
Abstract. Synuclein-Á is aberrantly expressed in more than
70% of stage III/IV breast and ovarian carcinomas. Ectopic
overexpression of synuclein-Á enhanced MDA-MB-435 cell
migration in vitro and metastasis in a nude mouse model.
However, the mechanism of how synuclein-Á promotes cell
motility is not clear. In our previous studies, we showed that
synuclein-Á overexpression activates ERK. In the present study,
we overexpressed synuclein-Á in several breast and ovarian
cancer cell lines and evaluated the effect of synuclein-Á on the
activity of small G-protein RHO family members. We found
that at least one of the RHO/RAC/CDC42 GTPases showed a
higher level of the GTP-bound active form. Consistent with
their role in regulating the intracellular motile machinery,
inhibition of the RHO/RAC/CDC42 by C. difficile Toxin B
blocked cell migration in both parental cells and synuclein-Á
overexpressing cells. The ERK inhibitor U0126 also blocked
the cell migration in both parental cells and synuclein-Á over-
expressing cells. Collectively, our data indicate that synuclein-Á
might be involved in late stage breast and ovarian cancer
metastasis by enhancing cell motility through activation of
the RHO family small-GTPases and ERK.

Introduction

The synucleins (synucleins-·, -ß, -Á, and synoretin) are a
family of small, highly soluble proteins that are normally
expressed predominantly in neurons (1,2). Although the
expression patterns and abundance of the synucleins suggest
their importance in neuron development and function, very
little is known about their physiological functions. Among

the synuclein proteins, synuclein-· is associated with neurode-
generative diseases such as Parkinson's disease and Alzheimer's
disease (1,3). Synuclein-Á, also referred to as breast cancer
specific gene 1 (BCSG1), has been identified to be aberrantly
up-regulated in breast and ovarian cancers (4,5). Abnormal
expression of synuclein-Á has also been identified in several
other cancer types including bladder and colorectal carcinomas,
glaucoma, and brain tumor (6-10). The abnormal expression
of synuclein-Á in cancer cells is caused by the loss of epigenetic
control as a result of hypomethylation of the CpG island in
the synuclein-Á gene (11). 

The expression of synuclein-Á in primary breast and
ovarian cancers is strongly associated with advanced stages
of tumor progression. Synuclein-Á is not expressed in normal
or benign breast and ovarian tissues, but is highly expressed
in the vast majority (>70%) of stage III/IV breast and ovarian
tumors (4,5). Several lines of evidence suggest that synuclein-Á
might be a malignant factor. In our previous studies, we
found that synuclein-Á can promote cell survival and inhibit
stress- and microtubule inhibitory drug-induced apoptosis by
modulating JNK and ERK pathways (12). In breast cancer
cells, synuclein-Á can activate estrogen receptor (ER), promote
cell proliferation, and inhibit mitotic checkpoint control (13-18).
In breast cancer cell line MDA-MB-435 cells, ectopic over-
expression of synuclein-Á enhanced cell migration in vitro as
well as metastasis in a nude mouse model (19). The mechanism
of how synuclein-Á promotes cell motility is not clear. Up-
regulation of matrix metalloproteinases-2 and -9 (MMPs) by
synuclein-Á has been found in retinoblastoma Y79 cells, but
MMP-2 and MMP-9 were not found activated in MDA-435
cells that overexpress synuclein-Á (19,20).

Cell migration and invasion involves dynamic changes in
extracellular matrix, cell surface structures including focal
adhesions, interaction with neighboring cells, and the intra-
cellular motile machinery including actin stress fiber and
myosin reorganization (21-23). The small GTPases of the
RHO family have been shown to play pivotal roles in these
signal transduction pathways leading to cell migration and
metastasis (24-26). In addition to RHO family members,
several other signaling pathways have been identified to
promote cell migration and invasion. Such pathways include
ERK, CAS/CRK, PI3K-AKT pathway, and the low M(r)
protein-tyrosine phosphatase (PTP) (27-34). In the present
study, we overexpressed synuclein-Á in breast MDA-435 cells
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and ovarian A2780 and OVCAR5 cells and evaluated its
effect on the activity of the RHO family members. Our data
indicate that both RHO and ERK are involved in synuclein-Á
enhanced cell migration.

Materials and methods

Cell culture. Ovarian cancer cell lines A2780 and OVCAR5
were maintained in 10% FBS DMEM and 10% FBS RPMI-
1640, respectively. Breast cancer cell line MDA-MB-435
(kindly provided by J.W. Liu) was maintained in 10% FBS
DMEM/F12. Synuclein-Á overexpressing cells were derived
by transfection and neomycin selection following the procedure
as previously described (12). To knock-down synuclein-Á,
OVCAR5 cells were transfected with siRNA duplex
(Dharmacon Res. Inc.) and oligofectamine (Invitrogen)
following the manufacturer's protocols. The sequences of
duplex siRNA specific for Á-synuclein are as follows: 5'- GGA
GAAUGUUGUACAGAGCUU-3' (sense strand), and 3'-
UUCCUCUUACAACAUGUCUCG-5' (antisense strand).
Synuclein-Á protein level can be dramatically suppressed
after two-round transfection.

Assays for cell migration and invasion. Boyden chamber
assay was used for cell migration and invasion assay. Cells
(3x105) were placed into the upper chamber of Biocoat cell
culture chambers (8-μm pore size) (Becton Dickinson, Bedford,
MA). FBS medium (10%) was added to both upper and lower
chambers. To evaluate the numbers of cells undergoing
migration and invasion, cells on the surface of the upper
chamber were removed by swiping with cotton swabs. After
fixing and staining with Protocol Hema3 Staining Set (Bio-
chemical Sci. Inc., Swedesboro, NJ), the cells on the surface
of the bottom chamber were counted at magnification 10x10.
The number of migration cells per field (at magnification
10x10) was the average of five independent fields counted
for each chamber. Where indicated, a two-tailed Student's
t-test was used to test for significance. 

RHO/RAC/CDC42 activity assay. Cells at 70-80% confluence
were washed twice with ice-cold DPBS before scraping
with lysis buffer (Upstate, Lake Placid, NY) on ice. For
RAC/CDC42 assay, the cells were lysed in 1X MLB (25 mM
HEPES, pH 7.5, 150 mM NaCl, 1% lgepal CA-630, 10 mM
MgCl2, 1 mM EDTA, and 10% glycerol, 5 mM NaF, 1 mM
Na3VO4) containing protease inhibitor cocktail (Roche,
Indianapolis, IN). For RHO assay, cells were lysed in 1X RLB
(50 mM Tris-HCl, pH 7.2; 500 mM NaCl; 10 mM MgCl2,
0.5% sodium deoxycholate, 0.1% SDS, 5 mM NaF, 1 mM
Na3VO4, 1 mM PMSF, 1% Triton X-100) with the protease
inhibitor cocktail. Cellular debris was removed by centrifug-
ation at 14,000 x g for 15 min at 4˚C. Protein concentrations
were determined using Bio-Rad DC protein assay reagents,
and total cell lysate (1000 μg protein in 1 ml) was immuno-
precipitated with either 10 μg PAK-1 PBD agarose (for RAC
and CDC42) or 30 μg Rhotekin RBD agarose (for RHO) at
4˚C for 1 h. After washing 3 times with lysis buffer, the pull-out
GTP-bound RHO/RAC/CDC42 protein was eluted by boiling
in SDS-sample buffer and evaluated by SDS-PAGE and
immuno-blotting.

SDS-PAGE and immuno-blotting. For SDS-PAGE, proteins
in the total cell lysate or eluted from agarose beads were
separated on 4-20% linear gradient Tris-HCl ready gels
(Bio-Rad), and transferred onto PVDF membranes (Millipore,
Bedford, MA). Anti-ERK1 and anti-ERK2 antibodies were
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). Anti-phospho-ERK1/2 was obtained from Cell Signaling
Technology (Beverly, MA). Á-2 (gift from Dr B.I. Giasson) is
a rabbit polyclonal antibody against synuclein-Á. The results
of immuno-blotting were quantitated using the NIH Image
for the integrated density of each band. 

Results

Synuclein-Á overexpression enhanced cell migration in breast
and ovarian cancer cells. The close correlation of synuclein-Á
expression and breast and ovarian cancer staging suggests
that synuclein-Á might be involved in advanced stage tumor
progression and metastasis. Jia and colleagues showed that
synuclein-Á overexpression in breast cancer cell line MDA-
MB-435 cells enhanced cell motility in vitro and meta-
stasis in vivo (19). To unravel the molecular mechanism by
which synuclein-Á promotes cell motility, we overexpressed
synuclein-Á in MDA-435 cells as well as the ovarian cancer
cell lines A2780 and OVCAR5 cells (Fig. 1A). Consistent
with a previous study by Jia et al (19), we observed that over-
expression of synuclein-Á leads to elevated cell motility in
MDA-MB-435 cells. Similarly, we observed that synuclein-Á

overexpression leads to increased cell motility in ovarian
cancer cell lines OVCAR5 and A2780 cells (Fig. 1). In Boyden
chamber assay, overexpression of synuclein-Á enhanced cell
motility in A2780 cells by 2- to 3-fold, OVCAR5 cells by 5-
to 7 fold, and MDA435 cells by 3- to 4-fold (Fig. 1). These
data indicate that synuclein-Á overexpression can enhance
cell motility in both breast and ovarian cancer cells.

We further evaluated whether suppression of synuclein-Á

has any effect on cell motility. OVCAR5 cells were used for
this purpose because of the high endogenous synuclein-Á

expression in this cell line. We found that cells treated with
siRNA showed a significant decrease in the number of
migration cells compared to untreated or mock-treated cells
(data not shown). These data further support a role for
synuclein-Á in cell motility.

Activation of the RHO and ERK pathways by synuclein-Á
overexpression. Among the signaling molecules regulating
cell motility, the small GTPases of the RHO family have
been shown to play pivotal roles in these signal transduction
pathways leading to metastasis (24-26,35). In support of the
correlation of synuclein-Á with a motile cell phenotype, we
found that the GTP-bound active form of at least one member
of the RHO family GTPases is elevated in cells that over-
express synuclein-Á (Fig. 2). In MDA435/gam cells, activated
RHO was increased about 3-fold by synuclein-Á. In OVCAR5/
gam cells, RAC and CDC42 were activated by synuclein-Á, the
level of activated RAC or CDC42 was increased approximately
2-fold. Interestingly, RHO, RAC, and CDC42 all showed a
2- to 3-fold increase of the active form in A2780/gam cells,
although the fold increase in cell migration in A2780/gam cells
was less than that of MDA435/gam and OVCAR5/gam cells.
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The reason we did not observe a more pronounced increase
in cell motility in A2780/gam cells is not clear. Synucleins
show low homology to 14-3-3 chaperone proteins and have
been shown to have chaperone activity as analyzed in vitro
(36,37), so we analyzed the protein levels of RHO, RAC, and
CDC42 in total cell lysates but none of them was affected by
synuclein-Á in any of these cell lines. These data indicate that
the activation of RHO GTPase family members by synuclein-Á
is not mediated by affecting the stability of the proteins.

As described previously, several other signaling pathways
including ERK have also been identified to promote cell
migration and invasion (27-34). In our previous study, we
found that ERK is associated with and activated by synuclein-Á
in A2780/gam and OVCAR5/gam cells (12). Similarly, we
found that synuclein-Á overexpression led to an approximate
4-fold increase of ERK activation in MDA435/gam cells
(Fig. 3). These data suggest that ERK might also be involved
in synuclein-Á enhanced cell motility.

Both RHO and ERK pathways are required for synuclein-Á-
enhanced cell motility. To determine whether the RHO pathway
and ERK pathway are involved in synuclein-Á-enhanced
cell motility, we evaluated the motility of cells treated with
C. difficile Toxin B, an inhibitor for all RHO/RAC/CDC42

members (38), or with the MEK1 inhibitor U0126. The number
of migration OVCAR5/gam cells treated with C. difficile
Toxin B or U0126 was reduced 60-70% compared to untreated
cells. The number of migration OVCAR5 cells treated with
C. difficile Toxin B or U0126 was also reduced but to much
less extent than OVCAR5/gam cells (Fig. 4A). The number
of migration OVCAR5/gam cells treated with either inhibitor
is still higher than the untreated parental OVCAR5 cells.
In MDA435 and MDA435/gam cells, treatment with either
C. difficile Toxin B or U0126 almost completely abrogated
cell migration (Fig. 4B). C. difficile Toxin B or U0126 at the
dosage used here did not affect cell viability (data not shown).
These data further support the hypothesis that synuclein-Á-
enhanced cell motility might be mediated by activation of
RHO and ERK pathways.
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Figure 2. Activation of RHO family members by synuclein-Á over-
expression. For RHO activation assay, total cell lysates (1500-2000 μg
protein in 1 ml) from parental cells and their derivative cells that stably
overexpress synuclein-Á were incubated with 30 μg Rhotekin RHO binding
domain for 1 h at 4˚C. Total RHO from 30 μg protein of whole cell lysate or
the active GTP-bound RHO immunoprecipitated by Rhotekin RBD were
detected by SDS-PAGE and immuno-blotting using a polyclonal antibody
that recognizes RHO A, B, C. For RAC1 and CDC42 activation assay, total
cell lysates (~1000 μg protein in 1 ml) from parental cells and their
derivative cells that stably overexpress synuclein-Á were incubated with
15-20 μg PAK-1 PBD agarose for 1 h at 4˚C. Total RAC1 or CDC42 from
30 μg protein of whole cell lysate or the active GTP-bound RAC1 or
CDC42 immunoprecipitated by PAK-1 PBD were detected by SDS-PAGE
and immuno-blotting using monoclonal antibodies that recognize RAC1 or
CDC42, respectively. Protein loading levels were evaluated by immuno-
blotting with anti-actin antibody. Experiments were performed three times
and data from one representative assay are shown. The number beneath each
band represents the arbitrary densitometry units of the corresponding band,
and each of the parental cell lines (i.e., MDA435, OVCAR5, and A2780,
respectively) was assigned an arbitrary unit of 1.0.

Figure 1. Synuclein-Á overexpression can enhance breast and ovarian cancer
cell migration. (A) Synuclein-Á protein expression levels. Whole cell lysates
from the parental cells or stably-transfected cells were analyzed by SDS-PAGE
and immuno-blotting. Protein levels of synuclein-Á were determined by
immuno-blotting (IB) with Á-2, a polyclonal antibody specific for synuclein-Á.
Protein loading levels were evaluated by immuno-blotting with anti-actin
antibody. The numbers beneath each band represent the densitometry
units; A2780 was assigned an arbitrary unit of 1.0 for blots with Á-2 and
actin, respectively. Shown here is a representative blot of three independent
experiments. (B and C) Boyden chamber assay for cell migration and invasion.
In Boyden chamber assay, 3x105 cells were plated in the top chamber and
cells migrating into the bottom chamber were fixed and stained at 48 h.
Cells migrating into the bottom chamber were counted and shown in the
graph are the means ± SEM of migrating cell number per field of triplicate
chambers. Shown here is the representative of three independent experiments.
*Significant difference (p<0.05) compared to the parental cells.
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Discussion

It has been well established that cancer cells contain many
genetic and epigenetic alterations, some are bystander

biomarkers, while others could be key etiologic factors
contributing to tumor progression and metastasis. Our data
in the present study provided further evidence supporting
the role of synuclein-Á in cell migration and invasion. The
mechanism by which synuclein-Á enhances cell motility is
not clear. MMPs might be one of the mechanisms involved
as MMP-2 and -9 are up-regulated by Á-synuclein in retino-
blastoma Y79 cells (20). In MDA-MB-435 cells, however,
ectopic overexpression of Á-synuclein did not activate MMPs
(19), suggesting that this mechanism could be cell type
dependent. The data in our present study indicated that the
small G-protein RHO GTPases and ERK may be involved in
synuclein-Á-enhanced cell motility in breast and ovarian
cancer cells.

It remains to be determined how synuclein-Á leads to
constitutively activated RHO family member(s). The activity
of RHO family members is determined by the ratio of GTP/
GDP-bound forms in the cells and the switch of these two
forms is regulated by guanosine nucleotide exchange factors
(GEFs), GTPase activating proteins (GAPs), and guanosine
nucleotide dissociation inhibitors (GDIs) (39,40). One possible
mechanism for synuclein-Á to activate RHO family members
could be by regulating GEFs, GDIs, and GAPs involved in
the GTP/GDP exchange, or by regulating signaling event(s)
related to GDP/GTP exchange. The RHO family members
may regulate different aspects of the cell motility machinery
and there are cross-regulations among them depending on the
cell type (39,41-44). The activation of RHO family members
by synuclein-Á could be redundant or contribute to different
aspects of cell motility and invasion. 

In addition to the RHO pathway, we found that activation
of ERK is also involved in synuclein-Á-enhanced cell motility.
We observed in this study that serum is required for synuclein-
Á-enhanced cell motility (data not shown), suggesting that ERK
inactivation in serum-starved cells could be one of the reasons
that cells lose their motile capacity in serum-free medium (12).
The inhibitors for RHO family members and ERK inhibit the
cell motility of both parental and synuclein-Á overexpressing
cells, reflecting the fact that these proteins involved in normal
cellular processes are not ideal cancer therapy targets. By
detailing the mechanism of how RHO family members and
ERK are activated by synuclein-Á, we might be able to abrogate
the enhanced activation of these signaling proteins without
affecting their normal function. 
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