
Abstract. The statins, a family of cholesterol-lowering
drugs, are known to block the formation of isoprenoids. They
thus affect the small GTPase Rho, which requires attachment
to cell membranes for proper signaling activity. Chimaerins
are GTPase-activating proteins (GAPs) that accelerate GTP
hydrolysis from Rac, another GTPase of the same family. We
explored the cooperative antitumor effects of the over-
expression of ß2-chimaerin in combination with statins.
F3II mouse mammary carcinoma cells transfected with the
ß2-chimaerin GAP domain exhibiting low intracellular levels
of active Rac-GTP were exposed in vitro to a panel of statins.
Transfectants were significantly more sensitive to the cytostatic
effects of lovastatin, simvastatin, atorvastatin and rosuvastatin
than untransfected F3II cells with high Rac-GTP levels.
Transfected tumor cells also showed a higher sensitivity for
detachment from the substrate and for apoptosis after statin
exposure. We further checked the cytostatic effect of statins in
combination with azathioprine, a compound that specifically
blocks Rac1 activation. Combined treatment with simvastatin
and azathioprine demonstrated an enhanced growth-inhibitory
effect on control F3II cells. Our data suggest that the com-
bination of statins with a reduction in active Rac levels can
produce a cooperative antitumor effect on breast cancer cells.

Introduction

Small GTPases of the Ras superfamily are proteins of
approximately 20 kDa that function as molecular switches
for intracellular signaling pathways. They fluctuate between
inactive and active states, two conformations that respectively
depend on the binding of either GDP or GTP to the GTPases,

(1,2). The switch between the active and inactive states of
GTPase is highly regulated by guanine exchange factors
(GEFs), which activate the GTPases by increasing the release
rate of bound nucleotides, GTPase-activating proteins (GAPs)
that stimulate the endogenous activity of GTPase, and GDP-
dissociation inhibitors that prevent the replacement of GDP
by GTP (3). To date, more than 20 Rho-GTPases have been
identified in humans. These can be divided into six sub-
families: Rho, Rac, Cdc42, Rnd, RhoBTB and RhoT/Miro (4).

Studies from several laboratories have established the
existence of novel receptors for the forbol esters, such us
chimaerins (5). Interestingly, chimaerins have Rac-GAP
activity, leading to the acceleration of GTP hydrolysis from
Rac1 and its subse-quent inactivation (6). In a previous report,
we demonstrated that ß2-chimaerin is a key regulator of
invasion and metastasis in an aggressive breast cancer model
in mice (7). In that study, we showed that overexpression of
the ß2-chimaerin GAP domain (ß-GAP) caused alterations in
actin polymerization, decreased growth rate and migratory
capacity, and markedly reduced tumor invasive capacity and
metastatic dissemination (7).

Rho proteins have lipid modifications at their carboxyl
termini, creating a lipidated hydrophobic domain that mediates
attachment to specific proteins as well as to cell membranes.
Statins are cholesterol-lowering drugs that inhibit 3-hydroxy-
3-methylglutaryl coenzyme A (HMG-CoA) reductase, a key
enzyme of the mevalonate biosynthetic pathway (8). By
inhibiting the synthesis of mevalonate, statins block the
formation of downstream isoprenoids, farnesyl pyrophosphate
and geranylgeranyl pyrophosphate. In this regard, inhibition
of the geranylgeranylation of Rho proteins appears to be an
important antitumor mechanism of statins (9). Statins also
inhibit the proteasome degradation machinery, leading to
apoptosis and the inhibition of proliferation (10). Furthermore,
we have demonstrated a dramatic impairment in the metastatic
ability of lovastatin-treated mammary carcinoma cells (11).

In the present study, we explored the cooperative antitumor
effects of the overexpression of ß2-chimaerin in combination
with statin agents, focusing on cytostatic activity and apoptosis.
We used F3II mouse mammary carcinoma cells transfected
with ß-GAP showing low intracellular levels of Rac-GTP
that were exposed in vitro to a panel of statins, and further
investigated the cytostatic effect of a statin in combination
with azathioprine, a compound that specifically blocks Rac1
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activation, using untransfected F3II cells with high Rac-GTP
levels.

Materials and methods

Tumor cell lines and culture conditions. The mammary
carcinoma cell line F3II is a highly invasive and metastatic
variant, established from a clone of a spontaneous hormone-
independent Balb/c mouse mammary tumor (12). The
generation of the F3II-GB1 cell line, which overexpresses
ß-GAP, has previously been described in detail (7). Briefly,
a mammalian expression vector for ß-GAP (pCR3Â) was
transfected into semiconfluent F3II mammary carcinoma
cells using Lipofectamine. After 30 days of culture, colonies
resistant to geneticin (Life Technologies, CA, USA) were
selected by limiting dilution. Geneticin-resistant clones were
then expanded, and expression of the ß-GAP domain was
determined by quantitative RT-PCR (7). One of the clones
with high expression of ß-GAP, originally named GB1, was
selected for further experiments. F3II-GB1 cells and control
untransfected F3II cells were cultured in MEM 41500 medium
(Life Technologies) supplemented with heat-inactivated 10%
fetal bovine serum (FBS), 2 mM glutamine and 80 μg/ml
gentamicin at 37˚C in a 5% CO2 atmosphere. F3II-GB1 cells
were maintained in the presence of 200 μg/ml geneticin. Stock
cell cultures were routinely subcultured twice a week by
trypsinization using standard procedures. Quantification of cell
number was made by hemocytometer counting. In all cases,
viability was >90% as assayed by the trypan blue exclusion
technique.

Compounds. The cholesterol-lowering drugs lovastatin,
simvastatin, atorvastatin, rosuvastatin and pravastatin were
kind gifts from Romikin (Buenos Aires, Argentina), while
azathioprine and 6-mercaptopurin-riboside (6-MPR) were
provided by Sigma Chemical Co. (St. Louis, MO, USA). The
compounds were dissolved in dimethyl sulfoxide and then
resuspended in MEM at a final dimethyl sulfoxide dilution of
0.5% (v/v), a concentration which has no effect on tumor cells.

Tumor cell morphology. To examine the effect of statins on
cell morphology, F3II and F3II-GB1 monolayers were cultured
in 6-well plates for 24 h in the presence of the compounds
and photographed using a phase contrast microscope (Nikon,
Tokyo, Japan).

Cell proliferation assay. Cell proliferation was determined
based on the conversion of MTS tetrazolium salt (Sigma) to
aqueous soluble formazan product by metabolically-active
cells. F3II and F3II-GB1 cells were plated at a density of
5x103 cells/well in 96-well plates, then treated with various
concentrations of statins for 72 h. At the end of the treatment
period, 40 μl of MTS reagent was added to each well. The
plates were then incubated for 1 h at 37˚C in the dark. The
absorbance at 490 nm of each well was measured using an
Asys UVM340 Microplate Reader (Cambridge, UK). The
concentration producing 50% inhibition (IC50) was determined
by plotting the percentage of cell growth versus drug concen-
tration. Drug combination experiments were performed under
similar conditions, and cell viability was determined using the
MTT metabolic assay (Sigma).

Apoptosis assay. Apoptosis was determined by a morphologic
assay using ethidium bromide/acridine orange staining
(EB/AO) as previously described by Coligan et al (13). Briefly,
F3II and F3II-GB1 cells grown on glass coverslips were
incubated with compounds for 24 h. After treatment, cells
were stained with EB/AO (100 μg/ml). Cells were viewed and
counted using a Nikon eclipse TS100 inverted microscope at
x400 magnification. Images were captured with a Nikon
Coolpix digital camera. Tests were conducted in triplicate,
and a minimum of 100 total cells was counted in each.

Rac1 activity assay and Western blotting. Tumor cells were
plated at a density of 5x105 cells/well in a 6-well tissue culture
plate and maintained in MEM supplemented with 10% FBS
for 24 h. After 24 h in serum-free conditions, cells were
stimulated with 100 ng/ml of epidermal growth factor (EGF)
from Life Technologies for 15 min. Monolayers were washed
extensively with PBS and lysed in GPLB-150 buffer (20 mM
Tris, pH 7.4, 150 nM NaCl, 5 mM MgCl2, 0.5% NP40, 10%
glycerol, pH 7.4) supplemented with a protease inhibitor
cocktail (Sigma). Lysates were clarified by centrifugation
at 14,000 rpm for 10 min at 4˚C. An aliquot was removed
for the determination of total quantities of Rac1. Clarified
lysates were then incubated for 1 h at 4˚C with glutathione
s-transferase-PAK-binding domain fusion protein. Fusion
proteins were pre-coupled to Glutathione-Sepharose 4B beads
(Amersham Biosciences, Uppsala, Sweden), and bound
complexes were washed three times in GPLB-150 lysis buffer.
Total cell lysates and pull-down samples were boiled for
5 min in 4X sample buffer and resolved by 12% SDS-PAGE.
Samples were then transferred to PVDF membranes (Hybond
P, Amersham Biosciences) and analyzed by Western blotting
using a monoclonal ·Rac1 antibody (Sigma). Antibody
binding was detected by enhanced chemiluminescence.

Results

Cytostatic effect of statins on mammary carcinoma cells
overexpressing ß-GAP. To investigate the effect of statin
agents on the proliferation of mammary carcinoma cells with
high or low levels of Rac-GTP, we respectively treated
control F3II cells or F3II-GB1 cells overexpressing ß-GAP
with five different statins (lovastatin, simvastatin, atorvastatin,
rosuvastatin and pravastatin). With the exception of pravas-
tatin, treatment with statins caused growth inhibition in both
cell lines. Notably, F3II-GB1 cells appeared to be more
sensitive to statin treatment than F3II cells, exhibiting sig-
nificantly lower IC50 values (Table I). The effect was also
observed in a dose dependent manner.

Effect of lovastatin on morphology of mammary carcinoma
cells overexpressing ß-GAP. We previously reported that
lovastatin induced a rounded-cell morphology in F3II cells at
non-cytotoxic concentrations of at least 10 μM, associated
with the inhibition of tumor cell attachment and migration
(14). Here, we evaluated the effect of statins on F3II and
F3II-GB1 cell monolayers. As shown in Fig. 1, treatment with
lovastatin and simvastatin at 5 μM induced a rounded-cell
morphology in F3II-GB1 cells, whereas no relevant effects
were observed on control F3II cells at this concentration.
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These data suggest that mammary carcinoma cells over-
expressing ß-GAP are sensitive to statin effects on detachment
from the substrate at lower doses.

Pro-apoptotic effect of simvastatin on mammary carcinoma
cells overexpressing ß-GAP. The pro-apoptotic effect of
simvastatin was evaluated using a morphologic assay based
on EB/AO staining. The compound exhibited significant pro-
apoptotic activity in a dose-dependent manner on both F3II
and F3II-GB1 cells in concentrations ranging from 5 to
20 μM. However, simvastatin exhibited significantly higher
pro-apoptotic activity in F3II-GB1 cells compared to F3II
cells at a concentration of 20 μM (Table II), suggesting that
mammary carcinoma cells overexpressing ß-GAP have an
increased sensitivity to apoptosis.

Similar effects of ß-GAP overexpression and azathioprine
treatment on intracellular Rac-GTP levels of mammary
carcinoma cells. We investigated the effect of ß-GAP over-
expression on intracellular Rac-GTP levels, as well as the
effect of EGF, a well-known Rac activator. Expression of
ß-GAP produced a significant reduction in the basal levels of
active Rac. After EGF stimuli, both control cells and trans-
fectants showed an increase in Rac-GTP levels in comparison
to their respective non-stimulated controls (Fig. 2A). We
further evaluated the effect of azathioprine and a cell meta-

bolite of azathioprine, 6-MPR, on Rac1 activation in F3II
mammary carcinoma cells. Rac1 is the molecular target of the
activity of azathioprine in T cells, as reported by Tiede et al
(15). Azathioprine treatment induced an important reduction in
intracellular Rac-GTP levels in control F3II cells, and 6-MPR
had a stronger effect on Rac1 inhibition than the precursor
drug azathioprine (Fig. 2B and C).
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Table I. Effect of statins on the in vitro proliferation of F3II and F3II-GB1 mammary carcinoma cells.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

IC50 (μM)a

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Cell line Lovastatin Simvastatin Atorvastatin Rosuvastatin Pravastatin
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
F3II 43.4 24.3 42.0 177.7 >200
F3II-GB1 29.5b 13.4b 33.4b 76.5b >200
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aF3II and F3II-GB1 cells were plated at low density and then treated with various concentrations of statins for 72 h. Cell proliferation was
revealed using the MTS metabolic assay and the IC50 values were calculated. Values represent the IC50 of each treatment using at least six
determinations from three independent experiments. bp<0.001; ANOVA test.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Figure 1. Effect of lovastatin and simvastatin on F3II and F3II-GB1 cell morphology. Monolayers were cultured for 24 h in the presence of 5 μM of lovastatin
and simvastatin and were then photographed using a phase contrast microscope at an original magnification of x200.

Table II. Pro-apoptotic effect of simvastatin on F3II and
F3II-GB1 mammary carcinoma cells.
–––––––––––––––––––––––––––––––––––––––––––––––––

Apoptotic cellsa

––––––––––––––––––––––––––––––––––––
Cell line Control (%) Simvastatin (20 μM) (%)
–––––––––––––––––––––––––––––––––––––––––––––––––
F3II 11 40b

F3II-GB1 12 58b,c

–––––––––––––––––––––––––––––––––––––––––––––––––
aF3II and F3II-GB1 cell monolayers were incubated for 24 h in the
presence of simvastatin, and apoptosis was determined by EB/AO
staining. Tests were conducted in triplicate, with at least 100 cells
counted in each. Paclitaxel (10 μM) was used as a positive control
in the setup of the assay, inducing apoptosis in ~80% of cells in the
control monolayers. bp<0.001 versus the respective control, and
cp<0.05 versus F3II cells; Fisher's test.



Increased in vitro growth inhibition of mammary carcinoma
cells by a combination of simvastatin and azathioprine.
Simvastatin and azathioprine treatment produced dose-
dependent growth inhibition in control F3II mammary
carcinoma cells with respective IC50 values of ~25 and 100 μM
after a 72-h exposure of log-phase growing cells. We
examined the effect of a combination of simvastatin and
azathioprine on this cell line. The combined treatment
resulted in a significant increase in growth-inhibitory effect
as compared to treatment with simvastatin or azathioprine
alone (Fig. 3).

Discussion

Rho-GTPases are important intracellular signaling proteins
that control diverse cellular functions related to cancer
development, including gene transcription, vesicle trafficking
and cytoskeleton reorganization. These processes affect the
growth, differentiation, adhesion and migration of cells (16).
Rho-GTPase proteins play important regulatory roles in
oncogenic transfomation and in the metastatic cascade (17),
emerging as useful targets for cancer treatment (18).

Several lines of evidence indicate that the Rho family
member Rac may in particular play a critical role in different
aspects of tumorigenesis and cancer progression. Rac was
found to be an important component of Ras-induced trans-
formation (19), and the Rac-specific GEF, Tiam1, is involved
in Ras-mediated skin cancer in mice (20). Hyperactive Rac1
and Rac3 have been associated with the increased proliferation
of several breast cancer cell lines (21,22). In a previous study,
we established that ß2-chimaerin, a specific Rac-GAP, is a
key regulator of invasion and metastasis, and demonstrated
that ectopic expression of ß-GAP cause a marked reduction
in tumor invasive capacity and metastatic dissemination (7).

Statins are small-molecule inhibitors of HMG-CoA reduc-
tase that are used as cholesterol-lowering drugs. Results from

many pre-clinical studies have demonstrated the anticancer
effect of statins on various types of cancer. Previously, we
showed a dramatic impairment in the metastatic ability of
lovastatin-treated F3II mammary tumor cells associated with
a reduced membrane localization of Rho proteins (11).

The statin family is composed of eight unique compounds.
These are naturally derived or chemically synthesized; statins
derived from fungal fermentation include pravastatin,
simvastatin and lovastatin, whereas fluvastatin, atorvastatin,
cerivastatin, rosuvastatin and pitavastatin are synthetic
compounds. The common structural characteristic of all statins
is a side chain that exists in either a closed ring (inactive,
lactone) or an open ring (active, acid) form. The former
undergoes activation in vivo by carboxyesterases in plasma
and the liver. The open ring conformation of this drug blocks
catalytically-active HMG-CoA reductase by functioning as a
molecular mimic of a reaction intermediate formed within the
active site of this enzyme (9). Statins are effective competitive
inhibitors of HMGCoA reductase - approximately 1000-fold
more effective than the natural substrate. Each member of the
statin family has a similar mechanism of action, but maintains
unique properties such as binding affinities, pharmacokinetics,
hydrophobicity and dosage levels (9,23).

In this study, we demonstrated the effects of the more
representative statins used in hypercholesterolemia treatment
on a cell line that overexpresses ß2-chimaerin, a down-
modulator of Rac activity. We found a significant decrease in
cell proliferation in four of the five statins evaluated. Only
pravastatin did not show an antiproliferative effect in the same
dose range. Pravastatin has specific properties, such as its pH,
hydrophobicity, binding interaction and metabolic processing,
that differentiate it from other statins. Pravastatin has also
shown divergent results regarding growth arrest, apoptosis
induction and gene expression in different cell lines. Deline-
ating the molecular features conferring sensitivity or the lack
thereof to statins is the subject of intense investigation due to
the therapeutic potential they may afford (9,24,25).

LORENZANO MENNA et al:  STATINS IN MAMMARY CARCINOMA CELLS100

Figure 2. Pull-down Rac activity assay. (A) Control F3II (lanes 1 and 2) and
F3II-GB1 cells (lanes 3 and 4). Control and transfected cells were stimulated
with 100 ng/ml EGF for 15 min (lanes 2 and 4, respectively). (B) F3II cells
were treated for 24 h with 50 μM of azathioprine (AZA). (C) F3II cells were
treated for 24 h with 1 and 10 μM of 6-MPR.

Figure 3. Combined growth inhibitory effect of simvastatin and azathioprine.
F3II cells were treated with simvastatin and azathioprine for 72 h, and cell
viability was measured using the MTT assay. Data were shown as the mean ±
SEM (n=6), and 100% was set at the viable control cell level. Three
independent experiments were performed and subjected to statistical anaysis.
***p<0.001 versus simvastatin alone; **p<0.01 versus azathioprine alone;
ANOVA contrasted with the Tukey-Kramer multiple comparison test.



An essential role in cell cycle progression has been
established for Rac1. Microinjection of an activated form of
Rac1 into fibroblasts stimulates DNA synthesis and cell cycle
progression through G1, whereas a dominant-negative form of
Rac1 (N17Rac1) blocks serum-induced DNA synthesis (26).
Additionally, RhoA and RhoC have been found overexpressed
in various human cancer types, and are associated with cell
cycle progression and the increased invasiveness and meta-
stasis of tumor cells (18). The transforming potential and cell
growth stimulating activity of Rho proteins correlate with
elevated cyclin D1 transcription due to its promoter activation.
In this study, we explored the potential antitumoral effect
of the combined inhibition of the Rho and Rac signaling
pathways. We first evaluated the antiproliferative activity of
five statins on F3II and F3II-GB1 tumoral cells. Our results
showed a significant increase in the cell susceptibility of
ß-GAP-overexpressing cells to statins, suggesting a coop-
erative effect in the growth inhibition of two agents, with
Rho and Rac small GTPases as molecular targets.

The requirement of survival signals for the prevention of
apoptosis is reduced in tumoral cells. Rho proteins have been
implicated in anti-apoptotic signaling and in the apoptotic
process itself (27). Ectopic expression of active Rac1 can
provide a survival signal to protect tumor cells or transformed
fibroblasts from apoptosis (28). One proposed mechanism
involves the phosphorylation of the apoptotic regulator BAD
by PAK and Rho function, preventing p53-dependent apoptosis
during T-cell development (29). In the present study, we
demonstrated that simvastatin treatment of F3II and F3II-GB1
cells induced an increased pro-apoptotic response in F3II-GB1
transfectants.

There is a growing body of evidence to suggest that a
combination of low doses of cancer therapeutic agents with
varyings modes of action may produce cooperative effects on
efficacy and minimize the possible side effects associated
with high dose administration. Recent findings suggest that
azathioprine-generated 6-Thio-GTPs inhibit the intracellular
activation of Rac1 and Rac2 in T-lymphocytes, but have no
effect on closely-related Rho family members such as Cdc42
and RhoA (30). We demostrated for the first time that
azathioprine and its metabolite, 6-MPR, reduce the intra-
cellular levels of active Rac in an aggressive mammary
carcinoma model, and examined the antiproliferative effect of
a combination of simvastatin and azathioprine on F3II cells.
The combination treatment resulted in an increased growth
inhibitory effect as compared to simvastatin or azathioprine
alone. This result is in concordance with the differential
susceptibility of F3II-GB1 and F3II to statins.

In summary, we demonstrated a cooperative effect in the
growth inhibition of mammary carcinoma cells resulting from
a combination of statins, drugs which affect the Rho signaling
pathway by blocking the formation of isoprenoids, along with
a reduction in active Rac levels due to the overexpression of
chimaerins or to a specific inhibitor such as azathioprine. Our
results also identify potential targets for drug combination
strategies in cancer therapy.
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