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Expression of Wnt-5a Is Correlated with Aggressiveness of Gastric
Cancer by Stimulating Cell Migration and Invasion
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Abstract
Wnt-5a is a representative ligand that activates a B-cateninindependent pathway in the Wnt signaling. Although abnormal activation of B-catenin-dependent pathway is often
observed in human cancer, the relationship between Bcatenin-independent pathway and tumorigenesis is not
clear. We sought to clarify how Wnt-5a is involved in
aggressiveness of gastric cancer. Abnormal expression of
Wnt-5a was observed in 71 of 237 gastric cancer cases by
means of immunohistochemistry. The positivity of Wnt-5a
expression was correlated with advanced stages and poor
prognosis of gastric cancer. Wnt-5a had the abilities to
stimulate cell migration and invasion in gastric cancer
cells. Wnt-5a activated focal adhesion kinase and small
GTP-binding protein Rac, both of which are known to play a
role in cell migration. Cell migration, membrane ruffling,
and turnover of paxillin were suppressed in Wnt-5a knockdown cells. Furthermore, anti-Wnt-5a antibody suppressed
gastric cancer cell migration. These results suggest that
Wnt-5a stimulates cell migration by regulating focal adhesion complexes and that Wnt-5a is not only a prognostic
factor but also a good therapeutic target for gastric cancer.
(Cancer Res 2006; 66(21): 10439-48)

Introduction
Wnt proteins are a large family of cysteine-rich secreted
molecules (1). At least 19 Wnt members are present in mammals
to date. The members exhibit unique expression patterns and
distinct functions in development. The Wnt family members can be
divided into three distinct types based on their ability to induce
transformation of the mouse mammary epithelial cell line C57MG
(2, 3). The highly transforming members include Wnt-1, Wnt-3a,
and Wnt-7a. The intermediately transforming members include
Wnt-2, Wnt-5b, and Wnt-7b and nontransforming members are
Wnt-4, Wnt-5a, Wnt-6, and Wnt-11.
The intracellular signaling pathway activated by Wnt proteins was originally identified as a h-catenin-dependent signaling
pathway that is highly conserved among species (1). According
to the most widely accepted current model of the h-catenin
pathway, in the absence of Wnt, h-catenin is phosphorylated and
ubiquitinated in the Axin complex, resulting in the degradation of
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h-catenin by the proteasome (4–7). Consequently, the cytoplasmic
h-catenin level is low. When Wnt acts on its cell surface receptor
consisting of Frizzled and lipoprotein receptor-related protein 5/6,
h-catenin escapes from degradation in the Axin complex (8). The
accumulated h-catenin is translocated to the nucleus, where it
binds to the transcription factor T-cell factor (Tcf)/lymphoid
enhancer factor (Lef) and thereby stimulates the expression of
various genes (9). It is thought that the Wnt proteins showing the
high transforming activity in C57MG cells activate the h-catenin
pathway.
Some Wnt proteins activate a h-catenin-independent pathway
that primarily modulates cell movement and polarity (3, 10). There
are at least three mechanisms, which overlap with other signaling
pathways. First, specific Wnt and Frizzled can activate calcium/
calmodulin-dependent protein kinase II and protein kinase C
(PKC). Second, some Frizzled receptors act through heterotrimeric
G proteins to activate phospholipase C and phosphodiesterase.
Lastly, the planar cell polarity pathway in Drosphila is mediated by
Frizzled, which activates Rac, Rho, c-Jun NH2-terminal kinase
(JNK), and Rho-associated kinase. It is generally believed that the
intermediately transforming and nontransforming Wnt proteins
activate the h-catenin-independent pathway (3).
Wnt-5a is a representative of Wnt proteins that activate the
h-catenin-independent pathway. Some reports indicate that
Wnt-5a acts as a tumor suppressor because Wnt-5a has an ability
to inhibit the h-catenin pathway. For instance, Wnt-5a has been
shown to induce the down-regulation of h-catenin through Siah2
(11) or to inhibit the transcriptional activity of Tcf/Lef (12, 13).
Antisense Wnt-5a mimics Wnt-1-mediated C57MG cell transformation (14). Wnt-5a negatively regulates B-cell proliferation, and
Wnt-5a heterozygous mice develop B-cell lymphoma (15). Furthermore, Wnt-5a inhibits proliferation, migration, and invasiveness in
thyroid tumor and colorectal cancer cell lines (16, 17). In contrast
to these observations, it has also been suggested that Wnt-5a has
oncogenic properties based on the findings that the Wnt-5a mRNA
level is up-regulated in lung cancers, prostate cancers, and breast
cancers (18). There is a correlation between Wnt-5a expression and
increased cell motility and invasiveness in melanoma cells and
breast cancer cells with tumor-associated macrophages (19, 20).
Thus, the functions of Wnt-5a in human cancers are controversial
and still unclear.
According to the WHO, gastric cancer is the fourth most
common malignancy worldwide, with f870,000 new cases
occurring yearly (21). However, the relationship between the
expression of Wnt-5a and aggressiveness of gastric cancer is not
known. In this study, we found that the Wnt-5a protein is highly
expressed in advanced stages of gastric cancer and that its
expression is correlated with poor prognosis. Furthermore, we
showed that Wnt-5a stimulates cell migration and invasion of
gastric cancer cells through regulating focal adhesion complexes.
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Materials and Methods
SA

Materials and chemicals. TOP-fos-Luc, pUC/EF-1a/h-catenin , and
pCMV-sFRP2-Flag were provided by Drs. H. Clevers (University Medical
Center, Utrecht, the Netherlands), A. Nagafuchi (Kumamoto University,
Kumamoto, Japan), and T. Akiyama (Tokyo University, Tokyo, Japan),
respectively. pEGFP-Paxillin and pGEX-aPAK-CRIB were provided by
Drs. H. Sabe (Osaka Bioscience Institute, Osaka, Japan) and K. Kaibuchi
(Nagoya University, Nagoya, Japan), respectively. Two anti-Wnt-5a antibodies were generated in rabbits by immunization with synthetic peptides
corresponding to residues 165 to 181 and residues 275 to 290 of human
Wnt-5a. The former antibody recognized both Wnt-5a and Wnt-5b, whereas
the latter reacted with Wnt-5a only. Wnt-5a was purified to near
homogeneity by the similar procedures to the purification of Wnt-3a (22).
The details of the purification of Wnt-5a will be described elsewhere.
Secreted Frizzled-related protein 2 (sFRP2) conditioned medium was
prepared from culture medium of HEK293T cells stably expressing sFRP2.
The cells were seeded at a density of 1  106/mL in DMEM/Ham’s F-12
supplemented with 10% fetal bovine serum (FBS). At 24 hours after plating,
the medium was replaced with Opti-MEM medium (Life Technologies,
Minneapolis, MN), and then 3 days after, sFRP2 conditioned medium was
collected. Anti-Wnt-3a antibody was prepared as described (22). MKN-45
and MKN-1 cells were grown in RPMI 1640 supplemented with 10%
FBS. MKN-45 cells stably expressing mouse Wnt-5a were generated by
selection with G418. MKN-1 cells stably expressing green fluorescent
protein (GFP)-paxillin were generated by selection with puromycin. In
analyses with small interfering RNA (siRNA) for Wnt-5a, the human Wnt-5a
mRNA target sequences, 5¶-CTGTGGATAACACCTCTGTTT-3¶ and 5¶-AAAAACAGAGGTGTTATCCAC-3¶, were used. Scrambled siRNA, 5¶-CAGTCGCGTTTGCGACTGG-3¶, was used as a control. Anti-Wnt-4, anti-HK-ATPase,
and anti-chromogranin A antibodies were obtained from R&D Systems
(Minneapolis, MN), Affinity Bioreagents (Golden, CO), and Novocastra
(Newcastle, United Kingdom), respectively. Other materials were obtained
from commercial sources.
Tissue samples. In all, 250 primary tumors were collected from patients
diagnosed with gastric cancer. Patients were treated at the Hiroshima
University Hospital (Hiroshima, Japan) or an affiliated hospital. For
quantitative reverse transcription-PCR (RT-PCR), 13 gastric cancer samples
and corresponding nonneoplastic mucosa samples were used. For
immunohistochemical analysis, archival formalin-fixed, paraffin-embedded
tissues from 237 patients who had undergone surgical excision for gastric
cancer were used. Histologic classification (intestinal, diffuse-adherent, and
diffuse-scattered types) was made according to the Lauren classification
system (23, 24). Tumor staging was according to the tumor-node-metastasis
staging system. The procedure to protect privacy was in accordance with
the Ethical Guidelines for Human Genome/Gene Research enacted by the
Japanese Government.
Immunohistochemistry and immunocytochemistry. The samples
were sectioned, deparaffinized, and stained with H&E to ensure that the
sectioned block contained tumor cells. Adjacent sections were then
immunohistochemically stained. For immunostaining of Wnt-5a, a DAKO
CSA kit (DAKO, Carpinteria, CA) was used according to the manufacturer’s
recommendations. In brief, sections were pretreated by microwaving in
citrate buffer for 30 minutes to retrieve antigenicity. After peroxidase
activity was blocked with 3% H2O2-methanol for 10 minutes, sections
were incubated with normal goat serum (DAKO) for 20 minutes to
block nonspecific antibody binding sites. Anti-Wnt-5a antibody was
incubated with tissue samples for 15 minutes at room temperature and
detected by incubating for 15 minutes with biotinylated goat anti-rabbit
immunoglobulins, and the signal was amplified and visualized by the
substrate-chromogen solution. The sections were counterstained with 0.1%
hematoxylin. The staining for Wnt-5a, Wnt-3a, or Wnt-4 was classified
according to the percentage of stained cancer cells. Expression was
considered to be ‘‘negative’’ if <50% (0, 0-10%; 1+, 10-50%) of cancer cells
were stained. When at least 50% (2+, 50-80%; 3+, >80%) of cancer cells were
stained, the immunostaining was considered ‘‘positive.’’
The immunostaining of h-catenin, HK-ATPase, chromogranin A,
epidermal growth factor receptor (EGFR), melanoma inhibitory activity
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(MIA), and matrix metalloproteinase-10 (MMP-10) was basically done as
described previously (25). The immunocytochemical analyses of the
cultured cells were done as described (26, 27).
Statistical analyses. Statistical analyses for Table 1 were carried out
with Fisher’s exact test. Kaplan-Meier survival curves were constructed
for patients positive and negative with Wnt-5a, h-catenin, EGFR, MIA, or
MMP-10. Differences between survival curves in Fig. 5 were tested for
statistical significance by log-rank test. P < 0.05 was considered statistically
significant.
Cell migration and invasion assays. To measure the cell migration
activity, Transwell assays were done using a modified Boyden chamber
(tissue culture treated, 6.5 mm in diameter, 10-Am thick, 8-Am pores;
Transwell, Costar, Cambridge, MA) as described (27). The lower surface of
filters was coated with 10 Ag/mL collagen. MKN-1, MKN-7, MKN-74, and
MKN-45 cells (2.5  104 cells in 100 AL) suspended in serum-free RPMI 1640
containing 0.1% bovine serum albumin were applied to the upper chamber.
The same medium was added to the lower chamber. When necessary,
600 ng/mL Wnt-5a was added to the lower chamber. After the cells were
incubated at 37jC for 4 to 8 hours, the number of cells that migrated to the
lower side of the upper chamber was counted. The invasive potential of the
cells was analyzed using a Matrigel-coated modified Boyden chamber
(Becton Dickinson, Bedford, MA). RPMI 1640 containing 10% FBS was
added to the lower chamber. After incubation at 37jC for 24 hours, the
number of cells that migrated to the lower side of the upper chamber was
counted.
To carry out the wound healing assay, the cells were plated onto collagencoated coverslips. The monolayer MKN-1 cells were then scratched
manually with a plastic pipette tip, and after being washed with PBS, the
wounded monolayers of the cells were allowed to heal for 6 to 12 hours in
RPMI 1640 containing 10% FBS (27). When necessary, conditioned medium
containing sFRP2 or anti-Wnt-5a antibody (50 Ag/mL) was added to the
medium.
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Table 1. Relationship between Wnt-5a expression and
clinicopathologic characteristics in gastric cancer
Wnt-5a expression
Positive, n (%)

P

Negative, n

T grade
T1
5 (7.6)
T2/T3/T4
66 (38.6)
N grade
15 (14.2)
N0
N1/N2/N3
56 (42.7)
Stage
I/II
18 (13.8)
III/IV
53 (49.5)
Histologic type
Diffuse-scattered
32 (59.3)
Other
39 (21.3)
h-Catenin nuclear/cytoplasmic accumulation
Positive
9 (18.0)
Negative
62 (33.2)

61
105

<0.0001

91
75

<0.0001

112
54

<0.0001

22
144

<0.0001

41
125

0.0386

NOTE: T1, tumor invades lamina propria or submucosa; T2, tumor
invades muscularis propria or subserosa; T3, tumor penetrates serosa
without invasion of adjacent structures; and T4 tumor invades
adjacent structures. N0, no regional lymph node metastasis; N1,
metastasis in 1 to 6 regional lymph nodes; N2, metastasis in 7 to 15
regional lymph nodes; and N3, metastasis in >15 regional lymph nodes.
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Cell proliferation assay. Cells were seeded at a density of 1.0  105/mL.
At 12 hours after plating, the medium was replaced with 2% serum medium.
The cell number was counted every 24 hours for 4 days.
Live imaging of focal adhesion. The dynamics of GFP-paxillin of the
scattered monolayer cells were quantitated as described previously (27).
Fluorescence intensities of individual adhesions from backgroundsubtracted images were measured over time using MetaMorph software
(Universal Imaging Corp., Downingtown, PA).
Others. Semiquantitative RT-PCR was done as described (28). Forward
and reverse primers were as follows: Wnt-5a, 5¶-CTTCGCCCAGGTTGTAATTGAAGC-3¶ and 5¶-CTGCCAAAAACAGAGGTGTTATCC-3¶; Wnt-5b,
5¶-AGGGAACCCTACTCTGG-3¶ and 5¶-ACATCTCGGGTCTCTG-3¶; and ribosomal high basic 23-kDa protein (RPL), GACCGTCTCAAGGTGT and CTTCCGGTAGTGGATCT. Tcf-4 transcriptional activity was measured as
described (26, 29). Cell adhesion assay was done by placing the cells on
collagen-precoated dishes (27). Activation of Rac was assayed using
glutathione S-transferase (GST)-CRIB (27).

Results
Expression of Wnt-5a in gastric cancer. There are two Wnt-5
family members, Wnt-5a and Wnt-5b, and they share 90% amino
acid identity. The medium mRNA levels of Wnt-5a in the nontumor
and tumor regions in the stomach of 13 gastric cancer patients
were 3.6- and 11.6-fold higher than those of Wnt-5b (Fig. 1A). The
median mRNA level of Wnt-5a in gastric cancer samples was
up-regulated 2.6-fold (P < 0.05, Wilcoxon test) compared with that
in corresponding nontumor mucosa samples, whereas the mRNA
level of Wnt-5b showed no significant differences between gastric
cancer and corresponding nontumor mucosa of individuals
(Fig. 1A).
To evaluate where Wnt-5a protein is expressed in the normal
gastric mucosa and which type of gastric cancer exhibits Wnt-5a
expression, we did immunohistochemistry. Anti-Wnt-5a antibody
specifically recognized Wnt-5a in the lysates of L cells expressing
Wnt-5a (Fig. 1B). This anti-Wnt-5a antibody did not recognize
Wnt-3a, Wnt-4, Wnt-7a, or Wnt-11 (data not shown). Immunohistochemical staining revealed the presence of Wnt-5a at the base of
the normal gastric corpus mucosa (Fig. 1C, a). Weak or no staining
of Wnt-5a was observed in foveolar epithelium and stromal cells.
Wnt-5a-positive cells were negative for HK-ATPase (a marker of
parietal cells) and chromogranin A (a marker of endocrine cells),
indicating that Wnt-5a-positive cells were the Chief cells (Fig. 1C,
b and c). This staining was not observed when anti-Wnt-5a
antibody was preincubated with a peptide corresponding to a
portion of Wnt-5a (data not shown).
Next, we did immunohistochemical staining of Wnt-5a in 237
human gastric cancer cases. Representative results of Wnt-5a
immunostaining of gastric cancer are shown in Fig. 1C, d and e.
Wnt-5a was detected in cancer cells in both intestinal-type and
diffuse-type (diffuse-adherent and diffuse-scattered) gastric cancer.
Although it is difficult to distinguish diffuse-scattered-type gastric
cancer cells from stromal cells, CAM5.2 (a marker for epithelial
cell)–positive cells were positive for Wnt-5a (Fig. 1C, f ). These
results indicate that Wnt-5a is expressed in epithelial-derived
cancer cells.
Among 237 gastric cancer cases, expression of Wnt-5a was
observed in 71 (30.0%) cases. Positivity for Wnt-5a was associated
with advanced T grade (depth of invasion) and N grade (degree of
lymph node metastasis; P < 0.0001 and P < 0.0001, respectively;
Table 1). Moreover, Wnt-5a staining was observed more frequently
in stage III/IV cases [53 of 107 (49.5%) cases] than in stage I/II cases
[18 of 130 (13.8%) cases; P < 0.0001; Table 1]. When all the cases
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were classified into diffuse-scattered type and other types
(intestinal type and diffuse-adherent type), Wnt-5a was more
frequently expressed in diffuse-scattered-type gastric cancer [32 of
54 (59.3%) cases] than in other types of gastric cancer [39 of 183
(21.3%) cases; P < 0.0001; Table 1]. We generated two antibodies
against Wnt-5a, and analyses with the different antibodies
produced almost the same results. In contrast, the immunohistochemical analyses using anti-Wnt-3a or anti-Wnt-4 antibody
revealed that these gastric cancer cases show heterogeneity of
weak staining for Wnt-3a or Wnt-4 and that the positivity of the
expression of these Wnt proteins does not associate with
aggressiveness of gastric cancer (data not shown). These findings
suggest that highly expressed Wnt-5a could be generally related to
tumor progression of gastric cancer.
It has been reported that adenomatous polyposis coli (APC) or
h-catenin gene mutations are detected in gastric cancer (30).
Cytosomal or nuclear accumulation of h-catenin was observed in
50 (21.1%) cases of 237 gastric cancer cases. Among the 50 gastric
cancer cases with cytosomal or nuclear accumulation of h-catenin,
only 9 gastric cancer cases showed Wnt-5a expression (Table 1).
However, Wnt-5a and h-catenin were rarely expressed in the same
gastric cancer cells. In the nine gastric cancer cases with positive
Wnt-5a expression, none of h-catenin-positive cancer cells showed
the abnormal expression of Wnt-5a (Fig. 1D, a and b), except for
one gastric cancer case. These findings suggest that h-catenin and
Wnt-5a are expressed exclusively in gastric cancer.
Actions of Wnt-5a on cell growth and migration of gastric
cancer cells. Comparison of various gastric cancer cell lines
revealed that the expression level of Wnt-5a mRNA in MKN-1,
MKN-7, and MKN-74 cells is higher than that of TMK-1, MKN-28,
MKN-45, HSC-39, and KATO-III cells (Fig. 2A, a). The genes of APC
and h-catenin in these cells are not mutated, except for MKN-28
and HSC-39 cells (31). It has been reported that Wnt-5a suppresses
the transcriptional activity of Tcf/Lef by acting downstream of
h-catenin (12, 13) or is involved in cell migration (19, 20). Ectopic
expression of h-catenin in MKN-45 cells activated Tcf-4, and this
h-catenin-dependent transcriptional activity was indeed decreased
by purified Wnt-5a protein (Fig. 2A, b). However, expression of
Wnt-5a in MKN-45 cells did not affect cell growth (Fig. 2A, c). These
results suggest that Wnt-5a does not have an influence on cell proliferation in gastric cancer cells where h-catenin is not abnormally
expressed. Therefore, we asked whether Wnt-5a is involved in
migration activity of gastric cancer.
The migration activities in MKN-1 and MKN-7 cells were higher
than those of MKN-74 and MKN-45 cells (Fig. 2B, a). Because it
seemed that the migration activity in the cell lines has a tendency
to be dependent on the expression levels of Wnt-5a, we used MKN1 and MKN-45 cells in the following experiments. Expression of
Wnt-5a in MKN-45 cells stimulated the cell migration (Fig. 2B, b),
and knockdown of Wnt-5a by RNA interference in MKN-1 cells
suppressed the migration (Fig. 2B, c). Furthermore, whereas control
MKN-1 cells invaded the Matrigel, Wnt-5a knockdown MKN-1 cells
were less invasive (Fig. 2B, d).
sFRP2 binds to Wnt proteins and acts as a negative regulator of
Wnt signaling (32). MKN-1 cells were allowed to migrate in scratchwound cultures, resulting in wound closure after 6 hours, and the
migration of MKN-1 cells in scratch-wound cultures was inhibited
by the addition of sFRP2 conditioned medium (Fig. 2C ).
Furthermore, anti-Wnt-5a antibody suppressed the migration of
MKN-1 cells in scratch-wound cultures (Fig. 2D, a and b). The
inhibitory activity of this antibody for Wnt-5a was confirmed by
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Figure 1. Expression of mRNA and proteins of Wnt-5a in
nontumor and tumor regions of human stomach. A, expression of
mRNA of Wnt-5a and Wnt-5b in normal stomach and gastric
cancer. RT-PCR was used to quantitatively amplify mRNA of
Wnt-5a, Wnt-5b, and RPL from tumor (T ) and adjacent nontumor
(N ) regions in 13 individuals. The mRNA levels of Wnt-5a (left )
and Wnt-5b (right ) are presented as arbitrary units for the mRNA
levels of RPL. B, specificity of anti-Wnt-5a antibody. The lysates of
control L cells and L cells expressing Wnt-5a were probed with
anti-Wnt-5a antibody. C, expression of Wnt-5a in gastric cancer.
a, normal human stomach was immunostained with anti-Wnt-5a
antibody (brown ). Bar, 100 Am. b and c, the samples was stained
with anti-Wnt-5a antibody (red) and anti-HK-ATPase (b ) or
chromogranin A (c) antibody (green ). Nuclei were shown by
4¶,6-diamidino-2-phenylindole (DAPI; blue ). Bar, 10 Am. d,
intestinal-type gastric cancer was immunostained with anti-Wnt-5a
antibody. Bar, 20 Am. e, diffuse-scattered-type gastric cancer
was immunostained with anti-Wnt-5a antibody. Bar, 20 Am. f,
diffuse-scattered-type gastric cancer was stained with anti-Wnt 5a
antibody (red ), anti-CAM5.2 (green ; a marker for epithelial cell)
antibody, and DAPI (blue ). Bar, 10 Am. D, expression of h-catenin
in gastric cancer. A sample of gastric cancer was stained with
anti-h-catenin (a ) and anti-Wnt-5a (b) antibodies. Bar, 40 Am.

another way. Wnt-5a has been shown to induce the phosphorylation of Dvl (33). Preincubation of Wnt-5a and anti-Wnt-5a
antibody inhibited Wnt-5a-dependent phosphorylation of Dvl
(Fig. 2D, c). These results indicate that Wnt-5a stimulates cell
migration and invasion in the gastric cancer cells.
Molecular mechanism by which Wnt-5a stimulates cell
migration. Expression of Wnt-5a in MKN-45 cells increased cell
adhesiveness (Fig. 3A), suggesting that Wnt-5a enhances signaling
from focal adhesions. Activation of focal adhesion kinase (FAK)
and small GTP-binding protein Rac is necessary for cell migration
(34). FAK is activated via autophosphorylation at Tyr397, which is
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initiated by integrin engagement with its ligand (34). Adhesiondependent FAK activation was enhanced by expression of Wnt-5a
in MKN-45 cells (Fig. 3B). Addition of purified Wnt-5a protein to
MKN-45 cells activated FAK and Rac within 5 minutes (Fig. 3C).
Treatment of the cells with PP2, a Src inhibitor, and GF109203X, a
PKC inhibitor, suppressed Wnt-5a-dependent FAK activation as
well as cell migration (Fig. 3D). Therefore, Wnt-5a could stimulate
cell migration by regulating the activities of FAK and Rac, probably
through PKC and Src.
The migration of MKN-1 cells in scratch-wound cultures was
suppressed by knockdown of Wnt-5a (Fig. 4A). Ruffling and
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phalloidin staining were observed at the cell front along the leading
edge of control migrating cells (Fig. 4B). Paxillin is a focal adhesion
protein (35). When the control MKN-1 cells were stained with antipaxillin antibody, focal adhesions, including paxillin, were detected
faintly (Fig. 4B). Knockdown of Wnt-5a obviously suppressed
phalloidin staining at the leading edge, whereas it instead
strengthened the formation of stress fibers and enlarged the size
of focal adhesions, including paxillin (Fig. 4B). Because it has been
suggested that the formation of large focal adhesions is due to the
reduced turnover of adhesions (36), the effects of Wnt-5a on the
dynamics of focal adhesions were examined. To this end, we
expressed GFP-paxillin in MKN-1 cells and analyzed the turnover of
dynamics by live fluorescence imaging. At the cell front in control
cells, paxillin-containing adhesions disassembled as new adhesions
were formed near the leading edge, whereas the turnover of

paxillin-containing adhesions was suppressed in Wnt-5a knockdown cells (Fig. 4C). The rate constants of assembly and
disassembly of GFP-paxillin at adhesion sites were decreased in
Wnt-5a knockdown cells (Fig. 4D). These results suggest that Wnt5a regulates the turnover of focal adhesion complexes, thereby
stimulating cell migration.
Survival of gastric cancer patients with Wnt-5a expression.
Finally, we examined the relationship between the expression of
Wnt-5a and survival in advanced stages (T2, T3, and T4) of gastric
cancer (n = 111). The 5-year survival was 50% in patients with Wnt5a-negative gastric cancer, whereas it was 20% in patients with
Wnt-5a-positive gastric cancer (P < 0.0001; Fig. 5A, a). Furthermore,
irrespective of histologic classification, the 5-year survival rate was
significantly lower in patients with Wnt-5a-positive gastric cancer
than in those with Wnt-5a-negative gastric cancer [P = 0.0036 for

Figure 2. Actions of Wnt-5a on gastric
cancer cells. A, inhibition of the h-catenin
pathway by Wnt-5a. a, the level of
expression of Wnt-5a mRNA in the gastric
cancer cells was quantified by quantitative
RT-PCR. b, after MKN-45 cells were
transfected with pEF-BOS/hTcf-4E
(0.1 Ag), pUC/EF-1a/h-cateninSA (0.5 Ag),
and TOP-fos-Luc (0.5 Ag) or FOP-fos-Luc
(0.5 Ag), the cells were incubated with the
indicated amounts of Wnt-5a for 8 hours.
The luciferase activity was measured and
expressed as the ratio of the activity in the
cells transfected with TOP-fos -Luc to that
in the cells transfected with FOP-fos -Luc.
c, MKN-45 cells containing empty vector
(MKN-45/control cells) or stably expressing
Wnt-5a (MKN-45/Wnt-5a cells) were
cultured in the presence of 2% serum for
the indicated number of days, and then cell
numbers were counted. B, stimulation of
cell migration by Wnt-5a. a, the indicated
gastric cells were placed in Transwell
chamber for the migration assay.
b, MKN-45/control cells or MKN-45/Wnt-5a
cells were placed in Transwell chambers
for the migration assay. c and d, MKN-1
cells transfected with the control or Wnt-5a
siRNA were placed in noncoated (c ) or
Matrigel-coated (d ) Transwell chambers
for the migration or invasion assay,
respectively. C, inhibition of cell migration
by sFRP2. a, control or sFRP2 conditioned
medium was added to MKN-1 cells, and
then the cells were wounded. The culture
was continued for 6 hours. Bar, 200 Am.
b, migrating distances in (a ) were
measured. D, inhibition of cell migration by
anti-Wnt-5a. a, MKN-1 cells incubated with
anti-GST (as control) or anti-Wnt-5a
antibody (50 Ag/mL) were wounded. The
culture was continued for 12 hours. Bar,
200 Am. b, migrating distances in (a) were
measured. Columns, mean of three
independent experiments; bars, SE.
c, after Wnt-5a had been preincubated with
anti-GST or anti-Wnt-5a antibody for 1 hour
at 4jC, NIH3T3 cells were treated with
80 ng/mL Wnt-5a for 1 hour, and then cells
were lysed and probed with anti-Dvl
antibody.
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Figure 3. Molecular mechanism by which Wnt-5a stimulates cell migration. A, enhancement of cell adhesion by Wnt-5a. MKN-45/control or MKN-45/Wnt-5a cells were
subjected to the adhesion assay for the indicated time. B, enhancement of collagen-induced activation of FAK by Wnt-5a. MNK-45/control and MKN-45/Wnt-5a
cells were suspended in serum-free medium and kept in suspension or replated onto collagen-coated dishes. After 1 hour, the cells were lysed and probed with a
phosphorylated specific antibody to FAK pTyr397 (pY397-FAK ) or with anti-FAK antibody. C, activation of FAK and Rac by Wnt-5a. MKN-45 cells were treated
with 80 ng/mL Wnt-5a for the indicated time, and then cells were lysed and probed with anti-pY397-FAK or anti-FAK antibody. The same lysates were incubated with
GST-CRIB immobilized on glutathione-Sepharose. The total lysates and precipitates were probed with anti-Rac-1 antibody. D, involvement of PKC and Src in
Wnt-5a-induced activation of FAK and cell migration. a, after MKN-45/control and MKN-45/Wnt-5a cells were treated with 62.5 nmol/L PP2 or GF109203X for
60 minutes, the cells were suspended in serum-free medium and kept in suspension (Sus ) or replated onto collagen-coated dish. After 1 hour, the cells were lysed
and probed with anti-pY397-FAK or anti-FAK antibody. b, after MKN-45 cells were treated with 62.5 nmol/L PP2 or GF109203X, the cells were subjected to the
Transwell migration assay in the presence or absence of 600 ng/mL Wnt-5a.

diffuse-scattered type (n = 40); P = 0.0014 for other type (n = 71);
Fig. 5A, b and c].
It has been reported that the expression of MIA, EGFR, or
MMP-10 is associated with the aggressiveness of tumors, including
gastric cancer (37). Although the prognosis of patients expressing
MIA, EGFR, or MMP-10 was significantly worse (P < 0.0001,
P = 0.0049, and P = 0.0122, respectively), the prognostic value of
MIA was comparable with that of Wnt-5a (Fig. 5B, a-c). Cytosomal
and nuclear accumulation of h-catenin did not show a significant
association with the survival of gastric cancer (P = 0.4873;
Fig. 5B, d).
It is generally known that patients with gastric cancer at stage I
and stage IV show a good and poor survival, respectively, but it is
difficult to predict the prognosis of patients with gastric cancer at
stage II and stage III. Therefore, we analyzed the prognostic value
of Wnt-5a, MIA, EGFR, or MMP-10 in the group of patient with
gastric cancer at stage II and stage III (n = 56). The patients with
Wnt-5a-positive gastric cancer had a significantly worse rate of
survival than the patients with Wnt-5a-negative gastric cancer
(P = 0.0137; Fig. 5C, a). In contrast, there was no significant
association between the expression of MIA, EGFR, or MMP-10 and
the survival of patients with gastric cancer at stages II and stage III
(data not shown). The patients with gastric cancer at stage III
indeed had the shorter survival time than those at stage II
(P = 0.0431; Fig. 5C, b). These results clearly indicate that the 5-year

Cancer Res 2006; 66: (21). November 1, 2006

survival of gastric cancer is associated with expression of Wnt-5a
in a histology-independent manner and suggest that Wnt-5a is a
good prognostic indicator for gastric cancer patients.

Discussion
Gastric cancer is one of the leading causes of death due to
cancer worldwide (21, 38). In this study, we showed that Wnt-5a is
required for the migration and invasive ability of gastric cancer
cells and that the expression of Wnt-5a is correlated with
aggressiveness and poor prognosis of gastric cancer. It is notable
that prognosis is not dependent on histologic type but rather is
dependent on expression of Wnt-5a. Wnt-5a positivity is correlated
with a poor prognosis of gastric cancer patients with stage II or
stage III despite lack of statistical significance of other prognostic
markers. Because it is hard to predict the prognosis of these
patients, investigating the staining of Wnt-5a in gastric cancer cells
may be helpful for determining the therapeutic strategy after
surgical operation. Considering the results that sFRP2, anti-Wnt-5a
antibody, or siRNA for Wnt-5a inhibits the cell migration of gastric
cancer cells, Wnt-5a is not only a good prognostic indicator of
gastric cancer but also a candidate for a molecular target of
therapy for gastric cancer.
We also found that Wnt-5a is expressed in Chief cells in normal
gastric mucosa. It is generally believed that stem cells are present
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in the proliferative cell zone in the isthmus region of the gastric
glands and that cells derived from stem cells undergo complex
bipolar migration from the isthmus either upward or downward.
Wnt-5a may be involved in the downward migration of cells
differentiating into normal Chief cells.
Wnt-5a has been reported to be capable of activating JNK, which
regulates convergent extension movement in Xenopus embryos and
stimulates invasion of breast cancer cells (20, 39). However, the
molecular mechanism by which Wnt-5a regulates cell migration is
not fully understood. Cell migration is a complex cellular behavior
that involves protrusion and adhesion at the cell front and
contraction and detachment at the rear (36). FAK activation is best
understood in the context of the engagement of integrins at the cell
surface (34). Activation of FAK results in recruitment of several SH2
domain– and SH3 domain–containing proteins. Among them,

p130Cas and Crk are involved in cell migration. Small G protein
Rac also plays an important role in cell migration by regulating
adhesion turnover and the lamellipodium (40). Dominant-negative
Rac blocks the increased migration in response to the expression of
p130Cas and Crk, probably through DOCK180, which suggests that
Rac acts as a downstream effector of the FAK-Cas-Crk complex.
We showed that Wnt-5a is involved in the activation of FAK and
Rac, the turnover of paxillin, and the membrane ruffling. Inhibitors
of PKC and Src suppressed Wnt-5a-dependent cell migration and
FAK activation. It has been shown that Wnt-5a activates PKC (3)
and that JNK-dependent phosphorylation of paxillin and PKCdependent activation of FAK are important for cell migration
(34, 41). These findings suggest that Wnt-5a activates PKC and
JNK, thereby leading to the activation of FAK and paxillin. Taken
together, these results make it conceivable that Wnt-5a and

Figure 4. Effects of Wnt-5a on dynamics of
focal adhesions. A, MKN-1 cells transfected
with the control or Wnt-5a siRNA for 6 hours
were wounded. Bar, 200 Am. B, MKN-1 cells
transfected with the control or Wnt-5a
siRNA were stained with FITC-labeled
phalloidin for visualization of F-actin at 6 hours
after wounding. The same cells were stained
with anti-paxillin antibody. Bar, 10 Am.
C, dynamics of GFP-paxillin in MKN-1 cells
treated with the control or Wnt-5a siRNA
visualized by time-lapse fluorescence
microscopy. Bar, 5 Am. D, rate constants of
assembly and disassembly of GFP-paxillin in
(C ) were calculated.
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Figure 5. Overall survival of gastric cancer
patients with Wnt-5a expression. A, association
of expression of Wnt-5a with poor prognosis
irrespective histologic type. a, all advanced
stages of gastric cancer patients (n = 111);
b, diffuse-scattered-type gastric cancer patients
(n = 40); c, other type gastric cancer patients
(n = 71). B, comparison with other prognostic
factors. a, gastric cancer patients with or without
MIA expression (n = 111); b, gastric cancer
patients with or without EGFR expression
(n = 111); c, gastric cancer patients with or
without MMP-10 expression (n = 111); d, gastric
cancer patients with or without h-catenin
expression in cytoplasm and nucleus (n = 111).
C, expression of Wnt-5a in stages II and III
gastric cancer. a, stage II and III gastric cancer
patients with or without Wnt-5a expression
(n = 56); b, survival of stage II and III gastric
cancer patients (n = 56).
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extracellular matrix bind to Frizzled (Wnt-5a receptor) and integrin and cooperatively activate a signaling cascade to stimulate
cell migration. Therefore, it is conceivable that overexpression of
Wnt-5a acts as a migration activator in gastric cancer.
In addition, Wnt-5a has been suggested to act as a tumor
suppressor in lymphoma, thyroid cancer, and colon cancer (15–17)
because Wnt-5a inhibits the h-catenin pathway (12, 13). Our result
indicated that Wnt-5a neither induces the accumulation of hcatenin nor inhibits Wnt-3a-dependent-accumulation of h-catenin
in HEK293 and NIH3T3 cells (data not shown). Although Topol et
al. (11) showed that Wnt-5a induces the down-regulation of
h-catenin through expression of Siah2, we could not repeat this
finding and our results were rather consistent with those showed
by Mikels and Nusse (13). Whereas Topol et al. transfected Wnt-5a
cDNA in HEK293 or SW480 cells, we added purified Wnt-5a protein
to HEK293 and NIH3T3 cells. Although the reasons for the discrepancy between their and our results are not known at present, one
possibility might be due to different assay conditions. Instead, we
showed that Wnt-5a inhibits h-catenin-dependent Tcf activation
downstream of h-catenin. It has been shown that transforming
growth factor-h–activated kinase (TAK) and Nemo-like kinase
(NLK) mediate Wnt-5a-dependent suppression of Tcf activity (12),
but dominant negative forms of TAK or NLK did not influence it in
our hands (data not shown). Therefore, the mechanism for the
inhibition of the h-catenin pathway by Wnt-5a is not clear.
Among 237 gastric cancer cases, gastric cancer abnormally
expressing both Wnt-5a and h-catenin were observed in only one
gastric cancer case, suggesting that the expression of Wnt-5a and
h-catenin is mutually exclusive. As Wnt-5a acts as a negative regulator for h-catenin-dependent cellular proliferation, the h-catenin-
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