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Abstract. Breast cancer mortality is strongly related to the
invasive and metastatic potential of tumor cells. We previously
showed that an active mutant of H-Ras induced invasive
phenotype of MCF10A human breast epithelial cells.
Membrane anchoring of Ras requires isoprenylation which
involves the activity of 3-hydroxy 3-methylglutaryl (HMG)-
CoA reductase. In this study, we investigated the inhibitory
effect of HMG-CoA reductase inhibitors, widely used for
hypercholesterolemia, on H-Ras-induced invasion of MCF10A
cells. Treatment of H-Ras MCF10A cells with simvastatin and
lovastatin markedly decreased isoprenylated H-Ras in
membrane fraction while the unprenylated H-Ras was
increased in cytosol fraction, demonstrating that these statins
inhibited membrane anchoring of H-Ras in MCF10A cells.
Simvastatin and lovastatin significantly inhibited H-Ras-
induced invasion which was reversed by farnesyl pyro-
phosphate (FPP), indicating that the inhibitory effect was
related to inhibition of the biosynthesis of prenylated
derivatives. Statins downregulated matrix metalloproteinase
(MMP)-9 and, to a lesser extent, MMP-2 in H-Ras MCF10A
cells. Simvastatin and lovastatin inactivated H-Ras downstream
signaling molecules, possibly by inhibiting H-Ras membrane
localization and thus its function in MCF10A cells. Taken
together, this study clearly demonstrated the inhibitory effect
of simvastatin and lovastatin on H-Ras-induced invasion,
MMP expression and signal transduction in MCF10A breast
epithelial cells, providing supporting rationale for future statin
trials as a therapeutic intervention to regulate breast cancer
metastasis.

Introduction

Breast cancer is estimated as one of the most commonly
diagnosed types of cancer among women and metastasis is the
principal cause of death from breast cancer. Elevated levels of
Ras expression are often associated with tumor aggressiveness
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in breast cancer, including the degrees of invasion to fat
tissues and infiltration into lymphatic vessels (1-3). It has
been reported that a single point mutation at amino acid
residue 12 (Gly to Asp) of H-Ras is often found in mammary
carcinoma (4). We previously showed that active mutant
(Gly' to Asp'?) of H-Ras induced invasive and migratory
phenotypes of MCF10A human breast epithelial cells (5,6).

For effective Ras signaling, attachment of Ras proteins to
plasma membrane is required. Ras proteins undergo C-terminal
lipid modification, isoprenylation, which is essential for their
proper membrane anchoring and function (7). H-Ras undergoes
farnesylation exclusively while K-Ras and N-Ras can undergo
alternative prenylation, geranylgeranylation (8). Isoprenylation
of Ras involves the activity of 3-hydroxy 3-methylglutaryl
(HMG)-CoA reductase, a key enzyme for mevalonate
synthesis which is the precursor molecule for the generation of
farnesylpyrophosphate (FPP) and geranylgeranylpyrophosphate
(GGPP). HMG-CoA reductase inhibitors called statins have
been shown to reduce intracellular isoprenoids pools such as
FPP or GGPP and thus are speculated to modulate cellular
functions of Ras proteins by inhibiting their membrane
localization (9).

There is an expanding body of evidence supporting the
ability of statins to exert anti-cancer effects on various types
of human cancer cells (10). In experimental models, statin
treatment was shown to diminish the growth of fibrosarcomas
and experimental lung metastases in rats (11). Moreover, in a
major clinical trial, simvastatin was shown to have cancer
prevention capabilities (12). Atorvastatin markedly enhanced
the inhibitory effect of anti-cancer drugs on cell migration
and invasion in vitro and suggested improvement of clinical
presentations (13,14). It prevented isoprenylation of RhoA in
human melanoma cells and inhibited metastasis in vivo
(15,16). Lovastatin and cerivastatin have been shown to
inhibit metastatic potential of breast cancer cells (17,18).
Cerivastatin, however, has been withdrawn from the market,
due to studies of fatal rhabdomyolysis (19).

In the present study, we evaluated the ability of simvastatin
and lovastatin, commonly used drugs for the treatment of
hypercholesterolemia, to inhibit the H-Ras-induced invasive-
ness in MCF10A human breast epithelial cells. We show that
these statins inhibited membrane anchoring of H-Ras as well
as H-Ras-induced invasive phenotype in MCF10A cells.
Since breast cancer mortality is strongly related to the capacity
of tumor cells to invade and metastasize and active mutation
of H-Ras is associated with tumor aggressiveness in breast
cancer, our findings may provide supporting rationale for
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future statin trials in breast cancer patients as new therapeutical
approaches with the association of chemotherapy.

Materials and methods

Cell lines. Development and characterization of H-Ras
MCF10A cells were described previously (5). The cells were
cultured in DMEM/F12 medium supplemented with 5% horse
serum, 0.5 yg/ml hydrocortisone, 10 pg/ml insulin, 20 ng/ml
epidermal growth factor, 0.1 pg/ml cholera enterotoxin,
100 U/ml penicillin-streptomycin, 2 mM L-glutamine and
0.5 ug/ml amphotericin B.

Cell fractionation. Cells were treated with simvastatin or
lovastatin for 24 h. At ~80% confluency, growth medium was
removed, cells were rinsed with balanced salt solution and
homogenized. After whole fraction was collected, the disrupted
cells were centrifuged for 10 min at 1,000 x g and 4°C resulting
in the pellet and supernatant. The supernatant was centrifuged
for 50 min at 30,000 x g and 4°C, resulting in the supernatant
(cytosolic fraction) and the pellet. Following the suspension
in chelating buffer, pellet was centrifuged at 30,000 x g for
30 min. The supernatant was discarded and the pellet was
washed in incubation buffer and spun down at 30,000 x g. The
resulting pellet (membrane fraction) was resuspended in
incubation buffer.

Immunoblot analysis. Immunoblot analysis was performed as
previously described (6). Anti-p38 MAPK, anti-phosphorylated
p38 MAPK, anti-ERK1/2, anti-phosphorylated ERK1/2, anti-
phosphorylated MEK1/2, anti-Raf-1, anti-phosphorylated
Raf-1 and B-actin antibodies were purchased from Cell
Signaling Tech (Beverly, MA). MMP-2 antibody was
purchased from R&D systems (Minneapolis, MN). H-Ras,
PI3K, phosphor-tyrosine and MMP-9 antibodies were
purchased from Santa Cruz Biotech (Santa Cruz, CA).

Raf-1 activity assay. The Raf-1 activity was performed as
previously described (6). The lysate was preincubated with
protein A-Sepharose suspension (Roche Applied Science).
The supernatant was incubated with anti-Raf-1 antibody.
Protein A-Sepharose suspension was added and incubation
was extended overnight on ice with shaking. The antibody-
antigen complex was washed twice in lysis buffer and twice
in high salt buffer and then the SDS-PAGE loading buffer
was added. Immunoblot analysis was performed to assess the
activity of immunoprecipitated Raf-1 with anti-phosphorylated
Raf-1 antibody.

PI3K activity assay. The PI3K activity was determined as
previously described (20). Briefly, cell lysates were centrifuged
for 15 min at 12,000 x g to remove debris, immunoprecipitated
using anti-phosphotyrosine antibody and immobilized protein
G-agarose beads (Pierce) to the antigen-antibody complex,
and incubated for 2 h at 4°C. Immunoprecipitates were
washed three times with radioimmune precipitation buffer
and denatured in Laemmli sample buffer. The supernatants
were resolved by 8% reducing SDS-PAGE. Tyrosine-
phosphorylated PI3K proteins were detected by immuno-
blotting using anti-PI3K antibody.
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Figure 1. Simvastatin and lovastatin inhibited membrane anchoring of H-Ras.
H-Ras MCF10A cells were fractionated as previously described in Materials
and methods after treated with simvastatin or lovastatin for indicated
concentration for 24 h. The localization of Ras in two fractions (cytosol and
membrane) were determined by immunoblot analysis.

cytosol [

Detection of Rho-GTP, Racl-GTP and Ras-GTP. For the
Rho GTPase activity, cells were washed with ice-cold PBS
and lysed in MLB buffer. Cell lysates were clarified by
centrifugation and incubated with GST-RBD bound to
glutathione-sepharose beads (Upstate, Charlottesville, VA).
The beads were washed four times with MLB buffer and
bound Rho proteins were detected by immunoblot with an
antibody against Rho (Upstate).

The level of Racl-GTP was measured by affinity
precipitation using PAK-1 p21-binding domain Rac assay
reagent (Upstate) following the manufacturer's instruction,
as previously described (20). The level of Ras-GTP was
measured by affinity precipitation using Raf-1 RBD (human
Ras binding domain, residues 1 to 149) reagent (Upstate)
following the manufacturer's instruction.

Gelatin zymogram assay. Cells were cultured in serum-free
DMEM/F12 medium for 48 h. Gelatinolytic activity of the
conditioned medium was determined by gelatin zymogram
assay, as previously described (5). Areas of gelatinase activity
were detected as clear bands against the blue-stained gelatin
background.

In vitro invasion assay. In vitro invasion assay was performed
using 24-well Transwell unit with polycarbonate filters
(Corning Costar, Cambridge, MA), as previously described (5).

In vitro migration assay using Transwell. In vitro migration
assay was performed using a 24-well Transwell unit with
polycarbonate filters, as previously described (6).

Densitometry measurements. Relative band intensities were
determined by quantitation of each band with an image
analyzer (Vilber Lourmat, Marne-la-Cedex 1, France).

Results

Simvastatin and lovastatin inhibited membrane anchoring of
H-Ras. To examine if simvastatin and lovastatin inhibit
membrane anchoring of H-Ras protein, H-Ras MCF10A cells
were treated with various concentrations of these statins and
were fractionated to obtain the membrane and cytosolic
fractions. In membrane fraction, control cells showed
comparable amounts of both unprenylated and prenylated
forms of H-Ras (Fig. 1). Treatment of H-Ras MCF10A cells
with simvastatin or lovastatin markedly reduced the level of
prenylated H-Ras in membrane fraction in a dose-dependent
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Figure 2. Statins inhibit H-Ras-induced invasion which is reversed by FPP. (A) H-Ras MCF10A cells were performed Transwell invasion assay treated with
simvastatin or lovastatin for indicated concentration for 17 h. The number of invaded cells per field was counted (x400) in thirteen fields. The results represent

mean + SE of triplicates. ", Statistically different from control at p<0.05 and p<0.01, respectively, by the two-tailed Student's t-test. (B) H-Ras MCF10A cells
were treated with 50 M simvastatin and lovastatin with or without FPP for indicated concentration for 24 h. The localization of Ras in two fractions (cytosol
and membrane) were determined by immunoblot analysis. (C) H-Ras MCF10A cells were treated with 50 yM simvastatin and lovastatin with or without 10 uM
FPP for 17 h. The number of invaded cells per field was counted (x400) in thirteen fields. The results represent mean + SE of triplicates. “Statistically different

from control at p<0.05 by the two-tailed Student's t-test.

manner. Unprenylated H-Ras was only slightly decreased by
the statin treatment. Simvastatin and lovastatin dose-
dependently increased unprenylated H-Ras in the cytosolic
fraction, indicating that the statins inhibited membrane
localization of H-Ras protein by preventing isoprenylation of
H-Ras.

Statins inhibit H-Ras-induced invasion which is reversed by
FPP. We then investigated the effect of statins on invasive
capacity of H-Ras MCF10A cells which are originally highly
invasive. Treatment with simvastatin or lovastatin significantly
inhibited the invasion of H-Ras MCF10A cells in a dose-
dependent manner (Fig. 2A). To address if the inhibition of
H-Ras MCFI10A cell invasion by simvastatin and lovastatin
was due to inhibition of the biosynthesis of prenylated
derivatives, H-Ras MCF10A cells were treated simvastatin or
lovastatin in the absence or presence of FPP. Decreased level
of prenylated H-Ras in the membrane fraction of H-Ras
MCFI10A cells treated with the statins was dose-dependently
restored by FPP (Fig. 2B). As shown in Fig. 2C, 50 uM of FPP
significantly reversed simvastatin- and lovastatin-inhibited
invasion H-Ras MCF10A cells. The data demonstrated that
the inhibitory effect of simvastatin and lovastatin on

invasiveness of H-Ras MCF10A cells was related to inhibition
of the biosynthesis of prenylated derivatives.

Statins downregulate MMP-9 and to a lesser extent, MMP-2
in H-Ras MCF10A cells. Since tumor cell invasion is often
associated with enhanced synthesis of matrix metalloproteinase
(MMP)-2 and/or MMP-9, we examined the effect of statins
on the expression of these proteins. A marked inhibition of
MMP-9 was observed in H-Ras MCF10A cells treated with
simvastatin as evidenced by gelatin zymogram assay (Fig. 3A,
top). At 10 uM concentration of simvastatin, MMP-9 level
was reduced by 75%. MMP-2 level was also decreased by
simvastatin, but to a lesser extent compared to MMP-9. These
data were confirmed by Western blot analysis (Fig. 3A,
bottom). Similar results were obtained when H-Ras MCF10A
cells were treated with lovastatin (Fig. 3B). The results
demonstrate that simvastatin and lovastatin dose-dependently
downregulate MMP-9 and to a lesser extent, MMP-2 in H-Ras
MCF10A cells.

Statins inhibited activation of H-Ras downstream signaling
molecules. We previously showed that H-Ras activated Raf,
MEK, ERK-1/2, Racl, PI3K and p38 MAPK in MCF10A
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Figure 3. Statins downregulate MMP-9 and to a lesser extent, MMP-2 in H-Ras MCF10A cells. Gelatin zymogram assay was performed on the conditioned
media of H-Ras MCF10A cells treated with 50 #M of simvastatin (A) or lovastatin (B) for indicated concentration for 48 h. Expression of MMP-2 and MMP-9
were determined by immunoblot analyses of conditioned media using antibodies against MMP-2 and MMP-9. Relative band intensities were determined by
densitometry measurements.
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Figure 4. Statins inhibited activation of H-Ras downstream signaling molecules. H-Ras MCF10A cells were treated with simvastatin (A) and lovastatin (B) for
indicated concentration for 24 h. Cell lysates were immunoprecipitated with anti-Raf-1 antibody and probed with phosphorylated Raf-1 antibody. For the
PI3K activity, cell lysates were immunoprecipitated with anti-phosphotyrosine antibody and the immunoprecipitates were subjected to immunoblot analysis
with an anti-PI3K antibody. For the Racl activity, cell lysates were incubated with GST-p21-binding domain fusion protein and the bound active Racl-GTP
molecules were analyzed by immunoblotting using anti-Racl antibody. The levels of activated MEK, ERKs and p38 MAPK were determined by immunoblot
analyses using phospho-specific antibodies (pMEK, pERKSs and pp38, respectively).
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Jy statins, Western blot analysis was performed to
detect the activated forms of signaling molecules in H-Ras
MCFI10A cells upon treatment with statins. As shown in
Fig. 4A, simvastatin inhibited activation of signaling molecules
Raf, MEK, ERK-1/2, Racl, PI3K and p38 MAPK of H-Ras
MCFI10A cells in a dose-dependent manner. Lovastatin exerted
the same effects on these signaling molecules (Fig. 4B). The
results indicated that simvastatin and lovastatin prevented
activation of H-Ras downstream signaling molecules, possibly
by inhibiting membrane localization of H-Ras in MCF10A
cells.

Discussion

Since mortality from breast cancer is related to the capacity of
tumor cells to invade and metastasize, strategies for therapeutic
intervention to regulate breast cancer metastasis have been
devised. Mutations or overexpression of the Ras oncogene
are frequent genetic alterations in human tumors. We have
previously demonstrated the involvement of H-Ras in invasive/
migratory potential of breast cells using MCF10A human
breast epithelial cell system. In an approach to block the
invasive ability of breast cells induced by H-Ras, the present
study investigated the inhibitory effect of statins on Ras
membrane localization and metastatic properties of H-Ras
MCF10A cells.

HMG-CoA reductase inhibitors have been widely used for
the treatment of hypercholesterolemia since mevalonate is a
precursor of cholesterol synthesis (21,22). Previously, it has
been suggested that non-lipid-related effects of statins could
play a beneficial role in cancer therapy, probably due to the
inhibition of Ras and Rho (23). Breast cancer cells with
activated Ras pathway seemed to be sensitive to breast cancer
growth prevention by statin treatment (24).

Lovastatin inhibits experimental metastasis of mammary
carcinoma cells through alterations in cytoskeletal organization
(17). Cerivastatin, although it was withdrawn from the market,
was shown to inhibit invasiveness and metastatic properties of
highly invasive breast cancer cell line, MDA-MB-231, with
spontaneous activation of Ras and NF«xB and overexpression
of RhoA (18). Here, we report that simvastatin and lovastatin
inhibited the invasive phenotype of H-Ras MCF10A cells. The
inhibitory effect of simvastatin and lovastatin on invasiveness
of H-Ras MCF10A cells was clearly related to inhibition of the
biosynthesis of prenylated derivatives because it was shown
to be reversed by FPP. H-Ras undergoes farnesylation
exclusively while K-Ras and N-Ras can undergo alternative
prenylation (geranylgeranylation) in the presence of farnesyl-
transferase inhibitors (FTIs) and therefore escape FTI-mediated
inhibition of membrane association (8).

Members of the MMP family play a critical role in tumor
invasion and metastasis formation, especially, MMP-2 and
MMP-9 (25,26). Simvastatin inhibits MMP-9 secretion by
inhibiting RhoA pathway in human smooth muscle cells (27).
The present study revealed that expression of MMP-9, and to
a lesser extent MMP-2, was inhibited by lovastatin and
simvastatin. Given the significant role of MMP-2 and MMP-9
in breast cell invasion, a detailed mechanism for the statin-
induced MMP-2/-9 downregulation needs to be further
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elucidated. Activation of Raf, MEK, ERK-1/2, Racl, PI3K
and p38 MAPK were inhibited by simvastatin and lovastatin
in H-Ras MCF10A cells, suggesting that these signaling
molecules may mediate the inhibitory effect of statins on breast
cell invasion. Additional studies remain to be performed to
further reveal the involvement of other signaling molecules in
the inhibitory effect of simvastatin and lovastatin on H-Ras-
induced invasive potential of MCF10A cells.

Taken together, the present study clearly demonstrated that
simvastatin and lovastatin efficiently inhibited membrane
localization of H-Ras and the invasive phenotype of MCF10A
human breast epithelial cells induced by H-Ras. We also
provided data suggesting the involvement of MMP-2/-9 in the
inhibitory effect of statins on breast cell invasion. Given that
breast cancer has been estimated as the most commonly
diagnosed type of cancer among women and metastasis is the
principal cause of death from breast cancer, our findings
providing in vitro evidence for anti-invasive effect of
simvastatin and lovastain on human breast epithelial cells may
hold promise for future clinical studies.
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