
Abstract. Background: WAVE2 plays a crucial role in actin
polymerisation and cell migration. We aimed to investigate the
expression and cellular functions of WAVE2 in human gastric
cancer (GC). Materials and Methods: The level of WAVE2 was
determined using quantitative PCR (Q-PCR) in a cohort of
human gastric tissues. Expression of WAVE2, ARP2, NWASP,
ROCK1 and ROCK2 was examined using RT-PCR in paired
tissues. WAVE2 and ARP2 protein co-expression was
examined. Anti-WAVE2 transgene ribozymes were constructed
and transiently transfected into human GC cells. Results:
Down-regulation of WAVE2 expression in GC was significantly
correlated with lymph node metastasis. WAVE2 was positively
correlated with E-cadherin and negatively with TWIST.
Immunohistochemically, WAVE2 and ARP2 were not co-
expressed in serial mirror sections. In vitro, WAVE2
knockdown was shown to increase cell motility, whilst ROCK
inhibitor treatment reduced this effect in HGC27 cells.
Conclusion: WAVE2 is down-regulated in GC and loses its
metastatic role in GC. Knockdown of WAVE2 could increase
metastatic potential by promoting the growth, invasiveness,
motility, adhesiveness and suppressing EMT (epithelial-
mesenchymal transition) of GC cells. 

Gastric cancer (GC) is one of the leading causes of cancer-
related death worldwide. The prevalence of this disease is

most prominent in East Asian countries such as Korea, China
and Japan (1). Due to the relatively asymptomatic nature of
the disease, the majority of patients are diagnosed with GC
at an advanced stage when the tumor has spread
metastatically. These factors make GC difficult to treat and
result in poor survival rates (2).

Cancer metastasis arises from an accumulation of
aberrations in normal physiological cell functions, including
those that govern cell proliferation, adhesion and motility.
Cell motility is a process dependent on the ability of the cell
to re-organise the actin filaments that comprise the
cytoskeleton. Dynamic restructuring of this actin filament
network is driven by the actin-related protein (ARP2/3)
complex which is able to rapidly stimulate actin
polymerisation (3). This step requires previous ARP2/3
activation by nucleation-promoting factors which include
members of the Wiskott-Aldrich Syndrome Protein (WASP)
family. This protein family consists of five mammalian
members including: WASP, neural (N-) WASP, and WASP
verprolin homologous protein (WAVE) 1, 2 and 3 (4). The
ability of these proteins to activate the ARP2/3 complex lies
in the carboxyl-terminus of the proteins which
accommodates the verprolin (V) domain, cofilin (C) domain
and acid (A) region. Together, these protein domains
encompass the VCA region which is integral in ARP2/3
complex interaction and binding with actin monomers which
drives rapid actin polymerisation. 

Among the WASP family proteins, WAVE2 has a central
role in the formation of lamellipodia and the initiation of
amoeboid movement (5). Interaction of the ARP2/3 complex
and WAVE2 occurs at the leading edge of the cell migration
and is downstream in the signalling pathway responsible for
directional movements in response to various stimuli, such
as epidermal growth factor (EGF) and platelet-derived
growth factor (PDGF) (6, 7). Activation of these receptors
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generates phosphatidylinositol 3-5 triphosphate (PIP3),
which in turn activates RAC on the cell membrane. WAVE2
is a PIP3-binding protein and can regulate activation of the
ARP2/3 complex from PIP3 and activated RAC (8). 

Whilst WAVE proteins are cardinal in facilitating normal
cell migration, aberrations in signaling pathways which
regulate actin polymerisation can result in abnormal invasive
phenotypes, such as formation of invadopodia, fundamental
prerequisites to cancer cell metastasis. These traits have been
linked to atypical WAVE activity and expression in several
types of human cancer. This was highlighted in a study which
demonstrated higher levels of WAVE2 expression in malignant
B16F10 mouse melanoma cells which exhibit increased
invasive and metastatic potential compared to parental B16
cells. WAVE2 knockdown demonstrated a dramatic reduction
in membrane ruffling, cell motility and invasion in addition to
suppression of B16F10 cell metastasis (4).

Higher levels of WAVE2 and ARP2 co-expression were
evident in lung adenocarcinoma sections from patients
presenting with lymph node metastasis compared to those
lacking metastatic traits (9). This was also the case for
patients who had a shorter disease-free survival and overall
survival times (9). WAVE2 and ARP2 co-localisation was
also found to be a risk factor for colorectal cancer-derived
liver metastasis (10). The prognostic importance of WAVE2
in human disease is further emphasised with the association
of elevated expression with more aggressive traits in patients
with hepatocellular carcinoma (11).

Previous studies also discovered a potential role of WAVE2
in GC linked to its regulation by tumor suppressors. Gene
overexpression reduced expression in immortalised cells
(REIC) and was found to reduce WAVE2 expression, in
addition to suppressing the ability of GC cells to migrate and
invade (12). The same trend was observed for the tumor
suppressor microRNA-146a, whose expression correlated
inversely with WAVE2 in GC cell lines. With microRNA-146a
overexpression, gastric cancer cell migration and invasion was
repressed as were the levels of WAVE2 protein (13).

The current study aimed to investigate the expression
profile of WAVE2 in a cohort of patients with GC, as well as
to examine the effects of WAVE2 knockdown on cell growth,
adhesion, invasion and motility of a GC cell line. Furthermore,
several small protein inhibitors were used to deduce potential
associated signalling pathways which are integral to cell
motility due to the cardinal role of WAVE2 in this process.

Materials and Methods
Chemicals. We purchased the following materials from Life
Technologies (Paisley, Scotland, UK): Polymerase chain reation
(PCR) primers, molecular biology grade agarose, DNA ladder,
pEF6/V5-His-TOPO plasmid vector and competent One Shot™
TOP10 Esherischia coli. TRI Reagent was from Sigma (Sigma-
Aldrich, Inc., Poole, Dorset, UK) and first-strand cDNA was

synthesized using iScript cDNA Synthesis Kit (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Mastermix for routine PCR
and quantitative PCR were from Thermo Fisher Scientific (Surrey,
England, UK). WAVE2 and ARP2 antibodies were purchased from
Santa Cruz Inc. (Santa Cruz, CA, USA) (cat. number: sc-33548 and
sc-137250). The ARP2/3 inhibitor, 8102-5105 (cat. number: 182515),
and NWASP inhibitor, wiskostatin (cat. number: 681525), were from
Calbiochem (Nottingham, England, UK). ROCK inhibitor, Y-27632
was from Santa Cruz Biotechnology (cat. number: sc-3536). Matrigel
was from BD Bio-Science (cat. number: 354234) (Oxford, England,
UK). ECIS 96W1E+ electrical arrays were from Applied Biophysics
Inc. (ECIS™, NY, USA). 

Human gastric cancer tissues, slides and cells. A total of 324
patients (male: 231 cases, female: 93 cases; mean age=59.8 years;
range=23-87 years, median survival=24 months) with gastric
cancer, who were diagnosed and surgically treated at Peking
University Cancer Hospital between 2004 and 2007, were enrolled
into this study. Corresponding slides were collected from the
archived sections. The study was approved by the local Ethics
Committee (Ethics Number: 2006021) and consent was obtained
from patients. Some of the patients had received chemotherapy or
radiation therapy preoperatively. The following histopathological
information was recorded: the depth of tumour invasion,
histological grade, and status of lymph node metastasis and liver
metastasis. Stage of gastric adenocarcinoma was classified
according to 1997 tumour-node-metastasis (TNM) classification
recommended by the International Union Against Cancer. All
patients were followed up until June 2012. Gastric cell line
HGC27 was acquired from the European Collection of Animal
Cell Culture (ECACC, Salisbury, UK). Cells were maintained in
DMEM-F12 medium supplemented with 10% foetal bovine serum
(FBS) and antibiotics.

RNA preparation, RT-PCR and quantitative analysis of transcripts
of WAVE2 and Epithelial-Mesenchymal Transition (EMT) markers.
Frozen tissues or cells from a 25 cm2 culture flask (50-100 mg)
were homogenized and placed into 1 ml of TRI reagent for RNA
extraction. The homogenization was then precipitated with
chloroform and isopropanol. The RNA pellet was resuspended in
DEPC treated water. The concentration of the RNA was
determined using a UV spectrophotometer. First-strand cDNA was
synthesized using iScript cDNA Synthesis Kit, and the quality of
the cDNA was verified using GAPDH primers. Conventional PCR
was performed using GreenTaq ReadyMix PCR reaction mix.
Cycling conditions were 94˚C for 5 minutes, followed by 28 to 30
cycles at 94˚C for 30 seconds, 55˚C for 30 seconds, and 72˚C for
40 seconds. This was followed by a final extension of 10 minutes
at 72˚C. The products were visualized in 1% agarose gels stained
with SYBR Green. Q-PCR was performed using IcyclerIQ™ (Bio-
Rad, Hemel Hempstead, UK), based on the Amplifluor™
technology (14) modified from a previously reported method (15).
Cytokeratin-19 (CK19) was also run in parallel during the 96
cycles of analysis to enable normalization of data. The reaction
was carried out under the following conditions: 94˚C for 5
minutes, 96 cycles of: 94˚C for 15 seconds, 55˚C for 35 seconds
and 72˚C for 20 seconds. The levels of the transcripts were
generated using an internal standard that was simultaneously
amplified with the samples, and are shown here in two ways:
based on equal amounts of RNA, and as a target:CK19 ratio (16).
All the primers used are listed in Table I.
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Immunohistochemical staining of WAVE2 and ARP2 proteins.
Immunohistochemistry was performed in 127 cases of pathological
sections. In order to clarify the localization of WAVE2 and ARP2,
we prepared 40 cases of serial mirror sections from a pair of
consecutive specimens. These were placed on slides with the
common cross-section turned upwards, so that they would share the
same cutting surface as described by Iwava et al. (17). Briefly, 4-μm
sections from formalin-fixed, paraffin-embedded tissues were
mounted on poly-L-lysine-coated glass slides and then de-
paraffinized in xylene and rehydrated through alcohol to distilled
water. Endogenous peroxidase activity was blocked with 3%
hydrogen peroxide for 15 min at room temperature. After pressure
cooking the sections in 10 mmol/l EDTA (pH 8.0) for 3 min, the
sections were incubated at room temperature with antibody to
WAVE2 (1:100 diluted) or ARP2 (1:200 diluted) for 1 h, followed
by horse-raddish peroxidase (HRP)-conjugated secondary antibody.
Development of slides was performed using peroxidase substrate
(diaminobenzidine tetrahydrochloride) solution, followed by
counterstaining with haematoxylin, dehydration in ethanol, and
clearing with xylene. GC tissues treated with PBS (phosphate
buffered saline) as primary antibody was used as negative control for
both. The degree of WAVE2 and ARP2 antibody reactivity was
scored by assessing the percentage of stained adenocarcinoma cells
in the section. In this study, adenocarcinoma specimens and
background normal tissues were defined as ‘negative’ (scored 0, for
negative and 10% or fewer stained cells) and ‘positive’ expression
(scored 1, for more than 10% positively stained cells). Each pair of
mirror section was compared carefully to determine whether ARP2

and WAVE2 staining revealed the same localization and the same
intracytoplasmic distribution within the tumour and normal cells. If
more than 5% of the cells expressed both WAVE2 and ARP2 in their
cytoplasm, they were judged to be positive for coexpression (17).
Slides were analyzed independently by two observers using light
microscopy. Photographs were recorded on an Olympus CKX41
microscope (Bristol, England, UK). 

Construction of anti-WAVE2 hammerhead ribozyme transgenes.
Anti-human WAVE2 hammerhead ribozymes were designed to
knockdown the WAVE2 gene based on the secondary structure of the
mRNA generated using Zuker’s RNA Mfold programme (18). The
ribozymes were synthesized and cloned into pEF6/V5-His-TOPO
plasmid vector and then ribozyme transgenes and control plasmids
were then transfected into HGC27 cells using an electroporator
(Easject Plus; EquiBio Ltd., Kent, UK). Transient transfectants were
obtained and verified after 36 hours. RT-PCR was used to verify the
efficiency of transient transfection. 

In vitro cell growth assay. This was based on a procedure previously
described (19). GC cells were plated onto a 96-well plate (3,000
cells /well). Cells were fixed in 4% formalin after 1, 3, and 5 days.
The cells were then stained with 0.5% (w/v) crystal violet for 30
minutes. Following washing, the crystal violet stain was extracted
with 10% (v/v) acetic acid. Absorbance was determined at a
wavelength of 540 nm using a spectrophotometer (Elx800; Bio-Tek,
Bedfordshire, UK). Growth rate was calculated as: growth rate at
day 5 (%)=(absorbance at day 5/absorbance at day 1) ×100.
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Table I. Primers and oligo-sequences used in this study.

Sequence

Primer name Sense (5’-3’) Antisense(5’-3’) 

WAVE2 (RT-PCR) CAAGCCATCCACCACCAG ACAGCAATGCGACGAGAC
GAPDH(RT-PCR) GGCTGCTTTTAACTCTGGTA GACTGTGGTCATGAGTCC
ARP2(RT-PCR) ATTGAGCAAGAGCAGAAACT ACTGAACCTGACCGTACATTCTGGTGCTTCAAATCTCT
N-WASP(RT-PCR) GCTTTTCCCTTCTTCTTTTC AGTCCCTCTTCACTTTCCTC
ROCK-1(RT-PCR) CCTCTCGGATTCTACAAGTG ACTGAACCTGACCGTACACTGTTTCTTCCAGCCATATC
ROCK-2(RT-PCR) AATCGAAAAGAACCTGTCAA ACTGAACCTGACCGTACAGGTCAATTTCTCACTTTCAG
GAPDH(Q-PCR) CTGAGTACGTCGTGGAGTC ACTGAACCTGACCGTACACAGAGATGATGACCCTTTTG
WAVE2 (Q-PCR) CAGCTGACTACCCAACTCTG ACTG AACCTGACC GTACAATCTGCACCAGTGAAAGG
E-Cadherin(Q-PCR) CAGGCGCCACACACATTTAT ACTGAACCTGACCGTACAGTTCTTCACGTGCTCAAAAT
N-Cadherin(Q-PCR) CAACGACGGGTTAGTCAC ACTGAACCTGACC GTACAGCTAATGGCACTTGATTTTC
SNAIL (Q-PCR) CGCTCTTTCCTCGTCAG ACTGAACCTGACCGTACACTGCTGGAAGGTAAACTCTG
SLUG (Q-PCR) CGAACTGGACACACATACAG ACTGAACCTGACCGTACAGGATCTCTGGTTGTGGTATG
TWIST (Q-PCR) ACTGAACCTGACCGTACAACC GAGGACCTGGTAGAGGAAGT

CAGTCTCTGAACGAG
CK19 (Q-PCR) CAGGTCCGAGGTTACTGAC ACTGAACCTGACCGTACACACTTTCTGCCAGTGTGTCTTC
WAVE2-rib1 CTGCAGCATCTTCTCCTTCCAA ACTAGTACCCTTCATACTTCTTTGTTTCGTCCTCACGGACT

ACTGATGAGTCCGTGAGGA
WAVE2-rib2 CTGCAGCTTGGGCTGACCACA ACTAGTTTGGCTGGACCCAAAAGATTTCGTCCTCACGGACT

CTGCTGATGAGTCCGTGAGGA
Cloning verification (−) TAATACGACTCACTATAGGG CTGATGAGTCCGTGAGGACGAA
Cloning verification (+) TAATACGACTCACTATAGGG TTCGTCCTCACGGACTCATCAG

Abbreviations: ARP2/3: actin-related protein-2/3; CK19: cytokeratin-19; GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase; PCR: polymerase
chain reaction; ROCK: RHO-associated coiled-coil-containing protein kinase; SNAIL, drosophila, homolog of Snail, TWIST: Twist Basic Helix-
Loop-Helix Transcription Factor 1;WAVE: WASP Family Verprolin-Homologous Protein. 



In vitro invasion assay. This was carried out as previously reported
and modified in our laboratory (20). Transwell inserts with 8 μm
pore size were coated with 50 μg matrigel and air-dried. The
matrigel was rehydrated before use. A total of 25,000 cells were
seeded into each well and after 72 hours, cells were fixed (4%
formalin), stained with crystal violet, and counted.

Electric cell-substrate impedance sensing (ECIS)-based cell
adhesion and motility assays. ECIS is a novel method used as an
alternative to the conventional function assays. It works with an
array of 96 wells, each containing two gold electrodes. The current
and voltage across this electrode are measured, and the impedance
and resistance calculated. From the impedance changes, effects on
cell attachment and motility can be examined (21). Using the ECIS
96W1E+ array, cell adhesion and wounding assay were also
conducted. A total of 40,000 cells diluted in 100 μl DMEM with
20% Foetal Calf Serum were seeded into each ECIS plate well, and
treated with a protein of interest. In this study, cells were treated
with either ARP2/3 inhibitor, 8012-5102; NWASP inhibitor,
wiskostatin; or ROCK inhibitor, Y-27632 at a final concentration of
200 nM. For the control group, an identical volume of serum-free
medium was added to wells. The array was then placed into an
ECIS™ CO2 incubator which was connected to the ECIS™ Model
9600 Controller. Cell adhesion was assessed within the first 40
minutes and electrical wound was set at the 16th hour when the
resistance reached maximum levels and migration data could be
obtained in the subsequent 6 hours.

Statistical analysis. Statistical analysis was performed using SPSS18
(SPSS Inc., Chicago, IL, USA). Q-PCR data were analyzed using
Mann−Whitney U-test for non-normally distributed data. The
association of staining for WAVE2 in GC with patient survival was
evaluated using life tables constructed from survival data with
Kaplan−Meier plots and analysed using log-rank statistics. Overall
survival was measured from date of initial surgery to date of death,
counting death from any cause as the endpoint, or the last date of
information as the endpoint if no event was documented. The
association of the transcript levels of WAVE2 and EMT markers was
analysed using Spearman rank order correlation analysis. Other
normally distributed data were analyzed using Student’s t-test. Each
assay was performed at least three times. p-Values of less than 0.05
were considered statistically significant.

Results

Expression of WAVE2, ARP2, NWASP, ROCK1, ROCK2 and
EMT markers in gastric tissues. Analyzed by Q-PCR,
WAVE2 transcripts showed a relatively lower level in GC
tissues than in normal mucosa (p=0.0139). Expression of
WAVE2 was found to be significantly lower in tumors with
lymph node metastasis than in those without (p=0.036), and
was relatively lower in tumors with distant metastasis and
lower TNM staging, and lower in patients who died than
those who were still alive or disease-free at last follow-up,
although without statistical significance (Table II).
Correlation analysis showed that expression of WAVE2 was
positively correlated with E-cadherin (r=0.14, p=0.026) and
inversely correlated with TWIST (r=−0.129, p=0.0303),

while not significantly correlated with SNAIL (r=0.128,
p=0.057), N-cadherin (r=−0.0875, p=0.166) and SLUG
(r=0.0513, p=0.388).

RT-PCR in eight pairs of GC/normal mucosa tissues
indicated that WAVE2 was negatively or barely expressed in
GC, although expression was also very weak in normal
mucosa. ARP2 expression was positive in all cancer samples
and negative in all normal tissues; NWASP did not show any
difference between groups. ROCK1 expression was negative
in eight pairs of tissues (data not shown), whilst ROCK2 was
highly expressed in all carcinomas (Figure 1A). 
Immunohistochemical staining of WAVE2 and ARP2 in
serial-mirrored sections. WAVE2 was weakly expressed in
the cytoplasm of background normal gastric tissues, but
expression was practically negative in all GC specimens,
which was consistent with the Q-PCR results. However,
ARP2 was overexpressed in the cytoplasm of GC cells in
nearly all the specimens we tested. Immunohistochemical
staining of serial mirror sections revealed no co-expression
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Table II. Association of WAVE2 mRNA expression with
clinicopathological parameters in patients with gastric cancer.

Variable WAVE2

Cases Nα Median (Q1,Q3) p-Value

Tissue sample
Normal 82 87 2 (0, 107) 0.0139
Tumour 287 37 0.1 (0, 35)

Gender
Male 206 25 0.1 (0, 37) 0.9471
Female 81 12 0.1 (0, 20)

Infiltration depth
T1+T2 39 3 0 (0, 8) 0.4942
T3+T4 240 34 0.1 (0, 40)

Lymph node status
N0 63 8 0.7 (0, 37) 0.036
N1+2+3 218 29 0.0 (0, 30)

M-Staging
M0 249 33 0.1 (0, 37) 0.2531
M1 37 4 0 (0, 6)

TNM staging
TNM1+2 77 8 0.4 (0, 48) 0.1553
TNM3+4 201 29 0 (0, 33)

Differentiation
High-medium 6 0 0 (0, 21.8)
Medium 55 7 0 (0, 14) 0.1073*
Medium-low 70 12 0.4 (0, 40) 0.0565*
Low 123 15 0.1 (0, 67) 0.0902*

Clinical outcome
Died 167 20 0.02 (0, 31)
Alive 117 17 0.27 (0, 33) 0.2239
Disease-free 104 15 0.25 (0, 27) 0.2411

Nα: Missing cases; *compared with high-medium.



of WAVE2 and ARP2 in GC nor in normal gastric tissues
among all the 127 cancer specimens (Figure 2).

Relationship between WAVE2 expression and prognosis.
Based on the Q-PCR data, we divided 317 cases of GCs into
a negative expression group and a positive expression group.
Survival analysis of Q-PCR data using Wilcoxon (Gehan)
statistic method showed there was no significant difference
between WAVE2 expression and overall survival (u=2.644,
p=0.104) or disease-free survival (u=2.356, p=0.125),
although the cumulative survival rates of both seemed higher
in WAVE2 positive expression patients (Figure 3).

WAVE2 knockdown affected the cell functions of gastric
cancer cells. To examine the function of WAVE2 in GC cells,
we established transient pEF6/V5-His-TOPO plasmid control
and WAVE2-knockdown sublines from GC cells HGC27
(designated as HGC27 pEF and HGC27 WAVE2kd). RT-
PCR showed WAVE2 expression in these GC cells and high
efficiency of WAVE2 knockdown in the sublines (Figure 1B
and C).

As shown in Figure 4A, increased cell growth was
observed in HGC27 WAVE2kd cells compared with its pEF
control (p<0.001). WAVE2 knockdown resulted in a dramatic
increase of invasiveness of HGC27 WAVE2kd cells
compared with control (p<0.01) (Figure 4B).

Cell adhesion was analyzed using the ECIS method. After
40 min of adhesion, there was a significant increase in the
resistance after WAVE2 knockdown compared to the pEF
control cells (p<0.05). Adhesiveness of HGC27 WAVE2kd
cells did not change significantly when treated with 200 nM
of small inhibitors of ARP2 (p>0.05), NWASP (p>0.05) and
ROCK (p>0.05) in parallel (Figure 4C). Knockdown of
WAVE2 promoted the motility of HGC27 cells (p<0.05).
Inhibitor treatment targeting ARP2/3 or NWASP did not
significantly change the motility of HGC27 WAVE2kd cells
compared with the control cells (p>0.05 and p>0.05,
respectively), however, ROCK inhibitor treatment
significantly reduced cell motility (p<0.05) (Figure 4D).

Discussion

Metastasis is a multi-step process by which cancer cells
spread to other organs. The first step involves loss of
cell−cell adhesion (22). The second step is the formation of
lamellipodial protrusions which allow for directional cell
movement in the presence of actin (10). Actin is one of the
most abundant proteins in eukaryotes and is a major
component of the cytoskeleton, which determines and
maintains cell shape. Actin polymerization and de-
polymerization allow dramatic changes in eukaryotic cell
shape and drive cell migration.
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Figure 1. Transcription expression in tissues, cells and genetically-manipulated sublines. A: WAVE2 was negatively or barely expressed in gastric
cancer (T), although expression was also very weak in normal mucosa (N). ARP2 and ROCK2 were highly expressed in all the cancer samples
compared to all the normal tissues; expression of NWASP did not differ between groups. ROCK2 was highly expressed in all carcinomas. B: Expression
of WAVE2 in GC cell lines. C: WAVE2-knockdown verification in HGC27 cells using three kinds of ribozyme transgene combination. Ribozyme 1
(WAVE2rib1) showed high efficiency of knockdown and was used in the subsequent study. GAPDH was used as the house keeping control.
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Figure 2. Immunohistochemical staining of WAVE2 and ARP2 in serial mirror gastric cancer slides. A and B: Negative control for WAVE2 (A) and
ARP2 (B) immunostaining. The first antibody was substituted by PBS. C to H: expression of WAVE2 and ARP2 in intestinal metaplasia tissue (C and
D), adenocarcinoma (E and F) and diffused gastric cancer (G and H). WAVE2 was negatively- and ARP2 was positively-stained, respectively, mainly
in the cytoplasm.



Switching between elongated and rounded modes of
movement allows invasive tumour cells to adapt to various
microenvironments. In mammals, the ARP2/3 complex
initiates actin assembly to form lamellipodial protrusions by
binding to WAVE2 in many tissues (23-26). 

Overexpression of WAVE2 has been frequently found in
many types of cancers, such as human neuroblastoma (27),
hepatocellular carcinoma (11), lung cancer (9), breast cancer
(28) and murine melanoma (4), and found to promote cancer
invasion and metastasis and correlate with a poor prognosis
and death due to disease (4, 11, 28). Co-expression or co-
localisation of WAVE2 and ARP2 was also frequently
discovered in multiple types of carcinoma. Co-expression of
ARP2 and WAVE2 was an independent risk factor for tumor
recurrence in adenocarcinomas of the lung (9) and liver
metastasis of colorectal carcinoma (10), and was a significant
prognostic factor closely-associated with aggressive
morphology of invasive ductal carcinoma of the breast (17).
WAVE2−ARP2/3 complex was significantly correlated with
HER2-overexpression in breast cancer, which activated
lamellipodia formation and initiated cell metalloproteinase-
independent migration in breast cancer cells (29). The
depletion of WAVE2 by inhibitory RNA abrogated both
human breast cancer cell invasion and intensive F-actin
accumulation at the invasion site (30). Thus, WAVE2 plays
a vital role in normal cell motility as well as in cancer cell
invasion and migration. 

In GC, with the overexpression of tumor suppressor
REIC and microRNA-146a, GC cell migration and
invasion, respectively, were repressed, as were the levels of
WAVE2 protein (12, 13). This led us to ask whether the
expression of WAVE2, as an important member of the
WAVE family, might also increase in GC. To test this, we
examined the mRNA and protein levels of WAVE2 in GC
and paired normal tissues. The results obtained from Q-
PCR, RT-PCR and immunohistochemistry analyses
surprisingly revealed a significant down-regulation of
WAVE2 mRNA and protein in GC tissues when compared
to normal tissues. A generally lower level of WAVE2
expression in patients with lymph node metastasis may
correlate with high metastatic potential and poor survival.
However, survival analysis of expression at the mRNA level
showed there was no significant difference in overall
survival or disease-free survival in WAVE2 expression, but
the cumulative survival rates of both were much higher in
patients with WAVE2-positive tumours, by which we infer
the expression of WAVE2 in GC was too low to influence
patient prognosis. 

ARP2 and ROCK2 are involved in two types of cell motility
pathways. Mesenchymal motility is driven mainly by the
WAVE2−ARP2/3 complex, resulting in elongated cells, whilst
amoeboid motility is regulated mainly by the RHO/ROCK
pathway, through which cells exhibit a rounded morphology
(31). NWASP induces rapid actin polymerization through
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Figure 3. Survival analysis of WAVE2 expression in gastric cancer. A: Overall survival (u=2.644, p=0.104). B: Disease-free survival (u=2.356,
p=0.125). Both cumulative survival rates were higher in patients with WAVE2-positive tumours.
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ARP2/3 complex activation, resulting in filopodial formation in
migrating cells (32). In our study, ROCK1 expression was absent
from both GC and normal tissues. ARP2 and ROCK2 were both
overexpressed; however, WAVE2 expression was down-regulated
in GC and NWASP expression did not significantly differ
between groups. This indicates that NWASP and WAVE2 may
not directly interact with ARP2, and only isozyme ROCK2 of
the ROCK family is involved in GC progression.

Correlation analysis with the expression of EMT markers
showed that expression of WAVE2 was positively correlated
with that of epithelial phenotype marker E-cadherin and
negatively correlated with EMT-associated transcription
factor TWIST. The results partially supported our clinical
findings and were consistent with the study of Bryce et al.
who identified a partial EMT-like phenotype in WAVE2-
knockdown cells, with elevation in TWIST1 levels and
cadherin switching (33).

Immunohistochemical staining showed that WAVE2
protein expression was lacking from both GC and normal
gastric mucosa, and staining using mirror sections further
showed that WAVE2 and ARP2 were not coexpressed in
gastric cells of the same adenocarcinoma. However, WAVE2
mRNA expression can be detected in human GC cell line
AGS and HGC27. Therefore, we further carried out genetic
modification and function assays to unveil the reason behind
the results obtained from our study. Transient transfection of
WAVE2 ribozyme transgenes into HGC27 cells promoted cell
growth, invasion, adhesion and migration. Increased growth,
invasion and migration are three important elements of tumor
metastasis, however, moderate adhesion to a loosely-
organized extracellular matrix facilitates both migration and
growth, but strong adhesion to a fully organized extracellular
matrix restricts these phenomena (34). Therefore, increase of
adhesion by about 40% in our study may facilitate both
migration and growth. Furthermore, increased migration can

be reduced to a relatively lower level after treatment with
ROCK inhibitor but not ARP2 and NWASP inhibitors in
parallel, which may indicate that WAVE2 suppresses cell
migration through binding with ROCK but not through
binding with ARP2, or crosstalking with its family member
NWASP. In our study, ROCK1 was not expressed in GC or
normal tissues, therefore, the possible binding partner of
WAVE2 in GC may be ROCK2. As far as we are aware, we
are the first to report the interaction of WAVE2 with ROCK2,
although the mechanism is not yet clear.

In summary, our findings on WAVE2 expression and
function in GC are very interesting and quite different from
findings for other tumour types, even differing from the other
two studies on GC (12,13). WAVE2 is down-regulated in GC
and loses its metastatic role in GC, promoting the growth,
invasiveness, motility, adhesiveness and partially suppressing
EMT of GC cells. WAVE2 may not be a main ARP2/3
partner driving mesenchymal motility in gastric tissues. 
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