
Abstract. Rho family GTPases are frequently overexpressed
in breast cancers, which regulate cancer cell migration and
invasion. They require prenylation, a lipid post-translational
modification, for full biological functions. We examined
the effects of 3-Hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase inhibitor (fluvastatin), a selective
farnesyltransferase inhibitor (FTI-277) and a selective
geranylgeranyltransferase type I inhibitor (GGTI-298) on
in vitro invasive capacity of MDA-MB-231 human breast
cancer cells into the endothelial cell monolayer in a trans-
endothelial migration assay. Although, at a maximal dose of
5 μM, fluvastatin did not affect the integrity of endothelial cell
monolayer, the transendothelial migration of MDA-MB-231
cells was inhibited potently by fluvastatin in a dose-dependent
manner. The transendothelial migration of MDA-MB-231
cells was also inhibited potently by GGTI-298 in a dose-
dependent manner but weakly by FTI-277. The inhibitory
effects of fluvastatin, GGTI-298 and FTI-277 on MDA-MB-
231 cell invasion were shown to correlate well with inhibition
of the membrane localization of RhoA and RhoC, but not
with Ras. These results suggest that geranylgeranylation step

of RhoA and RhoC could be a good therapeutic target for the
prevention of invasion and metastasis of breast cancer cells. 

Introduction

Members of the Rho family of small GTPases play an
essential role in a variety of cellular events related to cell
adhesion to the extracellular matrix, cell morphology, cell
motility and invasion, acting as molecular switches that cycle
between GTP- and GDP-bound states (1). Rho GTPases,
including RhoA and RhoC, are highly expressed in a variety of
human cancers and, in some cases, Rho protein up-regulation
and/or overexpression correlates with poor prognosis (2-5).
A number of small GTPases depend on post-translational
isoprenylation by specific transferases, farnesyltransferase
(FTase) and geranylgeranyltransferase type I (GGTase-I),
which in turn lead to their attachment to plasma membranes
and subsequent biological function (6,7).

The mevalonate pathway of cholesterol synthesis may
have a relationship to the development of mammary tumors (8).
HMG-CoA reductase activity is higher in mammary tumors
than in normal mammary glands of rats (9), suggesting
involvement of high HMG-CoA reductase activity and high
levels of mevalonate-derived metabolites, such as isoprenoid
compounds, in the biological aggressiveness of breast cancer.
HMG-CoA reductase inhibitors in clinical use are reversible
inhibitors that interfere with catalysis of the rate-limiting
step in cholesterol biosynthesis. It has been reported that
non-cholesterol lowering effects of HMG-CoA reductase
inhibitors could play a potentially beneficial role in patients
with cancer (10,11). HMG-CoA reductase inhibitors inhibit
cancer cell invasion and metastasis (12-17), including that of
breast cancer cells (18,19). 

It is well known that the integrity of the endothelium is a
barrier against cancer cell invasion and interendothelial cell
junctions are the principal routes of cancer cell invasion
into the circulation and into secondary organs. Although it
was demonstrated that the pretreatment of endothelial cell
monolayer with lovastatin inhibits transendothelial migration
of human colon cancer cells (20), no detailed data have been
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provided as yet on the exact mechanism(s) of the effects on
the interaction of breast cancer cells with endothelial cell
monolayer. In the present study, we examined the role of
prenylation of small GTPases for in vitro transendothelial
migration of human breast cancer cells using MDA-MB-231
highly invasive cancer cells and show the inhibition of in vitro
invasive capacity of cancer cells by preventing the membrane
localization of RhoA and RhoC in cancer cells. 

Materials and methods

Materials. The following materials were purchased: fetal
bovine serum (FBS) from Bio Whittaker (Walkersville, ML);
RPMI-1640 from Life Technologies, Inc. (Grand Island, NY);
GGTI-298 and FTI-277 from Calbiochem (La Jolla, CA);
recombinant human EGF from AUSTRAL Biologicals (San
Ramon, CA); recombinant human SDF-1ß and recombinant
human IGF-II from R&D Systems, Inc. (Minneapolis, MN);
growth factor reduced Matrigel from Becton-Dickinson
Labware (Bedford, MA); transwell chambers from Costar
(Cambridge, MA); mouse anti-RhoA monoclonal antibody
and goat anti-RhoC polyclonal antibody from Santa Cruz
Biotechnology (Santa Cruz, CA); anti-Ras monoclonal
antibody from Transduction Laboratories (Lexington, KY);
and all other chemicals and reagents from Sigma Chemical
Co. (St. Louis, MO). GGTI-298 and FTI-277 were dissolved
at 20 mM in dimethyl sulfoxide (DMSO) and stored at -80˚C.
Fluvastatin was isolated from the marketed product, Tanabe
Seiyaku Co. (Osaka, Japan). It was dissolved at 30 mM in
methanol and stored at -20˚C. 

Cells and cell cultures. The MDA-MB-231 human breast
cancer cell line was obtained from the American Type Culture
Collection (Rockvill, MD). MDA-MB-231 cells were grown
in RPMI-1640 supplemented with 10% FBS, penicillin G
(100 units/ml), and streptomycin (100 μg/ml). Calf pulmonary
arterial endothelial (CPAE) cells were obtained from the
Japanese Cancer Research Resources Bank (Osaka, Japan).
CPAE cells were cultured in a medium containing a 1:1 ratio
of Dulbecco's modified mimimal essential medium and
Ham's nutrient mixture F-12 (DME/F-12) supplemented with
20% FBS. Cells were maintained at 37˚C in a humidified
atmosphere with 5% carbon dioxide.

Separation of cytosolic and membrane fractions. Separation
of cytosolic and membrane fractions was performed as
previously described (12). Subconfluent cells were washed
with cold PBS and lysed by freeze-thawing in ice-cold lysis
buffer containing 50 mM HEPES (pH 7.5), 50 mM NaCl,
2 mM EDTA, 1 mM MgCl2, 10 mM sodium fluoride, 1 mM
DTT, 10 μg/ml leupeptin, 10 μg/ml aprotinin, and 1 mM
phenylmethylsulfonyl fluoride and centrifuged at 100,000 x g
for 30 min at 4˚C, and the supernatant was collected as the
cytosolic fraction. Pellets were homogenized in the above
lysis buffer containing 2% Triton X-114 and centrifuged at
800 x g for 10 min at 4˚C. The supernatant was collected and
is referred to here as the membrane fraction. The protein
concentrations in the cytosolic fraction and the membrane
fraction were measured using a DC protein assay kit (Bio-
Rad, Hercules, CA) and adjusted to the same concentration

with the lysis buffer. These fractions were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to Fine trap NT-31 membranes (Nihon Eido,
Tokyo, Japan). After blocking, the membranes were incubated
overnight at 4˚C with the indicated primary antibodies and for
1 h with corresponding secondary horseradish peroxidase-
conjugated antibodies. Membranes were washed three times
in Tris-buffered saline containing 1% Tween-20 for 5 min
after each incubation step. Visualization was performed using
an enhanced chemiluminescence kit (Amersham Pharmacia
Biotech, Little Chalfont, Buckinghamshire, UK). The blot
membranes were scanned and analyzed with NIH image
software. 

Transendothelial migration assay. The invasive ability of
cancer cells into the endothelial cell monolayer was measured
as the transcellular migration activity of the cancer cells by
the method previously described (21,22). CPAE cells were
seeded at a density of 2x105 cells/dish on a 35-mm plastic
culture dish and grown for 4 days to a confluent monolayer.
After the monolayer had been rinsed once with fresh culture
medium, cancer cells were seeded on the monolayer at a
density of 5x104 cells/dish. After coincubation for 16 h at
37˚C, non-adherent cells were removed by aspiration and
the remaining cell layers were fixed in 10% formalin in PBS.
The number of penetrated single cancer cells and cancer
cell colonies (collectively called invasion foci) was counted
under a phase-contrast microscope (Olympus, Tokyo, Japan)
in 16 different visual fields (1.13 mm2 each). The activity of
in vitro transendothelial invasion was expressed as the
number of invasion foci/cm2. 

Matrigel invasion assay. Cell invasion through reconstituted
basement membrane Matrigel was assayed by a previously
reported method (12). Briefly, polycarbonate membranes
of the upper compartment of Transwell culture chambers
were coated with 5% Matrigel. Cells were harvested and
resuspended at 1x106/ml in serum-free medium with 0.1%
fraction V bovine serum albumin (BSA). The cell suspension
(100 μl) was placed in the upper compartment, and the lower
compartment was immediately filled with 600 μl of serum-free
medium containing 0.1% BSA and the indicated ligand.
After 16 h of incubation, the membranes were stained with
May-Grunwald and Giemsa's solution. Cells on the upper
surface of the filter were carefully removed with a cotton
swab, and the cells that had migrated through the membrane
to the lower surface were counted in 9 different fields under a
light microscope at magnification x400. Each experiment
was performed in triplicate wells and repeated three times.

Wounding induced migration assay. CPAE cell migration was
measured by an in vitro wound healing assay. Confluent CPAE
cell monolayers were scraped with the tip of a micropipette.
After washing with PBS, CPAE cells were incubated for 24 h
in culture medium with or without fluvastatin. Monolayers
were then fixed and the scraped area was evaluated. 

Statistical analysis. The statistical significance of differences
between groups was calculated by applying Student's 2-tailed
t-test, and P<0.05 was considered significant. 
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Results

Effects of geranylgeranylated RhoA and RhoC on MDA-
MB-231 cell morphology. Previously, we have reported the

involvement of geranylgeranylation of RhoA in actin filament
reorganization and in vitro invasion of cancer cells (12-15).
In order to examine the role of prenylation of small GTPases
for in vitro transendothelial migration of human breast cancer
cells, we first studied the effects of HMG-CoA reductase
inhibitor (fluvastatin), a selective FTase inhibitor (FTI-277) and
a selective GGTase-I inhibitor (GGTI-298) on the morphology
of MDA-MB-231 cells. Untreated MDA-MB-231 cells were
flat and well spread (Fig. 1A) but exposure of cells to 1 μM
fluvastatin resulted in cell retraction from the substratum and
rounding up (Fig. 1B). Although cells treated with fluvastatin
in the presence of all-trans-farnesol (FOL) remained rounding
(Fig. 1C), cells treated with fluvastatin in the presence of all-
trans-geranylgeraniol (GGOL) were well spread like the
control cells (Fig. 1D). Cells treated with 5 μM FTI-277 were
spread like control cells (Fig. 1E), whereas treatment cells
with 5 μM GGTI-298 resulted in cell retraction from the
substratum and rounding up, like fluvastatin-treated cells
(Fig. 1F).

The cytosolic and membranous protein pools of Ras,
RhoA and RhoC were examined by Western blot analysis.
As shown in Fig. 1G and H, the treatment of MDA-MB-231
cells with 1 μM fluvastatin for 24 h caused Ras, RhoA and
RhoC to accumulate in the cytosolic fraction and decrease in
the membrane fraction. The addition of GGOL, but not FOL,
to fluvastatin-treated cells prevented the accumulation of
RhoA and RhoC in the cytosolic fraction. In contrast, the
addition of FOL, but not GGOL, to fluvastatin-treated
cells caused Ras to remain in the membrane fraction. The
treatment of cells for 24 h with FTI-277 caused Ras to
accumulate in the cytosolic fraction and decrease in the
membrane fraction, whereas GGTI-298 did not affect the
translocation of Ras. In contrast, GGTI-298 caused RhoA and
RhoC to accumulate in the cytosolic fraction and decrease in
the membrane fraction, whereas the effect of FTI-277 on the
accumulation of RhoA and RhoC in the cytosolic fraction
was weak. 

Effects of fluvastatin, FTI-277 and GGTI-298 on the
transendothelial migration of MDA-MB-231 cells. The
presence of 5 μM fluvastatin did not affect the morphology
of CPAE cell monolayer during the 24-h incubation period, as
evaluated by phase-contrast microscopy (Fig. 2A and B). The
effect of fluvastatin on the in vitro ability of MDA-MB-231
cells to invade the endothelial cell monolayer was measured
by the transendothelial migration assay (21,22). Typical shapes
of the MDA-MB-231 cells penetrating the CPAE cell mono-
layer are shown in Fig. 2C (arrow-heads). Although MDA-
MB-231 cells could adhere to the cell-cell junction between
adjacent CPAE cells, the transendothelial migration of MDA-
MB-231 cells was inhibited by the addition of fluvastatin in a
dose-dependent manner (Fig. 2D and E). The inhibitory
effect of fluvastatin on the transendothelial migration of
MDA-MB-231 cells was reversed by the addition of GGOL
but not FOL (Fig. 2E). Although the presence of 10 μM
FTI-277 or GGTI-298 did not affect the morphology of the
CPAE cell monolayer during the 24-h incubation period (data
not shown), the transendothelial migration of MDA-MB-231
cells was inhibited potently by GGTI-298 in a dose-dependent
manner but weakly by FTI-277 (Fig. 2F). 
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Figure 1. Effects of fluvastatin, FTI-277 and GGTI-298 on the morphologys
of MDA-MB-231 cells (A-F). Cells were incubated for 24 h in the culture
medium in the absence or presence of indicated additions and observed by
phase-contrast microscopy. (A) Untreated MDA-MB-231 cells; (B) MDA-
MB-231 cells treated with 1 μM fluvastatin only; (C) MDA-MB-231 cells
treated with fluvastatin and 1 μM FOL; (D) MDA-MB-231 cells treated
with fluvastatin and 1 μM GGOL; (E) treated with 5 μM FTI-277; (F)
treated with 5 μM GGTI-298. (G) Western blot analysis of the effects of
fluvastatin, FTI-277 and GGTI-298 on the translocation of small G proteins.
Cells were incubated for 24 h in the culture medium in the absence or presence
of indicated additions, as described for A-F. Proteins were extracted and
separated into cytosolic (c) and membrane (m) fractions, and then Ras,
RhoA and RhoC proteins were detected by immunoblotting as described in
Materials and methods. (H) Relative protein concentration of Ras, RhoA
and RhoC in the membrane fraction (percentage of total). Columns represent
the means of two independent experiments. 
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Effects of fluvastatin, FTI-277 and GGTI-298 on MDA-MB-231
cell invasion. MDA-MB-231 cells showed invasion through the
Matrigel-coated membranes of a Transwell culture chamber in

response to EGF, IGF-II and SDF-1ß. The increased invasion
of MDA-MB-231 cells was inhibited by the addition of
fluvastatin (Fig. 3A). Although GGOL and FOL did not induce
the invasion of control cells without EGF stimulation, the
inhibitory effect of fluvastatin on EGF-induced MDA-MB-231
cell invasion was reversed by the addition of GGOL but
not FOL (Fig. 3B). GGOL also blocked the inhibitory effect
of fluvastatin on MDA-MB-231 cell invasion induced by
SDF-Iß and IGF-II (data not shown). EGF-induced invasion
of MDA-MB-231 cells was inhibited potently by GGTI-298 in
a dose-dependent manner but weakly by FTI-277 (Fig. 3B). The
inhibitory effect of FTI-277 on EGF-induced MDA-MB-231
cell invasion was reversed by the addition of GGOL, but the
inhibitory effect of GGTI-298 on EGF-induced MDA-MB-231
cell invasion was not reversed by the addition of GGOL
(Fig. 3C).

Effect of fluvastatin on endothelial cell migration. Endothelial
cell migration was measured by an in vitro wound healing
assay. As shown in Fig. 4, the migration of CPAE cells was
not affected during the 24-h incubation period with fluvastatin
at doses of 1-3 μM but a high concentration of fluvastatin
(5-10 μM) significantly inhibited the migration of CPAE
cells.

Discussion

Overexpression of RhoA significantly correlated with poorer
prognosis of patients with breast cancer (3). Furthermore,
overexpression of RhoC was identified in >90% of inflam-
matory breast cancers (4) and RhoC was defined as a mammary
oncogene involved in conferring the metastatic phenotype
(5). Recently, it was reported that transfection with anti-RhoA
or anti-RhoC siRNA induced down-regulation of RhoA or
RhoC, which in turn inhibited the proliferation and invasion
of breast cancer cells (23). These data suggest the possibility
that Rho proteins could be a good therapeutic target for the
prevention of invasion and metastasis of breast cancer cells. 

Our previous works demonstrated that HMG-CoA reductase
inhibitors have the potential to reduce in vitro cancer cell
invasion and experimental liver metastasis by preventing
the membrane localization and activation of RhoA (12-15).
In the present study, we show that fluvastatin and GGTI-298
inhibit in vitro transendothelial migration of MDA-MB-231
cells by preventing the membrane localization of RhoA and
RhoC in cancer cells without affecting the integrity of the
endothelial cell monolayer. This conclusion is confirmed by
the following observations: a) the treatment of MDA-MB-231
cells with 1 μM fluvastatin caused cell rounding (Fig. 1B) and
inhibited the transendothelial migration of MDA-MB-231
cells (Fig. 2D and E) whereas, at a maximal dose of 5 μM,
fluvastatin did not affect the morphology of the CPAE cell
monolayer (Fig. 2B); b) the inhibitory effects of fluvastatin on
cell morphology, the membrane localization of RhoA and
RhoC, and transendothelial migration of MDA-MB-231 cells
were reversed by the addition of GGOL but not by the
addition of FOL (Figs. 1 and 2E); c) treatment of MDA-MB-
231 cells with FTI-277 or GGTI-298 prevented the membrane
localization of RhoA and RhoC (Fig. 1G and H), and inhibited
the transendothelial migration of MDA-MB-231 cells (Fig. 2F),
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Figure 2. Effect of fluvastatin on the morphology of the CPAE cell monolayer
(A and B). CPAE cell monolayers were incubated for 24 h in the culture
medium in the absence (A) or presence (B) of 5 μM fluvastatin and observed
by phase-contrast microscopy. Effect of fluvastatin on the transendothelial
migration of MDA-MB-231 cells (C and D). MDA-MB-231 cells were
resuspended in DME/F-12 containing 20% FBS in the absence (C) or
presence (D) of 1 μM fluvastatin and then seeded on CPAE cell monolayer.
(E) Dose-dependence study of the effect of fluvastatin and the effects of FOL
and GGOL on fluvastatin-treated cells. Cells were resuspended in DME/F-12
containing 20% FBS with the indicated concentration of fluvastatin in the
absence or presence of 1 μM FOL or 1 μM GGOL. (F) Effects of FTI-277 and
GGTI-298 on the transendothelial migration of MDA-MB-231 cells. Cells were
resuspended in the medium with the indicated concentration of FTI-277 (∫) or
GGTI-298 (ƒ). Migration across the CPAE cell monolayer was assessed after
16 h. Data are expressed as means ± SE of three separate experiments. *P<0.05;
**P<0.01 vs. control. †P<0.01 vs. fluvastatin-treated cells. 
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but the effects of FTI-277 were weak. Recently, we demon-
strated that FTI-277 and GGTI-298 inhibit the in vitro
invasion of human colon cancer cells and FTI-277 has an
inhibitory effect on cancer cell invasion only at doses that
affect the membrane localization of RhoA (15). 

Breast cancer is often associated with the overexpression
of a variety of mitogenic growth factors and their receptors,
which have been found to play a leading role in the progression
of breast cancer (24,25). We previously showed that fluvastatin
attenuates the EGF-induced in vitro invasion of human
pancreatic cancer cells without inhibiting the tyrosine phos-
phorylation of EGF receptor and c-erb-B-2 (12). In the present
study, fluvastatin and GGTI-298 inhibited the invasion of

MDA-MB-231 cells in response to not only EGF but also
IGF-II and SDF-1ß (Fig. 3), indicating that the inhibitory
effects of fluvastatin and GGTI-298 were not specific to
EGF-induced cancer cell invasion. Although GGOL alone
did not induce the invasiveness of control cells without EGF
stimulation (Fig. 3B), under conditions where tyrosine kinase
receptors were active but HMG-CoA reductase was not
(treatment with EGF and fluvastatin), GGOL enhanced the
in vitro invasion of MDA-MB-231 cells (Fig. 3B). Under
conditions where tyrosine kinase receptors were active but
GGTase-I was not (treatment with EGF and GGTI-298),
GGOL did not induce the invasiveness of MDA-MB-231
cells (Fig. 3C). These results suggest that both activation
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Figure 3. (A) Effects of fluvastatin on in vitro invasion of MDA-MB-231 cells. Cells were resuspended in serum-free medium containing 0.1% BSA with the
indicated concentration of fluvastatin. The cells (1x105/well) were added to the upper compartment, and the lower compartment was immediately filled with
the same medium containing 1 nM EGF, 100 nM IGF-1ß, or 5 nM IGF-II. (B) The effects of FOL and GGOL on in vitro invasion of MDA-MB-231 cells.
Cells were resuspended in serum-free medium containing 0.1% BSA with or without 1 μM fluvastatin in the absence or presence of 1 μM FOL or 1 μM
GGOL. (C) Effects of FTI-277 and GGTI-298 on EGF-induced invasion of MDA-MB-231 cells. Cells were resuspended in serum-free medium containing
0.1% BSA with indicated concentrations of FTI-277 or GGTI-298 in the absence or presence of 1 μM FOL or 1 μM GGOL. In vitro invasion was assessed
after 16 h. Data are expressed as means ± SE of three separate experiments in triplicate wells. *P<0.05; **P<0.01 vs. control with ligand stimulation. †P<0.01
vs. fluvastatin-treated cells with EGF stimulation. 
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of tyrosine kinase receptors and GGTase-I are necessary
for cancer cell invasion and the geranylgeranylation step
of Rho proteins could be a good therapeutic target for the
prevention of invasion and metastasis of breast cancer cells
overexpressing mitogenic growth factors and their receptors. 

We previously demonstrated that endothelial cell retraction,
which results in the breakdown of the barrier function of the
endothelial cell monolayer, is an important factor in trans-
endothelial migration of cancer cells (22). Endothelial cell
retraction is mediated by activation of RhoA (26,27). Further
investigation is necessary to make clear the possibility that
HMG-CoA reductase inhibitors prevent transendothelial
migration of cancer cells in part by inhibition of Rho-mediated
endothelial cell retraction. 

Denoyelle et al demonstrated that HMG-CoA reductase
inhibitor cerivastatin inhibits both proliferation and invasiveness
of MDA-MB-231 cells. The proliferation of MDA-MB-231
cells was significantly inhibited at low concentrations (5-10 ng/
ml) but the invasion of MDA-MB-231 cells was significantly
inhibited at high concentrations (25-50 ng/ml) (19), which was
higher than the peak plasma concentration of cerivastatin
(5.4-13.8 ng/ml) (28). In the present study, a significant
inhibitory effect of fluvastatin on transendothelial migration
of MDA-MB-231 cells was observed at a concentration of
0.5 μM, and half-maximum inhibition was estimated to occur
at about 1 μM (Fig. 2E). The inhibitory concentration of
fluvastatin was comparable to the plasma concentration of
fluvastatin (0.1-1.5 μM) detected in clinical trials (29,30) and
it did not affect the morphology of CPAE cell monolayer and

migration of CPAE cells (Figs. 2B and 4). These data suggest
that fluvastatin has the potential to prevent breast cancer cell
invasion at concentrations that might be relatively non-toxic to
normal cells in comparison to most presently used anticancer
agents. 
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