
Abstract. This study aimed to investigate the role of the
cytoskeleton-associated protein vasodilator-stimulated
phosphoprotein (VASP) on the migration and invasion of
human breast cancer cells and its relationship to Rac1
which is a member of the Rho family and has been found to
be implicated in tumorigenesis, invasion and metastasis. We
detected the mRNA and protein expression levels of VASP
and Rac1 of the non-invasive breast cancer cell line MCF-7
as well as the invasive cell line MDA-MB-231 by RT-PCR
and Western blotting. GST pull-down assay was used to
examine the activitiy of Rac1. Accordingly, the cell invasive
migration ability was analyzed in a wound-healing assay
(2D) and transwell assays (3D migration and invasion). We
then used VASP-siRNA to inhibit the expression of VASP in

breast cancer cells in order to study the relationship between
the VASP expression level and the invasive migration ability
of breast cancer cells. Rac1-siRNA was used to decrease the
expression of Rac1, and observe its effect on the VASP
expression level together with the migration and invasion
ability of MCF-7 and MDA-MB-231 cells. Our results revealed
that the invasive breast cancer cell line MDA-MB-231 showed
a higher Rac1 activity and VASP expression level compared
with the non-invasive MCF-7. Inhibition of Rac1 or VASP by
siRNA, respectively, decreased the migration and invasion
ability of breast cancer cells and the transfection of Rac1
siRNA-mediated reduction of VASP expression at mRNA and
protein levels. Collectively, our data showed that the higher
expression level of VASP contributed to a higher invasive
migration capacity of human breast cancer cells which was
controlled by the Rac1 pathway.

Introduction

Breast cancer is the leading cause of death for women in many
countries. Importantly, the ability of breast cancer cells to
metastasize to distal organs makes this disease refractory and
incurable. The phenotypes associated with metastatic breast
cancer cells include up-regulated cell growth and survival,
decreased cell-cell adhesion, increased ability to degrade the
extracellular matrix and increased cell motility and the
ability of invasion. Although the physiology of the breast has
become better understood, the precise molecular and genetic
mechanisms of metastasis leading to these malignant pheno-
types remain unclear.

The GTPase proteins Rac, Cdc42 and Rho are members
of the Rho family, a subset of the Ras superfamily. They are
involved in many signal transduction pathways that control a
broad array of essential cellular functions such as reorgani-
zation of the actin cytoskeleton, gene expression, cell cycle
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progression and cell-cell adhesion (1). Rearranging the actin
cytoskeletal proteins in response to Rho GTPase is important
for the ability of tumor cells to metastasize. Overexpression of
Rho GTPase has been linked to the pathogenesis and meta-
stasis of human breast cancer. To characterize the contribution
of Rho GTPases to cancer initiation and progression requires
an understanding of how Rho GTPase is regulated in non-
invasive and invasive tumor cells. As a significant member of
the Rho family, Rac1 has been implicated in tumorigenesis (2),
tumor angiogenesis (3), invasion and metastasis (4), cell-cycle
control and apoptosis (5). During cell migration, activated Rac
and Cdc42 induce reorganization of the actin cytoskeleton at
the leading edge (6). Localized actin polymerization at the
leading edge pushes the membrane forward in finger-like
structures known as filopodia and in sheet-like structures
known as lamellipodia. These structures generate the loco-
motive force in migrating cells. Our attention was drawn to the
fact that the relative contribution of each Rho GTPase to
cytoskeletal rearrangements depends on the specific cell
condition and cell type. In some cell types Rac1 up-regulation
was shown to result in the inhibition of migration such as
Rac1 overexpression in Madin-Darby canine kidney (MDCK)
epithelial cells which resulted in the inhibition of migration
and invasion (7). Migration was shown to be unchanged in
Rac1-deficient colon carcinoma cells (8), rat fibroblasts (9)
and macrophages (10). However, experimental data exist
supporting the view that the increased Rac1 expression was
related to higher TNM stages of gastric carcinoma (11). The
expression of a dominant-negative form of Rac in elongated
cells, such as B16F10 melanoma cells, inhibits the formation
of such protrusive membrane structures, causing decreased
cell migration (12). Thus, we aimed to investigate the role
Rac1 plays in breast cancer cells.

Ena/VASP proteins are actin-binding proteins that localize
to actin stress fibers, the tips of filopodia and the lamelli-
podial leading edge. A number of apparently conflicting
studies have confused the Ena/VASP field, pointing to roles
for these proteins in the promotion and inhibition of actin-
dependent processes (13). Deletion of the Ena/VASP-binding
sites within the bacterial protein ActA led to a decrease in the
actin-dependent intracellular motility of Listeria monocyto-
genes (14). However, fibroblasts devoid of Ena/VASP proteins
exhibit increased rates of cell motility (15). Therefore, there
is controversy concerning the function of Ena/VASP proteins
in differential cell motility and migration. VASP regulation
of the cytoskeleton is mediated through interaction with or
regulation of Rho GTPases. Fryer and Field (16) indicated
that there was overlap in the phenotypic regulation by PKG,
Rac and Pak especially in endothelial permeability, focal
adhesion remodeling, and angiogenesis. PKG and its
substrate VASP appear to regulate Rac/Pak activity. An
experiment was performed showing that cardiac fibroblasts
from VASP knockout mice display increased spreading,
prolonged Rac and Pak activation in response to PDGF, and
an inability to properly orient in a monolayer wound-healing
assay (17). The data provide evidence that VASP is a
negative regulator of Rac and Pak, and VASP is a common
convergence point for cGMP and Rho GTPase signaling.
However, in the presence of N17 rac1 which suppressed
progression, dominant negative GTPase were transfected into

malignantly transformed cancer cells, VASP was down-
regulated, and vinculin and F-actin colocalization restored
(18). Therefore, there is no final conclusion regarding the
relationship between Rac1 and VASP in tumor cells.

Double-stranded (ds) RNA has been known to mediate
sequence-specific gene silencing in a range of organisms,
including plants and C. elegans. It has been found that 21
short nucleotide (nt) ds RNA molecules, known as short
interfering RNAs (siRNAs), can mediate RNAi in mammalian
cell lines (19). Pan has successfully suppressed the Rac1
expression by using Rac1-specific siRNA and demonstrated
that the conditioned medium from these Rac1 siRNA-targeted
cancer cells can effectively inhibit endothelial cell proliferation
(12). We used siRNA oligos which is a process whereby the
introduction of double-stranded RNA (dsRNA) into cells
results in the degradation of homologous mRNA strategies on
MCF-7 and MDA-MB-231 cells to knock down Rac1 level.
In our study, in order to gain insight into whether a higher
activity of Rac1 and an increased expression of VASP were
related to a higher invasive migration capacity of breast cancer
cells, we investigated the mRNA and protein levels of MCF-7
and MDA-MB-231 cells. We have characterized for the first
time the effects of direct inhibition of Rac1 GTPase and VASP
on the intrinsic migratory behaviors of the two breast cancer
cell lines that possessed a differential capacity of migration
and invasion. Our study demonstrated that by increasing its
activity Rac1 promoted the migration and invasion capacity
of breast tumor cells by controlling VASP expression, located
on the downstream of Rac1, positively. Therefore, Rac1 and
its effectors may serve as important targets for cancer
therapeutics.

Materials and methods

Materials and chemicals. Human breast cancer MCF-7 and
MDA-MB-231 cells were preserved by the Department of
Pathophysiology, Medical College of Wuhan University.
RPMI-1640 medium was from Hyclone Company. The
monoclonal mouse anti-VASP antibody (IE273) was obtained
from ImmunoGlobe Company. Anti-Rac1 (23A8 clone) and
Rac1 activation assay kit were purchased from Upstate
Biotechnology. The DAB kit was purchased from Beijing
Zhongshan Biotechnology Co., Ltd. The 24-well transwell
system was from Costar Corporation. fMLP was purchased
from Sigma Company.

Cell culture and siRNA transfection. Human breast cancer
MCF-7 and MDA-MB-231 cells were maintained in RPMI-
1640 medium with 10% calf serum at 37˚C in a humidified
incubator supplemented with 5% CO2. A day prior to trans-
fection, MCF-7 or MDA-MB-231 cells were seeded in 6-well
plates and grown overnight in RPMI-1640 medium supple-
mented without calf serum or antibiotics to reach ~60-70%
confluence. The RNA oligos containing 21 nucleotides were
synthesized in sense and anti-sense directions corresponding
to human Rac1 (Genbank accession number AF498964)
siRNA1 at nucleotides 439-459 bp (sense: 5'-GGAGATTG
GTGCTGTAAAA-3' and anti-sense: 5'-UUUUACAGCACC
AAUCUCC-3'), siRNA2 at nucleotides 199-217 bp (sense:
5'-CUACUGUCUUUGACAAUUA-3' and anti-sense: 5'-UAA
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UUGUCAAAGACAGUAG-3'), and siRNA3 at nucleotides
328-346 bp (sense: 5'-CAUCCUAGUGGGAACUAAA-3'
and anti-sense: 5'-UUUAGUUCCCACUAGGAUG3') with
dTdT overhangs at each 3' terminus (Shanghai GenePharma
Co., Ltd.). The RNA oligos containing the 21 nucleotides were
synthesized in sense and anti-sense directions corresponding
to human VASP (Genbank accession number BC038224)
siRNA1 at nucleotides 942-960 bp (sense: 5'-CAACCUUGC
CAAGGAUGAATT-3' and anti-sense: 5'-UUCAUCCUUGG
CAAGGUUGTG-3'), siRNA2 at nucleotides 1002-1020 bp
(sense 5'-CGCCCAGCUCCAGUGAUUATT-3' and anti-
sense: 5'-UAAUCACUGGAGCUGGGCGTG-3') and siRNA3
at nucleotides 1024-1042 bp (sense 5'-GGACCUACAGAGG
GUGAAATT-3' and anti-sense: 5'-UUUCACCCUCUGUAG
GUCCGA-3'). The selected sequences were submitted to a
BLAST search against the human genome to ensure that
only the selected genes were targeted. One negative siRNA
control (sense 5'-UUCUCCGAACGUGUCACGU-3' and anti-
sense 5'-ACGUGACACGUUCGGAGAA-3') was supplied.
Transfection was performed using Lipofectamine 2000 reagent
(Invitrogen Co., Ltd.). The day prior to transfection, cells were
trypsinized, diluted with fresh medium and then transferred to
6-well plates. Transfection of siRNAs was carried out using
Lipofectamine 2000 reagent. Lipids and siRNAs were diluted
into the RPMI-1640 medium, respectively. Diluted lipids were
mixed with diluted siRNAs and the mixture was incubated
for 20 min at room temperature for complex formation. After
the addition of RPMI-1640 to each well containing cells to a
level of 2 ml, the entire mixture was added to the cells in one
well resulting in a final concentration of 100 pmol for the
siRNAs. At 48 h after transfection, the cells were fixed for
RT-PCR analysis or scraped for Western blotting.

Western blotting. The cells were washed twice with PBS and
then lysed in ice-cold RIPA buffer [50 mM Tris-HCl pH 7.4,
150 mM NaCl, 1% Triton X-100, 0.25% deoxycholate (DOC),
1.5 mM MgCl2, 1 mM EGTA, 1 mM phenylmethylsulfonyl-
fluoride (PMSF), 10 mM zNaF, 10 mM pervanadate, 10 μg/ml
leupeptin and 10 μg/ml aprotinin] on ice, using 50 μl lysis
buffer per well. After 10 min on ice, lysates were scraped into
microcentrifuge tubes and centrifuged at 14,000 x g for 15 min
at 4˚C. The protein concentration of the supernatant lysate
was determined by Coomassie brilliant blue assay. For direct
immunoblotting, lysate aliquots were mixed with 5X sample
buffer containing 2-mercaptoethanol and boiled for 5 min
before loading on 12% sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE) gel with a 5% (v/v)
stacking and a 12% (v/v) gradient gel. Following SDS-PAGE
separation, proteins were transferred to a nitrocellulose
membrane in 90 min for Rac1 and GAPDH, and in 120 min
for VASP. After blocking with 5% (w/v) BSA in Tris-buffered
saline (TBS) at 37˚C for 1 h, membrane strips were incubated
with a different dilution of different antibodies according to
their descriptions. After extensive washing, membrane strips
were incubated with a different dilution of horseradish pero-
xidase (HRP)-conjugated goat anti-mouse IgG at 37˚C for 1 h
with agitation and then extensively washed again. Detection
was performed with DAB (3,3-diaminobenzidine) or ECL
immune enzymic reaction. The former was stopped by rinsing
in distilled water.

Reverse transcriptase-polymerase chain reaction (RT-PCR).
RT-PCR was used to determine the target sequences of Rac1
and VASP in human breast cancer cells including MCF-7 and
MDA-MB-231. Total RNA was purified using total RNA
isolation system (Promega) and RT-PCR was performed
using the Acess RT-PCR system (Promega). The specific
primers and thermocycler for Rac1 and VASP were as
follows: the upstream and downstream primers of Rac1 were
5'-ATGTGCTCTCCCGAGTAACC-3' and 5'-GGAGGAAA
CTGAGGCAACAC-3', respectively. Rac1 reaction para-
meters were 94˚C, 40 sec; 54˚C, 30 sec and 72˚C, 30 sec for 30
cycles. The upstream and downstream primers of VASP were
5'-CCACTGAACTTCTGATTCGC-3' and 5'-GCGTGCT
AGCTGGATGTCTT-3'. VASP reaction parameters were
94˚C, 40 sec; 60˚C, 30 sec and 72˚C, 30 sec for 30 cycles.
GAPDH was employed as an internal control for the mRNA
and protein analyses.

Rac1 activation assay. The GTPase activity of Rac1 was
measured as described by the instructions. Cells were rinsed
with cold PBS and lysed in MLB buffer. Lysates were cleared
by centrifugation and the protein concentration was measured.
Equal amounts of protein (400-600 μg) were incubated with
50 μg Rac/Cdc42 assay reagent (PAK-1 PBD, agarose) and
the reaction mixture was gently rocked at 4˚C for 60 min,
and the agarose beads were collected by pulsing for 5 sec in
the microcentrifuge at 14,000 x g to remove and discard the
supernatant. The beads were washed 3 times with MLB,
resuspended in 40 μl of 2X Laemmli-reducing sample buffer
and boiled for 5 min. The bound proteins were eluted by
boiling for 5 min and resolved in 12% polyacrylamide gels,
transferred to nitrocellulose membranes, and immunoblotted
with anti-Rac1 antibody as described above. The experiments
were carried out in triplicate.

Two-dimensional (2D) cell migration assays. A two-
dimensional cell migration assay using a wound-healing
model was performed as previously described (20). After
being serum-starved for 12 h in serum-free RPMI-1640
medium in 6-well plates, the former monolayer was scraped
with a sterile 200 μl pipette tip into a 6-well-plate and
washed with PBS. We then transfected a series of different
segments of Rac1- or VASP-siRNA to the monolayer with
the control cells treated with nothing. Time-lapse images
were captured using an inverted phase-contrast microscope at
x100 magnification for 48 h. The cell migration was evaluated
by calculating the average cell migration velocity using the
formula: average cell migration velocity = migration distance
(μm)/migration time (h), and migration index = migration
velocity of experimental group/migration velocity of nc
group.

Three-dimensional (3D) cell migration and invasion assays.
A three-dimensional cell migration assay was performed with
the transwell system, which allows cells to migrate through
an 8-μm pore size polycarbonate membrane with or without
a layer of 25 μg/cm2 Matrigel® (Becton-Dickinson, Heidelberg,
Germany) on it. The gels were allowed to polymerize for 2 h
at 37˚C and had a minimum thickness of 20 μm. Serum-free
RPMI-1640 medium was initially added to the 24-well plate
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(the lower chamber of transwell), and then to the transwell
insert (the upper chamber of transwell), which was equilibrated
overnight to allow cell attachment at 37˚C in an incubator
supplemented with 5% CO2. Cells were trypsinized, washed,
and resuspended in RPMI-1640 medium containing 10% calf
serum (1x106 cells/ml). This suspension (100 μl) was added
to the upper chamber of the transwell. The lower chamber was
filled with 600 μl RPMI-1640 medium with 20% calf serum.
Cells in the two situations referred to previously adhered to
the transwell filters during a 2-h incubation at 37˚C in the
presence of 5% CO2. The RPMI-1640 medium containing 10%
calf serum in the upper chamber was replaced with serum-
free RPMI-1640 medium or Rac1-siRNA segment. After
incubation for 18 h at 37˚C in the presence of 5% CO2, the
cells were fixed for 30 min in 4% formaldehyde and stained for
15 min with crystal violet. The filters were rinsed thoroughly
in distilled water and checked by bright-field microscopy to
ensure that the cells were adherent and had migrated. The
non-migrating cells were carefully removed from the upper
surface (inside) of the transwell with a wet cotton swab. To
quantify cell motility, cells that had migrated to the bottom
surface of the filter were counted. Nine evenly spaced fields
of cells were counted in each well, using an inverted phase-
contrast microscope at x200 magnification.

Statistical analysis. Values are expressed as mean ± standard
error of the mean (SEM). The mean difference among the
multiple groups was assessed using analysis of variance
(ANOVA). Statistical significance was established between
the two groups using the t-test. A probability value of p<0.05
was considered statistically significant.

Results

High expression level and activity of Rac1 and VASP were
observed in invasive MDA-MB-231 but not in non-invasive
MCF-7 cells. To study the relationship between breast cancer
cell invasive ability and the expression and activity of Rac1
and VASP, we conducted Western blotting (Fig. 1). The result
showed that the expression levels of Rac1 and VASP in the
invasive cell line were markedly higher than those in the
non-invasive one (Fig. 1A). The significant differences were
quantified by the densitometry analysis of Western blotting
(Fig. 1B, p<0.05 or p<0.01). The total Rac1 protein level in
the invasive cell line was 1.4-fold of the expression level in
the non-invasive one. Almost 2-fold of the VASP protein level
was observed in the invasive cell line compared to the level in
the non-invasive one. We further analyzed the activity of
Rac1 between the two cell lines by a pull-down experiment
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Figure 1. High expression level and activity of Rac1 and VASP were
observed in invasive MDA-MB-231 but not in non-invasive MCF-7 cells.
(A) Western blotting of total Rac1 and VASP were performed in two human
tumor cell lines. Active Rac1 was detected by using the Rac1 assay kit as
described in Materials and methods. GAPDH was taken as an internal control.
(B) Rac1-, active Rac1-, VASP- and GAPDH-specific band intensities were
densitometrically measured and the relative density of Rac1, active Rac1
and VASP to GAPDH was determined and plotted as a bar graph. Total/
active Rac1 and VASP are highly expressed in MDA-MB-231 compared
with the MCF-7 cell line. (C) Percentage of active Rac1-specific band
intensity to total Rac1. Rac1 is hyperactive in MDA-MB-231 compared with
the MCF-7 cell line. Three independent experiments were performed. Results
are presented as means ± SD of these independent experiments, *p<0.05 and
**p<0.01.

A
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followed by the Western blot. Consistent with the total Rac1
expression result, the activity of Rac1 (measured by the ratio
of active Rac1 over total Rac1) in the invasive cell line was
0.352 compared to 0.135 in the non-invasive cell line, a 2.6-
fold difference between the two cell lines (Fig. 1A and C),
suggesting a potential correlation between the invasive ability
of breast cancer and the expression level and activity of Rac1
and VASP.

More aggressive migration and invasive ability were found
in invasive MDA-MB-231 than in non-invasive MCF-7 cells.
To characterize the invasive migration potential of the two cell
lines, the cell migration and invasion ability were assessed by
2D, 3D migration and 3D invasion assay, respectively
(Matrigel 25 μg/cm2). The invasive cell line showed a 2.7- and
3.6-fold migration ability compared to the non-invasive cell
line in the 2D and 3D migration assay, respectively (p<0.01)
(Fig. 2A and B). Concomitant with the high migration ability,
the invasive MDA-MB-231 cells showed the more aggressive
invasion (90.0 cells/field in matrigel) versus the non-invasive
MCF-7 cells (31.0 cells/field in matrigel) (Fig. 2B, p<0.01).
The result indicated that the invasive breast cancer cells tend
to be more aggressive than the non-invasive ones as regards
cell migration and invasion.

Specific siRNA for Rac1 was sufficient to knock down Rac1
and depress VASP gene transcription as well as translation.
To test whether the gene transcription and translation of
VASP were affected by the expression level of Rac1 within
breast cancer cells, loss-of-function approach was applied.
Invasive and non-invasive breast cancer cells were transfected,
respectively, with three different segments of siRNA specific
for Rac1 (Rac1-siRNA1, 2 and 3) with Lipofactamine 2000.
At 48 h after trasfection, the mRNA expression of Rac1 and
VASP was detected with RT-PCR, and the protein expression
was measured by Western blotting (Fig. 3A). The Rac1-
siRNA1 insert effectively inhibited Rac1 gene transcription
and translation in MCF-7 cells, which resulted in the mRNA

expression level of Rac1 being reduced to 48% (Fig. 3B,
p<0.05) and the protein expression level being decreased to
47% (Fig. 3D, p<0.01), respectively, in contrast to the
negative control group (nc) after trasfection. Furthermore, we
found that in MCF-7 cells, the Rac1-siRNA1 construct
transduction diminished VASP expression at the mRNA and
protein levels to 50% (p<0.05) (Fig. 3C) and 53% (p<0.05)
(Fig. 3E) compared with the nc group. However, Rac1-
siRNA2 and Rac1-siRNA3 segments revealed no inhibitory
effect compared with the nc group (p>0.05) (Fig. 3B-E).
Consistent with the result in MCF-7 cells, specific siRNA1
for Rac1 was sufficient to knock down Rac1 and depress
VASP gene transcription as well as the translation in MDA-
MB-231 cells (data not shown). These data showed that in
invasive and non-invasive breast cancer cell lines decrease of
the Rac1 expression level resulted in the depression of VASP
gene transcription and translation, which suggested that
VASP expression was positively regulated by Rac1.

Specific siRNA for VASP was sufficient to knock down VASP
gene transcription and translation but not to affect Rac1
expression. To further confirm the relationship between Rac1
and VASP, we designed three different pairs of siRNA
specific for VASP to silence VASP expression in invasive
and non-invasive breast cancer cell lines. The cells were
transfected with the three different VASP-siRNA segments
1, 2 and 3, respectively, for 48 h. Then, the mRNA expression
level of VASP was detected by RT-PCR, and the protein
expression was measured by Western blotting. The most
effective siRNA segment to reduce VASP expression was
found to be VASP-siRNA1 compared with the nc group, in
MCF-7 (Fig. 5A) and MDA-MB-231 cells (Fig. 5B). The
VASP expression was decreased by VASP-siRNA1 to ~46%
(p<0.01) (Fig. 5C) and 32% (p<0.01) (Fig. 5D) at a level of
mRNA and protein compared with the nc group in MCF-7
cells. The change in MDA-MB-231 cells was similar (Fig. 5E).
In order to demonstrate the interaction between VASP and
Rac1 more rigorously, we detected the mRNA expression of

ONCOLOGY REPORTS  20:  929-939,  2008 933

A B

Figure 2. More aggressive migration and invasive ability were found in invasive MDA-MB-231 than in the non-invasive MCF-7 cells. (A) MDA-MB-231
cells exhibited a higher cell migration velocity than MCF-7 in 2D migration cell assays. Three independent experiments were performed. Results are
presented as mean cell migration velocity ± SD of the independent experiments, **p<0.01. (B) MDA-MB-231 cells revealed a stronger 3D migration and
invasion ability, respectively, in 3D migration and invasion assays (upper chambers of 24-well transwell inserts were overlaid with or without diluted matrigel
gel). Three independent experiments were performed. Results are presented as means ± SD of these independent experiments, **p<0.01.
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Rac1 in VASP-siRNA-trasfected MDA-MB-231 cells. The
RT-PCR result showed that the mRNA expression level of
Rac1 was not reduced in the three VASP-siRNA segment-
treated group compared with the nc group (p>0.05) (Fig. 5B
and F). It revealed that the change of VASP expression level
does not affect the gene transcription of Rac1.

Specific siRNAs for Rac1 and VASP weakened the migration
and invasion capacity of breast cancer cells. To observe
whether the expression level of Rac1 and VASP was associated
with cancer cell migration and invasion, specific siRNAs for
Rac1 or VASP knocked down Rac1 or VASP in breast cancer
cells. Cell migration and invasion capacity were then assessed

in 2D migration as well as 3D migration and invasion assays.
The experimental data showed that Rac1-siRNA1- and
VASP-siRNA1-transfected breast cancer cells presented a low
migration and invasion ability. The migration index of Rac1-
siRNA1-treated MCF-7 cells was reduced to 42% (p<0.01)
of the nc group at 48 h after transfection, while the Rac1-
siRNA segments 2 and 3 did not produce an inhibitory effect
(p>0.05) (Fig. 4A). A similar phenomenon was observed in
MDA-MB-231 cells (Fig. 4B). As for the 3D migration and
invasion assays, cells in each field of the Rac1-siRNA1-treated
group were much less than that of the nc group in MCF-7 and
MDA-MB-231 cells (48% of nc group in 3D migration assay
for MCF-7 cells, p<0.01; 19% of nc group in 3D invasion
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Figure 3. Specific siRNA for Rac1 was sufficient to knock down Rac1 and
depress VASP gene transcription as well as translation. MCF-7 cells were
treated with three different siRNA segments of Rac1 siRNA (1, 2 and 3) or
with a negative control siRNA (nc). (A) RT-PCR and Western blotting of
mRNA and protein extracts from MCF-7 cells treated by Rac1-siRNA or nc
at 48 h after transfection. GAPDH was used as an internal control. (B and C)
Semi-quantification of RT-PCR analyses of VASP and Rac1 in three
independent transfection experiments is shown. Data are represented as
the relative density of siRNA expression. These results are presented as
means ± SD of three independent experiments, *p<0.05 vs. nc. (D and E)
Densitometric quantification of Rac1-siRNA Western blot. Three independent
experiments were performed. Results are presented as means ± SD of these
independent experiments, *p<0.05 and **p<0.01 vs. nc.

A B

C D

E
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assay for MCF-7 cells, p<0.01; 44% of nc group in 3D
migration assay for MDA-MB-231 cells, p<0.01 and 17% of
nc group in 3D invasion assay for MDA-MB-231 cells, p<0.01)
(Fig. 4C). VASP silencing also blocked breast cancer cells
migration. The migration index of the VASP-siRNA1 group
was 61% compared with the nc group (p<0.01) (Fig. 6). The
result revealed that loss-of-function of Rac1 or VASP in
breast cancer cells inhibited their migration and invasion.

fMLP activated Rac1 and up-regulated the expression of
VASP in MDA-MB-231 cells. We measured Rac1 activity by
using GST-PBD to pull down GTP-Rac. fMLP was known as
the Rac1 activator which induces rapid Rac1 activation
(21,22). Xu et al showed a rapid and transient increase in
Rac1 activity ~1 min after exposure to fMLP in HL-60 cells
(23). In this study, we found that there was a peak of Rac1
activity stimulated by fMLP at 3 min which then declined in
MDA-MB-231 cells (Fig. 7B). The maximum Rac1 activity
was 2.0-fold of the control group (p<0.05). At the same time,
according to the expression of VASP, we have found that there
was a delayed peak of VASP expression which was 3.5-fold
of the control group (p<0.01) at 5 min after fMLP stimulation
in MDA-MB-231 cells which then decreased (Fig. 7C). Taken
together, we suspected that VASP located on the downstream
of Rac1.

Discussion

Numerous studies have shown that the migration and invasion
ability of tumor is correlated with Rac1 or VASP. However,
a mechanism showing the signal pathway that interacts in
breast cancer cells has yet to be established. In this study, we
used the siRNA technique to silence the expression of Rac1 or
VASP, respectively, in MCF-7 and MDA-MB-231 cells and
assessed their migration and invasion ability changes by
examining 2D and 3D migration/invasion assays accordingly.
We have shown that VASP expression and Rac1 activity
were concomitant with the migratory and invasive ability of
human breast cancer cells. Furthermore, VASP regulated the
migration and invasion of breast cancer cells positively via
Rac1 which located upstream of VASP.

The Rho GTPases are proteins of a ubiquitous family of
proteins that are widely appreciated as having the two
signaling functions often associated with gene expression,
and important roles in the regulation of the actin cytoskeleton
(24). There is increasing evidence that Rho proteins influence
a variety of important processes in cancer, including cell
transformation, survival, proliferation, invasion, metastasis and
angiogenesis (25). Among the Rho protein family members,
Rac1 plays an importrant regulatory role in tumor cellular
processes, such as gene expression, superoxide production,
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Figure 4. Specific siRNAs for Rac1 weakened the migration and invasion
capacity of breast cancer cells. (A) 2D migration capacity of MCF-7 cells
after knockdown with Rac1-siRNA1, 2 and 3 at 48 h after transfection in a
2D migration cell assay. Three independent experiments were performed.
Results are presented as the mean cell migration velocity ± SD of these
independent experiments, **p<0.01 vs. nc. (B) 2D migration capacity of
MDA-MB-231 cells after knockdown with Rac1-siRNA1, 2 and 3 at 48 h
after transfection in 2D assays. Three independent experiments were
performed. Results are presented as the mean cell migration velocity ± SD
of these independent experiments, *p<0.05 vs. nc. (C) 3D migration and
invasion ability of MCF-7 and MDA-MB-231 cells after knockdown with
Rac1-siRNA1 at 24 h after transfection, respectively, in 3D migration and
invasion assays. Three independent experiments were performed. Results
are presented as means ± SD of these independent experiments, *p<0.05 and
**p<0.01 vs. nc.
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cell migration and invasion, proliferation and apoptosis.
The present study showed that mRNA levels of Rac1 were
significantly higher in gastric carcinoma tissues than those in
unaffected portions. Furthermore, the expression levels of
Rac1 in tumor tissues were correlated with the clinical stage

of the malignancy. Activated Rac1 localizes to the plasma
membrane where it is thought to function in actin remodeling
which contributes to membrane ruffling (26,27). The VASP
regulation of the cytoskeleton is mediated through interaction
with or regulation of Rho GTPases. VASP binds to WASP, a
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Figure 5. Specific siRNA for VASP was sufficient to knock down VASP gene transcription and translation but not to affect Rac1 expression. MCF-7 cells were
treated with three different siRNA oligos of VASP or with nc siRNA. (A) VASP Western blotting and RT-PCR analysis of MCF-7 cells treated by VASP-
siRNA or nc at 48 h after transfection. (B) RT-PCR analyses of VASP and Rac1 in the VASP-siRNA expressing MDA-MB-231 cells compared with nc at 48 h
after transfection. (C) Relative VASP mRNA quantification, related to GAPDH mRNA by RT-PCR in MCF-7, which were treated by VASP-siRNA or nc at
48 h after transfection. (D) Densitometric quantification of VASP protein expression. (E) Relative VASP mRNA quantification, related to GAPDH mRNA by
RT-PCR in MDA-MB-231 cells, which were treated by VASP-siRNA or nc for 48 h. (F) The histogram represented the Rac1 mRNA fold change relative to
GAPDH after MDA-MB-231 cells were treated with VASP-siRNA or nc for 48 h. GAPDH was taken as an internal control. Three independent experiments
were performed. Results are presented as means ± SD of these independent experiments, *p<0.05 and **p<0.01 vs. nc.

F

929-939  12/9/08  15:53  Page 936



Cdc42-binding effector, to regulate actin assembly and
membrane protrusion at the cellular leading edge (28).

Upon examination of the two human breast cancer cell
lines with different invasive abilities, we found that Rac1
activity and VASP expression levels correlated with meta-
static potential in the breast cancer cells. The high activity of

Rac1 accompanied with the high expression level of VASP
was correlated with the enhanced ability of 3D migration and
invasion of breast cancer cell lines. Thus, we designed three
different siRNA oligos to identify the most efficient oligos in
silencing Rac1 expression in MCF-7 and MDA-MB-231
cells. We showed that transfection of the breast cancer cells
with Rac1 siRNA down-regulated VASP expression and
suppressed their migration and invasion ability. To reinforce
these data, a diminution of VASP expression following Rac1
siRNA transfection was also shown in invasive MDA-MB-231
breast cancer cells. Herein, we were able to hypothesize Rac1
regulated VASP expression positively in invasive and non-
invasive breast cancer cells. In agreement with previous
studies, the study by Fryer et al on endothelial cells proved
that PKG controls cell morphology through Pak by regulation
of the Pak/VASP association while Pak is a substrate of Rac
(29). However, cardiac fibroblasts from VASP knockout mice
display increased spreading, prolonged Rac and Pak activation
in response to PDGF (platelet-derived growth factor), and an
inability to properly orient in a monolayer wound-healing
assay (17). This experiment provided circumstantial evidence
that VASP is a negative regulator of Rac. To confirm the
hypothesis that Rac1 played a significant role as an upstream
regulator of VASP, we transfected VASP-siRNA in MCF-7
(data not shown) and MDA-MB-231 cells. We observed that
the mRNA expression of Rac1 showed no difference compared
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Figure 6. Specific siRNAs for VASP weakened the migration and invasion
capacity of MCF-7 cells. The 2D migration capacity of MCF-7 cells after
knockdown with VASP-siRNA1 at 48 h after transfection in 2D migration
cell assays is shown. Three independent experiments were performed. Results
are presented as mean cell migration velocity ± SD of the three independent
experiments, **p<0.01 vs. nc.

Figure 7. fMLP activated Rac1 and up-regulated the expression of VASP in MDA-MB-231 cells. (A) MDA-MB-231 cells were serum-starved for 8 h, treated
with 1 μmol/l fMLP for 0-10 min and subsequently assayed for Rac1 activity as described in Materials and methods. The upper panel shows active Rac1 level
after fMLP stimulation. The lower left panel shows total Rac1 level. The third panel shows the protein level of VASP. (B) The histogram shows quantification
of the increase in Rac1 activity after fMLP stimulation in three independent experiments. (C) The histogram shows quantification of the VASP level after
fMLP stimulation in three independent experiments, *p<0.05 and **p<0.01 vs. control group.
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with the nc group. These results indicated that Rac1 located
on the upstream of VASP in breast cancer cell lines. We
suspected that the relative contribution of Rac1 GTPases to
cytoskeletal rearrangements and its relationship with VASP
depended on cell types.

To investigate the relationship between VASP and Rac1,
we observed that fMLP, an activator of Rac, time depended
stimulation Rac1 activity, would promote VASP expression
at protein level in MDA-MB-231 and MCF-7 cells (data not
shown). The peak of Rac1 activity occurred 2 min earlier than
that of VASP expression, hinting that Rac1 located on the
upstream of VASP. Together with our observations that the
expression of VASP and Rac1 associated with migratory and
invasive abilities, these results suggested that Rac1 contributes
to the up-regulation of VASP transcription such as that which
occurs during breast cancer cell migration and invasion.

The mechanism by which Rac1 regulates VASP remains
unclear. PKG may facilitate the complex formation between
Rac1 and an exchange factor by modification of a scaffolding
protein such as members of the ENA/VASP family of proteins.
This is particularly attractive since PKG colocalizes with
VASP in dynamic membrane regions, and the latter is a well-
characterized substrate for PKG (30). We have demonstrated
that fMLP activated Rac1 activity and VASP expression,
while Pak1 was a substrate of activated Rac1 (31). We suspect
that the VASP-Rac interaction is mediated by VASP binding
a Pak polyproline motif because Pak contains five poly-
proline domains, and VASP often associates with proline-
rich domains through its EVH1 domain (32).

The vasodilator-stimulated phosphoprotein (VASP), which
was first described in human platelets, is one member of the
Ena/VASP family of cytoskeletal regulatory proteins (32).
Ena/VASP proteins are actin-binding proteins that localize to
actin stress fibers, the tips of filopodia and the lamellipodial
leading edge (33). That VASP can affect the cell movements
of bacteria, mouse melanoma cells, human platelet, fibroblasts
and neurons by regulating cytoskeleton has been detected
(14,15,34,35). However, the conclusions of these investigations
concerning the function of VASP affecting cell migration are
contradictory. The deletion of the Ena/VASP-binding sites
within the bacterial protein ActA led to a decrease in the actin-
dependent intracellular motility of Listeria monocytogenes
(14). Furthermore, the addition of VASP resulted in an increase
in bacterial speed in the in vitro reconstitution assays of
Listeria motility (34). In contrast, platelets isolated from
VASP knockout mice exhibit increased rates of collagen-
induced platelet aggregation (an actin-dependent process)
compared with wild-type platelets. Fibroblasts devoid of
Ena/VASP proteins exhibit increased rates of cell motility
(15). The aberrant superficial placement of Ena/VASP-
inhibited neurons was cell autonomous, and the phenotype is
consistent with increased rates of neuronal migration (35).

We designed this experiment to investigate the effect of
VASP on breast cancer cell migration and invasive ability. We
initially observed VASP expression of the protein level as well
as the 2D and 3D migration rate and 3D invasive capacity of
MCF-7 and MDA-MB-231 cells without any treatment. We
found that MDA-MB-231 cells revealed an inherently higher
VASP level together with a stronger migration and invasive
ability compared with the MCF-7 cells. We then designed

VASP-specific siRNA to treat with MCF-7 cells in order to
inhibit VASP expression and observe its function on cell
movement. The result showed that when VASP was knocked
down by VASP-siRNA, the expression of VASP in MCF-7
cells was decreased on the mRNA and protein level, while
the 2D migration ability of MCF-7 cells was weakened. The
experiment in MDA-MB-231 had similar results, but data are
not shown here. These data revealed that the decrease of cell
migration and invasion was parallel to the decrease of the
expression of VASP, which means that VASP has a positive
function in breast cancer cell migration.

Our results were consistent with the findings of Liu et al
(36) that VASP had a previously unsuspected role in tumori-
genesis and/or cancer progression. Besides, many studies had
indicated that VASP is overexpressed in lung cancer, gastric
cancer and colon carcinoma (37-39). As for breast cancer, it
has been reported that hMena protein (another member of
Ena/VASP family) was overexpressed in the majority of
breast cancer cell lines and in 75% of primary breast tumor
lesions evaluated, which was analyzed by Western blotting
and immunohistochemistry (35). Based on our investigations
we assumed that VASP may accelerate the breast cancer cell
migration rate and enhance its invasive ability to facilitate
breast cancer invasion and progression.

In conclusion, our results demonstrated that the activity of
Rac1 and VASP expression correlated with a migratory and
invasive ability and that Rac1 regulated VASP expression
positively in breast cancer cells. Due to the identified
functional role of VASP in cell migration, the regulation of
VASP by Rac1 may be implicated for processes requiring
tumor cell migration including tumor cell invasion. This study
provided a basis for further characterization of the molecular
mechanism of Rac1 and VASP increased cell migration and
invasion by siRNA, yielding potential insights in the diagnostic
or therapeutic applications of breast cancer.
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