wild type or mutant form (deletion of
28 to 134 amino acids) of â-catenin was subcloned into pMal
C-2. The expression and purification of various GST and
maltose binding protein (MBP) fusion proteins were done as
described elsewhere (Fukata et al. 1997; Kuroda et al. 1998).
MBP-â-catenin constructs (50nM each) were mixed with
affinity beads coated with GST, GST-IQGAP1, or GST-α-
catenin (40pmol each) in buffer A (20mM Tris-HCl [pH7.4],
1mM ethylene diamine tetraacetic acid [EDTA], 1mM
dithiothreitol, 500mM NaCl, 0.1% Triton X-100, 0.1%
3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate [CHAPS], 10µM phenylmethylsulfonyl fluoride
[PMSF], 10µg/ml leupeptin). The beads were then washed
with buffer A, and the bound proteins were coeluted with
GST fusion proteins by the addition of buffer A containing
10mM reduced glutathione. The eluates were subjected to
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Fig. 2. Representative results of Southern- (A), Northern- (B), and
Western-blot analyses (C) as well as immunofluorescence cytochemis-
try (D) of IQGAP1 in GC cell lines. Two cell lines (HSC39 and
HSC40A) had demonstrated amplification patterns in our compara-
tive genomic hybridization (CGH) analysis reported elsewhere
(Fukuda et al. 2000). Note that amplification and overexpression of
IQGAP1 were observed in these two cell lines (A, B, C). Immunofluo-
rescence cytochemical analysis in the HSC39 cell line suggested that
overexpressed IQGAP1 and â-catenin might be colocalized along the
cell membrane (D)

Fig. 1. Amplicon map of the
15q26 region in the gastric
cancer (GC) cell line HSC39.
The upper scale shows the
ordering of sequence-tagged site
(STS) markers mapped on this
region (http://www.ncbi.nlm.nih.
gov/genemap99/ and http://www-
genome.wi.mit.edu/). Yeast
artificial chromosomes (YACs)
and P1-derived artificial chromo-
some (PAC) (17n9 containing
the FES gene) anchored to the
markers are represented as bars.
Based on fluorescence in situ
hybridization (FISH) analyses,
using YACs and the PAC clone
as probes, the homogeneous
staining region (HSR) is indi-
cated in relation to genetic mark-
ers between GATA88C02 and
D15S946, and open bars repre-
sent YAC clones that showed
amplification patterns in FISH
analyses. Below, typical FISH
images show HSR with 759-H-8
YAC, while PAC pDJ17n9,
which contains the FES gene
localized outside the amplicon,
did not show any amplification
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SDS-PAGE, followed by immunoblotting with anti-MBP
antibody (Fukata et al. 1996).

Results and discussion

Amplification of 15q26 has been reported in various types
of malignancy, such as lymphomas, non-small-cell and
small-cell lung cancers, head and neck squamous cell carci-
nomas, and breast cancer (Knuutila et al. 1999), suggesting
that the 15q26-amplicon harbors the gene(s) responsible for
tumorigenesis in a broad spectrum of tumors. Therefore,
characterization of the 15q26-amplicon could help us to
identify candidate(s) for target genes from this region. In
order to determine the smallest amplicon in HSC39 exhi-
biting gains in CGH analysis, we performed FISH with 29
YACs as probes mapped within 15q25–26. As shown in Fig.
1, one marker chromosome exhibited a homogeneous stain-
ing region (HSR) signal for YACs between GATA88C02
and D15S946 at 15q26 in HSC39, and the region was
narrowed down to about 2Mb, based on sequence-tagged
sites (STSs) and the sizes of YACs. FISH analyses using
PACs containing FES mapped at 15q26 revealed no in-
crease in copy number. Because IGF1R has been mapped
to a site telomeric to FES (GeneMap99; http://www.ncbi.
nlm.nih.gov/genemap99/), both genes were located
telomeric to the 15q26-amplicon in HSC39 (Fig. 1), suggest-
ing that another tumor-associated gene exists in this
amplified region of GC cell lines.

To identify target genes in this amplicon, we first
screened ESTs localized to 15q25–26, using Southern blot
analysis, in 25 GC cell lines (Fukuda et al. 2000). Among
them, GEN-326C09 and GEN-154A06 showed amplifica-
tions in two cell lines, HSC39 and HSC40A (Fig. 2). By
contrast, probes for other genes outside this amplicon, such
as IGF1R and FES, revealed no amplifications (data not
shown). Northern blot analysis in these two EST clones
clearly demonstrated that both transcripts were the same
size and were upregulated by a mechanism of gene amplifi-
cation in HSC39 and HSC40A, which exhibited distinct
amplifications of these two ESTs on Southern blot (Fig. 2).
A homology search, using the FASTA program (Pearson
and Lipman 1988), showed that the nucleotide sequences of
these two cDNAs were identical to parts of a known gene,
IQGAP1 (gdb: NM_003870). Moreover, overexpression of
IQGAP1 in cell lines was confirmed at the protein level by
Western blot analysis (Fig. 2), suggesting that IQGAP1 is
one of target genes for the 15q26-amplicon in HSC39 and
40A.

IQGAP1 encodes a ras GAP-related protein containing
the IQ motif (Weissbach et al. 1994; Kuroda et al. 1996).
IQGAP1 protein has been reported to accumulate at
cell-cell contact sites in an E-cadherin and/or â-catenin
dependent manner. This molecule directly interacts with
â-catenin and the cytoplasmic domain of E-cadherin both in
vitro and in vivo (Fukata et al. 1999). These findings are in
keeping with our results of immunofluorescence cytochemi-
cal analysis using IQGAP1 and â-catenin antibodies, which

suggested the colocalization of both proteins along the cell
membrane in HSC39 (Fig. 2). IQGAP1, which contains the
α-catenin-binding domain (Aberle et al. 1994), interacts
with the amino acid-terminus of â-catenin, (Fukata et al.
1999) dissociating α-catenin from the E-cadherin/â-catenin
complex in vitro (Fukata et al. 1999). Because the associa-
tion of α-catenin with the E-cadherin/â-catenin complex,
through interaction with â-catenin, is essential for E-
cadherin activity, including cell-cell adhesion, IQGAP1 is
thought to act as a negative regulator of cadherin function.

Alteration of the E-cadherin-mediated cell adhesion
system is an important contributory mechanism in tumor
pathogenesis (Hirohashi 1998). Dissociation of α-catenin
from the E-cadherin/â-catenin complex may confer inva-
siveness and metastatic potential to tumor cells, due to dis-
ruption of the E-cadherin-mediated cell adhesion system.
Indeed, abnormal E-cadherin expression (which may in-
duce disruption of its normal function) caused by mutations
or promoter hypermethylations has been reported to be
responsible for the scattered phenotype of diffuse type of
gastric cancer (Becker et al. 1994; Tamura et al. 2000).
Accordingly, overexpression of IQGAP1 may be an
another mechanism for the dissociation of α-catenin from
the E-cadherin/â-catenin complex, resulting in disruption of
the E-cadherin-mediated cell adhesion system.

Interestingly, in HSC39 cells — one of the cell lines that
overexpressed IQGAP1 — impaired cell-cell adhesion and
the complete abolition of E-cadherin function have been
reported (Oyama et al. 1994; Kawanishi et al. 1995; Jawhari
et al. 1999). One of the mechanisms of this disruption of E-
cadherin function is due to â-catenin mutation, resulting in
protein truncation with loss of the α-catenin-binding site
(Kawanishi et al. 1995). However, the deleted region of â-
catenin in HSC39 is from amino acids 28 to 134, which

Fig. 3. Representative results of in-vitro binding assay between â-
catenin and IQGAP1 or α-catenin. The arrows indicate wild-type (Wt)
of MBP-â-catenin, mutant type (Mut) of MBP-â-catenin (deletion of
28 to 134 amino acids) or MBP alone (negative control). Both GST-
IQGAP1 and GST-α-catenin were capable of binding to the wild type
of MBP-â-catenin. Note that GST-IQGAP1 can interact with mutant
type of MBP-â-catenin to the same extent as wild type, whereas GST-
α-catenin cannot
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overlaps with neither the IQGAP1-binding site (1–183) nor
the α-catenin-binding site (120–151) (Aberle et al. 1994;
Fukata et al. 1999). Our preliminary study of the binding of
â-catenin to α-catenin indicated that truncated type â-
catenin had weak binding activity for α-catenin, although
the binding was not completely disrupted (Fig. 3). In addi-
tion, there was no difference in the binding of â-catenin to
IQGAP1 between truncated type â-catenin and wild type â-
catenin (Fig. 3). Therefore, overexpressed IQGAP1 due to
gene amplification and truncated â-catenin may synergisti-
cally affect the activity of â-catenin to bind α-catenin,
resulting in disruption of the E-cadherin-mediated cell ad-
hesion system in these cell lines. The pathological roles of
IQGAP1 in gastric carcinogenesis in vivo, particularly the
diffuse type, should be clarified in future studies.
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