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Abstract
Sustained activation of Akt kinase acts as a focal regulator to increase cell growth and survival, which
cause tumorigenesis including breast cancer. Statins, potent inhibitors of 3-hydroxy-3-methylglutaryl
coenzyme A reductase, display anticancer activity. The molecular mechanisms by which statins block
cancer cell growth are poorly understood. We demonstrate that in the tumors derived from MDA-
MB-231 human breast cancer cell xenografts, simvastatin significantly inhibited phosphorylation of
Akt with concomitant attenuation of expression of the anti-apoptotic protein BclXL. In many cancer
cells, BclXL is a target of NFκB. Simvastatin inhibited the DNA binding and transcriptional activities
of NF κ B resulting in marked reduction in transcription of BclXL. Signals transmitted by anti-
neoplastic mechanism implanted in the cancer cells serve to obstruct the initial outgrowth of tumors.
One such mechanism represents the action of the tumor suppressor protein PTEN, which negatively
regulates Akt kinase activity. We provide the first evidence for significantly increased levels of PTEN
in the tumors of simvastatin-administered mice. Importantly, simvastatin markedly prevented
binding of NFκB to the two canonical recognition elements, NFRE-1 and NFRE-2 present in the
PTEN promoter. Contrary to the transcriptional suppression of BclXL, simvastatin significantly
increased the transcription of PTEN. Furthermore, expression of NFκ B p65 subunit inhibited
transcription of PTEN, resulting in reduced protein expression, which leads to enhanced
phosphorylation of Akt. Taken together, our data present a novel bifaceted mechanism where
simvastatin acts on a nodal transcription factor NFκ B, which attenuates the expression of anti-
apoptotic BclXL and simultaneously derepresses the expression of anti-proliferative/proapoptotic
tumor suppressor PTEN to prevent breast cancer cell growth.
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1. Introduction
Statins are a class of drugs that prevent cardiovascular and cerebrovascular diseases [1,2]. They
act as specific inhibitors of 3-hydroxy-3-methylglutaryl Coenzyme A reductase (HMG CoA
reductase), the rate limiting enzyme in the mevalonate cascade, resulting in the attenuation of
synthesis of cholesterol and isoprenoid compounds such as farnesyl pyrophosphate and
geranylgeranyl pyrophosphate [3]. The hydrophobic isoprenoids covalently bind to the various
proteins including the G-protein members Ras, Rho, Rac, Rap and Rab [4]. This modification
regulates the plasma membrane localization of these small G-proteins, thereby has significant
effects on cell growth and survival.

In the last few years, use of statins gained interest for cancer prevention. Data using rodent
models showed positive results in myeloid leukemia and in colon, prostate, mammary, lung,
melanoma and glioma tumorigenesis [5–16]. Contrasting results exist where statins showed
no efficacy in mammary carcinogenesis induced by methylnitrosourea in rats [17]. Initial
evaluation of a randomized controlled trial showed an increased risk of breast cancer in patients
using statin [18]. Additionally a recent British case control study showed no significant
association of reduction in colon, skin and breast cancer risks [19]. However, a separate study
revealed a significant 20% reduction in overall cancer risk in patients with statin use [20].
Recently a large study conducted with statin-using veterans showed a significant 50–60%
reduction in advanced prostate cancer risk [21,22]. Use of statin was reported to be associated
with significant reduction in cancer risk of colon, lung, pancreas and esophagus along with
melanoma and B and T cell lymphoma [23–25]. Another study where women used statin more
than 4 years showed significant 74% reduced risk of breast cancer [26]. Moreover, a recent
multicenter study with women using statin indicated significantly decreased risk of breast
cancer as compared to the nonusers [27]. The literature thus favors a beneficial effect from
statin use in various cancers including breast cancer.

The exact mode of action of antiproliferative and proapoptotic effects of statins on cancer cells
is not clearly understood. The effect in blocking mevalonate pathway may play an important
role as it regulates the production of geranylgeranyl and farnesyl pyrophosphates, which
modify the Rho and Ras GTPases [28]. Rho proteins are involved in proliferative and invasive
potential of cancer cells including breast cancer cells [24,29–33]. Therefore, inhibition of
geranylgeranylation of RhoA may represent a potent mechanism for statin-induced attenuation
of breast cancer cell growth. Additionally, statin regulates proliferation and apoptosis of the
tumor cells by modulating MAPK and CDK2, which in turn reduce the expression of p21 and
p27 cyclin kinase inhibitors [34–36].

Activation of phosphatidylinositol (PI) 3 kinase and its downstream target Akt kinase has been
implicated in tumorigenesis and anti-apoptosis of cancer cells [37]. The tumor suppressor
protein PTEN (phosphatase and tensin homolog deleted in chromosome 10) acts as negative
regulator of PI 3 kinase signaling. The lipid phosphatase activity of PTEN maintains the
dynamic levels of the second messenger PI 3,4,5-trisphosphate (PIP3), the product of PI 3
kinase [38]. Mutation/deletion of PTEN has been reported in many cancers including breast
tumor [38–41]. Inactivation of PTEN thus increases the levels of PIP3, which activates Akt
kinase. To test the molecular mechanism of breast cancer cell growth inhibition by statin, we
considered the involvement of Akt/PTEN axis as a mediator. Using the MDA-MB-231 human
breast cancer cell xenograft model in mice, we identified that simvastatin significantly inhibited
phosphorylation of Akt in the breast tumor tissues. In vitro, we demonstrate simvastatin-
mediated attenuation of NFκB activation results in reduction in the anti-apoptotic BclXL
protein expression. Additionally, we show an increase in PTEN protein expression in the breast
tumors of mouse treated with simvastatin and in the simvastatin-treated MDA-MB-231 breast
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cancer cells in vitro. Finally, our results demonstrate a derepression mechanism involving
NFκB to upregulate PTEN levels in breast tumor cells in response to simvastatin.

2. Materials and Methods
2.1. Cell culture

The MDA-MB-231 human breast cancer cells purchased from American Type Culture
Collection were grown in Dulbecco’s modified Eaglemedium with penicillin, streptomycin
and 10% fetal bovine serum in 5% CO2 incubator at 37°C.

2.2. Antibodies and Reagents
Antibodies against phospho-Akt and Akt were purchased from Cell Signaling. PTEN, Erk1/2,
p65 NFκB subunit and BclXL antibodies were obtained Santa Cruz Biotechnology. Nuclear
extract isolation kit and dual luciferase assay kit were purchased from Pierce and Promega,
respectively. Double stranded consensus NFκB DNA element (5′
AGTTGAGGGGACTTTCCCAGGC-3′) was obtained from Santa Cruz Biotechnology. The
NFκB recognition elements 1 (5′-TGGGGGAAGGGGGAATCTCTAGGCAAAGG-3′) and
2 (CAAGGGGGGAGGGTATTCCCCTTGCAGGGA) from PTEN promoter were
synthesized in the core facility at the University of Texas Health Science Center at San Antonio
[42]. The reporter plasmid with BclXL promoter driving luciferase cDNA (BclXL-Luc) was a
kind gift from Dr. G. Nunez, University of Michigan. pCMV-p65 and PTEN promoter-driven
luciferase reporter plasmid have been described previously [43].

2.3. Animal Study
The nude mice were obtained from the NIH animal facility. They were used according to the
guide of use of small laboratory animals. The animal protocols were approved by the
Institutional Animal Care and Use Committee, The University of Texas of Health Science
Center at San Antonio. The mice were kept in normal lab chow diet. Mice were injected with
5 mg/kg body weight of simvastatin every day for 7 days. Control mice were given phosphate
buffer saline (PBS). MDA-MB-231 cells were trypsinized, counted and 1×106 cells in
phosphate buffered saline were injected in each mammary fat pad of these mice. At three weeks,
the mice were sacrificed and the tumors were collected.

2.4. Preparation of cell and tumor lysates
Excised tumors were homogenized using radioimmunoprecipitation assay (RIPA) buffer (20
mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1 mM phenylmethylsulfonile fluoride,
0.05% aprotinin and 1% Nonidet P-40). Homogenates were centrifuged at 4°C at 12,000xg for
30 minutes. Similarly, the MDA-MB-231 cell monolayer was washed with PBS and the cells
were lysed in RIPA buffer followed by centrifugation at 4°C. Cleared supernatant was collected
for immunoblotting.

Immunoblotting
Protein concentration was determined in the tumor lysates using BioRad reagent as described
previously [44,45]. Equal amounts of proteins were separated by SDS polyacrylamide gel
electrophoresis. The immunoblotting of these separated proteins was performed using required
antibodies as described [44–47].

2.5. Electrophoretic mobility shift assay
Nuclear extracts were prepared from MDA-MB-231 breast cancer cells using a kit according
to the protocol provided by the vendor [45,47]. Double stranded oligonucleotides representing
NFκB elements were labeled at the 5′ end using γ32P-ATP and T4 polynucleotide kinase.
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EMSA was performed using 10 μg nuclear extracts. The protein-DNA complex was separated
by 5% non-denaturing polyacrylamide gel electrophoresis. The gel was dried on filter paper
followed by autoradiography. p65 antibody was used to determine the presence of NFκB in
the DNA-protein complex in the supershift assays as described previously [45,47]. Erk1/2
antibody was used as control in this assay.

2.6. Transient transfection and luciferase activity
Semiconfluent MDA-MB-231 breast cancer cells were transfected with the reporter plasmids
using Fugene HD as described [47]. Twenty-four hours posttransfection the cells were
incubated with 10 μM simvastatin for 24 hours as indicated. The cells were harvested and
lysates were used to perform luciferase assay using the kit. The data are presented as mean of
luciferase activity per microgram protein as arbitrary units ± SE of triplicate measurements as
described previously [43–45,47].

2.7. Statistical analysis of data
Statistical significance of the data was determined using analysis of variance followed by
Student-Newman-Keuls analysis as described previously [43–45,47]. Significance levels was
considered as p value < 0.05.

3. Results
3.1. Simvastatin inhibits Akt activation in breast tumor

The beneficial effect of statins in reducing tumor growth using rodent models has been
extensively studied [5–16]. To examine the mechanism of action of simvastatin, we
investigated its effect on Akt kinase. Akt contributes to increased survival and resistance to
apoptosis of many cancers including breast tumor cells [48–50]. A group of mice treated with
simvastatin for one week was inoculated with the MDA-MB-231 breast cancer cells in the
mammary fat pads. As expected the tumor growth was significantly inhibited in the mice treated
with simvastatin as compared to the tumors in the control mice (Supplementary Fig. S1A and
S1B). Similarly, simvastatin markedly blocked the proliferation of MDA-MB-231 cells in
vitro (Supplementary Fig. S2).

We have reported previously that in MDA-MB-231 breast cancer cells, a growth factor receptor
tyrosine kinase-mediated signal transduction pathway is upregulated, which increases
phosphorylation of Akt, resulting in its activation [43,46]. To investigate the state of Akt
activation, MDA-MB-231 cells were incubated with simvastatin in vitro. Immunoblotting was
performed with the cell lysates using a specific antibody that recognizes the phosphorylated
(activated) form of Akt. Simvastatin inhibited phosphorylation of Akt without any effect on
the levels of Akt (Fig. 1A). To examine the effect of simvastatin in vivo, immunoblotting of
the tumor lysates from the control and simvastatin-treated mice was performed using phospho-
Akt antibody. Akt phosphorylation was significantly reduced in the tumor samples isolated
from animals treated with simvastatin (Fig. 1B, compare lanes 4–6 with lanes 1–3; Fig. 1C).
These results demonstrate an inhibitory effect of statin on Akt activation in the breast tumors
generated in an animal model.

3.2. Simvastatin inhibits expression of BclXL
Increased expression of mitochondrial anti-apoptotic proteins contribute to augmented survival
of cancer cells including breast cancer. We have previously reported increased constitutive
levels of anti-apoptotic BclXL protein in MDA-MB-231 cells [43]. Abundant expression of
BclXL was detected in the tumor lysates of mice inoculated with MDA-MB-231 cells (Fig. 2A,
lanes 1–3). We tested the effect of simvastatin on the expression of BclXL. Levels of BclXL
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were significantly reduced in the tumor lysates prepared from mice treated with simvastatin
(Fig. 2A, compare lanes 4–6 with lanes 1–3; Fig. 2B). Furthermore, incubation of MDA-
MB-231 cells with simvastatin in vitro inhibited the expression of BclXL (Fig. 2C, compare
lane 2 with lane 1).

We have shown above that simvastatin inhibits Akt activation in MDA-MB-231 breast cancer
cells (Fig. 1A). Akt regulates survival of cancer cells using a myriad of transcription factors
including NFκB [51–53]. In MDA-MB-231 human breast cancer cells, NFκB is constitutively
active [54]. We tested the effect of simvastatin on activation of NFκB using EMSA with nuclear
extracts from MDA-MB-231 cells. Double stranded oligonucleotide representing a consensus
NFκB recognition sequence was used as probe. As expected, DNA-protein complex was
detected with nuclear extract prepared from MDA-MB-231 cells (Fig. 3A, lane 1). Incubation
of nuclear extracts with cold NFκB recognition sequence inhibited the DNA-protein complex
formation, demonstrating specificity of the interaction (Fig. 3A, compare lanes 2 and 3 with
lane 1). Use of AP2 DNA element as cold competitor oligonucleotide did not have any effect
on the formation of DNA protein complex using NFκB sequence as probe (Fig. 3A, compare
lane 4 with lane 1). To identify the presence of NFκB in this protein-DNA complex, we
performed EMSA in the presence of antibody against p65 NFκB subunit. Incubation of the
nuclear extracts with p65 antibody showed supershifted DNA-protein complex as compared
to the control (Fig. 3B, compare lane 2 with lane 1, arrow indicates the supershifted protein-
DNA complex). Erk1/2 antibody was used as IgG control (Fig. 3B, compare lane 2 with lane
3). Next, we determined the effect of simvastatin on NFκB-DNA complex formation. Nuclear
extracts isolated from simvastatin-treated MDA-MB-231 cells were used in EMSA.
Simvastatin prevented protein-DNA complex formation (Fig. 3C, compare lane 2 with lane 1).
To test whether this inhibition of DNA binding results in transcriptional attenuation, we used
a reporter plasmid in which luciferase cDNA is driven by three copies of NFκB binding DNA
element. The reporter construct was transfected into MDA-MB-231 cells. Incubation of
transiently transfected cells with simvastatin significantly inhibited NFκB-dependent
transcription of the reporter gene (Fig. 3D).

Activation of NFκB induces expression of many anti-apoptotic genes including BclXL [55,
56]. We have shown above that simvastatin inhibits expression of BclXL in MDA-MB-231
breast cancer cells in vitro and in xenograft model (Fig. 2). We tested the effect of simvastatin
on transcription of BclXL using a reporter construct in which BclXL promoter drives the
luciferase cDNA (BclXL-Luc) [43]. Incubation of BclXL-Luc-transfected MDA-MB-231 cells
with simvastatin showed reduced transcription of BclXL in the reporter assay (Fig. 4A). To
confirm the involvement of NFκB, we tested the effect of p65 on transcription of BclXL. MDA-
MB-231 cells were cotransfected with p65 and BclXL-Luc. Expression of p65 significantly
elevated transcription of BclXL (Fig. 4B). Additionally, transfection of p65 increased the
expression of BclXL protein level (Fig. 4C, compare lane 2 with lane 1). These results indicate
that simvastatin targets NFκB to regulate the expression of BclXL.

3.3. Simvastatin increases expression of PTEN in xenograft tumor model
Akt activity is upregulated in many cancers [57]. Among various mechanisms mutation/
deletion or malfunctioning of the tumor suppressor protein PTEN activates Akt by
constitutively increasing the levels of PI 3 kinase product PIP3 [38,58,59]. We have shown
that simvastatin inhibits Akt activation in both MDA-MB-231 breast cancer cells in vitro and
in the mice tumors derived from these cells (Fig. 1). As a mechanism, we tested the involvement
of PTEN, which is expressed at low levels in MDA-MB-231 breast cancer cells (Fig. 5A, lane
1). Incubation of these cells with simvastatin increased the expression of PTEN (Fig. 5A,
compare lane 2 with lane 1). Exogenous expression of PTEN using a plasmid vector
significantly inhibited proliferation of MDA-MB-231 breast cancer cells (Supplementary Fig
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S3). Next, we examined effect of simvastatin on expression of PTEN in the tumors produced
by MDA-MB-231 cells. The tumor lysates from the control mice showed significantly low
levels of PTEN protein (Fig. 5B, lanes 1–4). Simvastatin treatment significantly increased the
expression of PTEN in the tumors of mice (Fig. 5B, compare lanes 5–8 with lanes 1–4 and Fig.
5C). These results indicate that simvastatin may utilize increased PTEN levels in the mouse
breast tumors to reduce activation of Akt.

3.4. Simvastatin inhibits binding of NFκB to NFRE-1 and NFRE-2 in the PTEN promoter
Expression of PTEN is known to be regulated by a transcriptional mechanism [38]. MDA-
MB-231 breast cancer cells possess constitutively active NFκB (Fig. 3) [54]. Two NFκB
recognizing DNA elements (NFRE-1 at −1565 bp and NFRE-2 at −1441 bp from ATG start
codon) have been identified in the PTEN promoter (Fig. 6A) [42,60]. We tested binding of
NFκB to these elements using nuclear extracts prepared from MDA-MB-231 breast cancer
cells. Similar to the results obtained above with consensus NFκB DNA element (Fig. 3A), both
NFRE-1 and NFRE-2 formed protein-DNA complex (Fig. 6B and 6C, lanes 1). Use of cold
oligonucleotides showed inhibition of protein-DNA complex formation (Figs. 6B and 6C;
compare lanes 2 and 3 with lane 1). Cold oligonucleotide recognizing AP2 transcription factor
did not block DNA binding (Figs. 6B and 6C; lane 4). These results indicate specificity of
NFκB binding to elements present in the PTEN promoter. To examine the identity of NFκB
in this protein-DNA complex, we performed supershift analysis using MDA-MB-231 nuclear
extracts in the presence of antibody recognizing p65 subunit of NFκB. Fig. 6D shows supershift
of the DNA protein complex using NFRE-1 probe as compared to the control (compare lane
2 with lane 1, indicated by asterisk). The modest supershift may be due to less affinity of the
antibody-NFκB complex for labeled probe. Erk1/2 antibody was used as a separate IgG control
(Fig. 6D, lane 3). Similar supershift was evident with NFRE-2 probe and using p65 antibody,
relative to the protein-DNA complex formed in the absence or in the presence of Erk1/2
antibody (Figs. 6E, compare lane 2 with lane 1 and 3, indicated by asterisk). These results
indicate the presence of NFκB in the NFRE-1- and NFRE-2-protein complex. Next, we
examined the effect of simvastatin on NFκB binding to both these elements using EMSA.
Simvastatin inhibited DNA-protein complex formation with the NFRE-1 and NFRE-2 probes,
respectively (Figs. 6F and 6G, compare lane 2 with lane 1). These results demonstrate that
simvastatin blocks the binding of NFκB with the two DNA elements present in the PTEN
promoter.

3.5. Simvastatin induces derepression of PTEN via NFκB
Recent reports showed increased expression of PTEN by NFκB [61–63]. However, in lung,
colon and cervical cancer cells, NFκB inhibits expression of PTEN [42,60,64]. We have shown
above that PTEN protein levels are low in MDA-MB-231 breast cancer cells. We examined
transcription of PTEN by transient transfection assays using a luciferase reporter plasmid that
contained a PTEN genomic fragment including 1,978 bp 5′ from the ATG initiation site (PTEN-
Luc) [43,47,61–63,65]. Incubation of PTEN-Luc-transfected MDA-MB-231 cells with
simvastatin showed significant increase in PTEN transcription (Fig. 7A). We have shown
above that simvastatin inhibits NFκB activation. To test the involvement of NFκB in PTEN
transcription, we cotransfected p65 subunit of NFκB along with PTEN-Luc reporter plasmid
into MDA-MB-231 cells. p65 significantly inhibited transcription of PTEN (Fig. 7B).
Additionally expression of p65 reduced the levels of PTEN protein (Fig. 7C, compare lane 2
with lane 1). This reduction in PTEN was associated with increased phosphorylation of Akt
(Fig. 7C, compare lane 2 with lane 1). These results suggest that simvastatin may inhibit the
transcriptional suppressor activity of NFκB, resulting in derepression to increase expression
of PTEN. To test this hypothesis, we examined the effect of simvastatin on p65-mediated
transcriptional repression of PTEN. PTEN-Luc reporter plasmid was cotransfected with p65.
The transiently transfected cells were incubated with simvastatin. Simvastatin reversed the
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repression of PTEN transcription induced by p65 (Fig. 7D). These data demonstrate that
simvastatin targets NFκB to inhibit its transcriptional repression activity that downregulates
PTEN expression in the human breast cancer cells and confers a growth advantage. Thus
simvastatin induces derepression of PTEN to increase its expression, leading to inhibition of
MDA-MB-231 breast cancer cell proliferation.

4. Discussion
Recent studies reveal significantly reduced breast cancer risk among women who used a statin
[26,27]. Studies with experimental models show growth inhibitory effect of statins in many
cancers [5–16]. This study has explored the effect of simvastatin on key signal transduction
pathways and has identified novel points of connection among Akt, NFκB, BclXL and PTEN
(Fig. 8). These data reveal that simvastatin inhibits activation of the survival kinase Akt in the
tumor tissues of mice developed by the MDA-MB-231 human breast cancer cell xenograft.
Significant attenuation of the anti-apoptotic BclXL protein expression by simvastatin in the
same mouse model is shown. This defect in BclXL expression is mediated by simvastatin-
induced inhibition of NFκB transcriptional activity. Additionally, we demonstrate increased
levels of PTEN in simvastatin-treated tumor bearing animals, thus providing a mechanism for
growth inhibitory effect of the statin. Increased expression of PTEN correlated with
simvastatin-induced reduction in transcriptional repression activity of NFκB in the MDA-
MB-231 breast cancer cells. These results provide the first evidence for inhibition of tumor
cell growth by simvastatin, which increases the expression of PTEN by relieving NFκB-
mediated transcriptional repression.

A complex interplay among hormones, growth factors and their receptors such as IGF and
members of EGF receptors contribute to the proliferation and survival of breast cancer cells
[66]. Constitutive Akt activation is reported in in situ breast tumor and invasive breast cancer.
Also, Akt confers chemoresistance and radioresistance to breast cancer [38,39,49]. Marked
increase in Akt phosphorylation was found in approximately 30–40% breast cancer specimens
[67]. Elevated Akt activity correlated with increased malignancy of breast cancer and poor
prognosis [67–70]. In the MDA-MB-231 xenograft breast tumor model, we find increased
constitutive levels of phosphorylated Akt indicative of activation of this kinase (Fig. 1B and
1C). Our data show that simvastatin significantly reduced the Akt kinase activity in the breast
tumor (Fig. 1B and 1C).

Statins have been shown to activate Akt kinase activity in cells in culture and in animal models
of endothelium angiogenesis [71–73]. Contrary to these results, recent studies indicate that
statins influence Akt activity in many cancer cells including breast cancer cells in culture
[21,74–76]. In a recent study, atorvastatin blocked nuclear localization of phosphorylated Akt
[77]. However, phosphorylated Akt was detected in the cytosol indicating a role of the statin
in nuclear translocation of Akt without having any effect on its phosphorylation. However, this
inhibition of Akt signaling was attributed to statin-mediated activation of mTOR kinase, which
inhibits Akt by a negative feedback loop utilizing IRS1/2 [77,78]. In contrast to these results,
statins have been shown to inhibit mTOR activity [79]. In a more recent study, it was shown
that statin blocked phosphorylation of Akt with concomitant inhibition of Akt expression
[80]. We found inhibition of Akt phosphorylation (Fig. 1A). However, we were unable to see
any change in Akt expression in response to simvastatin (Fig. 1A). Many cytostatic drugs
activate Akt in tumor cells [81]. Statins have been shown to sensitize tumor cells for cytostatic
drugs [75,82–84]. A recent study demonstrated that although statin inhibited Akt, p53
deficiency was required for sensitivity of the cancer cells to cytostatic drugs [77]. These results
suggest that attenuation of tumor cells growth by decreased Akt activity may occur in only p53
null tumor cells. Note that the MDA-MB-231 cells used in the present study possess wild type
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53. Thus our observation showing statin-mediated inhibition of Akt and the subsequent tumor
cell growth may not involve p53.

Akt kinase acts as a regulator of mammary tumorigenesis. It is associated with increased tumor
cell survival and resistance to apoptosis [49]. Hyperactive Akt phosphorylates Bad, leading to
increased cell survival by modulation of anti-apoptotic proteins in the mitochondrial membrane
[85,86]. In fact the ratio of antiapoptotic protein such as BclXL to the proapoptotic proteins
acts as a rheostat to determine the susceptibility of the cancer cells to apoptosis [87,88]. Thus
the presence of constitutively high levels of anti-apoptotic proteins in the tumor cells pose
resistance to apoptosis. We detected elevated levels of BclXL in the MDA-MB-231 breast
cancer cells (Fig. 2C). Simvastatin inhibited the expression of BclXL (Fig. 2C). These results
are in contrast with the report where no change in BclXL levels was observed in statin-treated
cells [80]. Furthermore, we for the first time demonstrate significantly lower expression of
BclXL in the tumors of MDA-MB-231 xenografts in the mice treated with simvastatin (Fig.
2A and 2B).

Activated Akt regulates tumor cell proliferation by inactivating a plethora of negative growth
regulatory proteins such as p21, p27, tuberin and PRAS40 [89–94]. Akt also attenuates
expression of proapoptotic proteins by negatively regulating the transcription factors FoxO
and p53 [95–97]. Furthermore, Akt positively regulates the transcriptional activity of NFκB,
which target many anti-apoptotic genes including BclXL [53,55,56,98,99]. Proliferative/anti-
apoptotic signals in the tumor cells induces Akt-mediated phosphorylation/activation of IKK
complex, which phosphorylates the IκB protein complexed with the NFκB heterodimer p65/
p50 [53]. Phosphorylated IκB undergoes degradation, resulting in translocation of NFκB
heterodimer to the nucleus to bind to the cognate DNA elements for induction of anti-apoptotic
gene expression. MDA-MB-231 cells contain constitutively active NFκB in the nucleus [54].
We confirmed this observation by demonstrating the formation of NFκB-DNA complex using
EMSA (Fig. 3A and 3B). Simvastatin prevented this NFκB-DNA complex formation that
resulted in inhibition of NFκB-dependent transcription (Fig. 3C and 3D). Furthermore,
simvastatin significantly attenuated the transcription of BclXL, which is regulated by NFκB
(Fig. 4). These results provide a mechanism how statin may intercept the expression of
BclXL to prevent tumor growth in the mice.

One significant mechanism of increased Akt activity in many cancers including breast cancer
results from deletion/mutation of the lipid phosphatase PTEN [38–41]. Germ line mutations
of PTEN gene cause hamartoma syndromes such as Cowden disease; cells bearing such
mutations are characterized by increased incidence of early malignant transformation [38].
Also, women with PTEN mutations suffer from bilateral hypertrophy of the virginal breasts
harboring malignant tumors [41]. Recently, it has been shown that humans with BRCA1
mutations possess microdeletion in the PTEN gene [59]. A significant contribution of this lipid
phosphatase was established with the PTEN heterozygous mice, which developed tumors in
several organs including breast [100–102]. Furthermore, homozygous deletion of PTEN in the
mammary gland leads to formation of breast cancer similar to that developed by the activation
of Wnt signaling involving inactivation of GSK3β and activation of β-catenin [103]. In fact,
the wild type allele of PTEN was lost in the Wnt-1-induced mammary tumor in the PTEN
heterozygous background [104]. Expression of PTEN was undetectable in both luminal and
myoepithelial cells of these tumors while stromal cells within and outside the tumor expressed
PTEN [105]. Also, PTEN negative cells showed significant expression of cyokeratin 6 and
Sca-1, indicating that loss of PTEN occurred in common progenitor of luminal and
myoepithelial tumor cells [105]. These results indicated a role of PTEN in cancer stem cell
generation and maintenance. More recently Korkaya et al reported that down regulation of
PTEN in normal mammary epithelial cells resulted in increased Akt phosphorylation
concomitant with formation of mammospheres with increased aldehyde dehydrogenase
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positive mammary stem cells. These mammospheres when inoculated in the humanized NOD/
SCID mice produced atypical hyperplasia believed to be the precursor for the development of
DCIS (ductal carcinoma in situ) in humans [106]. Similar results were obtained when PTEN
was inhibited in the side population of human breast cancer cells, which produced tumorsphere
in vitro and resulted in significantly increased tumorigenicity in NOD/SCID mice [106].
Treatment of these tumor-bearing mice with an Akt inhibitor blocked aldehyde dehydrogenase
producing cells concomitant with attenuated tumor growth in the xenograft model. These
results conclusively demonstrate that Akt activation by dysregulated PTEN function results in
generation of breast cancer stem cells, which contribute to chemo- and radio-resistance [107,
108].

Genetic mutation of PTEN in breast cancer is rare and amounts to only 5% of the cases [39,
40]. However, alternative mechanisms of functional PTEN inactivation in the cancer cells with
wild type allele have been identified. For example, increased expression of the E3 ubiquitin
ligase NEDD4-1 downregulates PTEN in many cancers resulting in increased Akt
phosphorylation [109,110]. Also, reduced immunoreactive wild type PTEN was observed in
breast cancer specimens where expression of a redox sensitive protein DJ-1 was increased
[58]. More recently a PTEN interacting protein, P-REX2a, has been identified [111]. P-REX2a
inhibits PTEN phosphatase activity. In a cohort of breast cancer patients with wild type PTEN,
positive correlation between increased levels of P-REX2a mRNA and activating PIK3CA
mutation was established. These results indicate that agents that will upregulate active PTEN
protein may represent beneficial drugs for breast cancer patients. Our results demonstrate
reduced levels of PTEN protein in the MDA-MB-231 breast cancer cell xenograft. Treatment
of these mice with simvastatin significantly increased the expression of immunoreactive PTEN
in the tumors (Fig. 5). These results for the first time indicate an in vivo role of simvastatin on
PTEN protein levels in a model of breast cancer.

Apart from protein stability and protein-protein interaction, expression of PTEN has been
shown to be regulated at the level of transcription. For example, in the PTEN promoter,
recognition sequences for the transcription factors Egr1, p53, USF, NFκB, PPARγ, Myc and
Hif1α are identified, which positively regulate transcription of this lipid phosphatase [47,61–
63,65,112–114]. Our results show significant increase in PTEN transcription in response to
simvastatin in MDA-MB-231 cells (Fig. 7). Recently simvastatin-induced activation of
PPARγ has been shown to correlate with transcription of PTEN [47,115]. Therefore, the
transcriptional upregulation observed in our study could result from activation of PPARγ in
response to simvastatin. However, two PPARγ DNA elements present in the PTEN 5′ flanking
sequence were mapped to −13,327 and −15,376 bp relative to the transcription start site [47,
113]. Note that in our study, we have used a shorter PTEN promoter, which spans −1978 bp
upstream of translation initiation site and thus does not contain the PPARγ DNA elements
[43,47,61–63,65]. These results indicate that increased transcription of PTEN in response to
simvastatin may not involve PPARγ in our study.

NFκB acts as a transcriptional activator for many antiapoptotic genes including BclXL [55,
56] (Fig. 4). Although NFκB increases the transcription of PTEN, it also acts as a repressor
similar to the transcriptional repressor Snail1 and HES1 to inhibit expression of PTEN in many
cancer cells [42,61–64,112,116]. Two independent NFκB recognition sequences, NFRE-1 and
NFRE-2, have been identified in the PTEN promoter [42]. MDA-MB-231 breast cancer cells
contain constitutively active nuclear NFκB [54]. In line with these results, we detected binding
of NFκB to the consensus DNA element (Fig. 3). Furthermore, in MDA-MB-231 cells, we
show constitutive binding of NFκB to the NFRE-1 and NFRE-2 present in the PTEN promoter
(Fig. 6). Simvastatin inhibited binding of NFκB to both these elements (Fig. 6). Additionally,
expression of NFκB prevented the transcription of PTEN resulting in reduced protein
expression (Fig. 7B and 7C). Furthermore, simvastatin attenuated the p65-dependent
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transcriptional repression of PTEN (Fig. 7D). These results indicate that simvastatin-mediated
inhibition of NFκB activity induces PTEN expression.

Existing breast cancer therapies pose limitations to achieve long-term patient survival due to
tumor relapse as a result of chemoresistant mammary cancer cells. Abundant evidence indicates
that PTEN/Akt pathway is utilized by breast cancer cells to acquire growth advantage and
chemo- and radio-resistances. Our results present the first demonstration of inhibition of
transcriptional repressor activity of NFκB in response to simvastatin, which leads to
upregulation of PTEN expression, resulting in inhibition of Akt phosphorylation. Thus our
results establish a novel mechanism for statin action where it acts as a double-edged sword to
repress antiapoptotic BclXL expression and derepress the expression of proapoptotic/
antiproliferative PTEN by targeting NFκB.
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Figure 1.
Simvastatin inhibits phosphorylation of Akt. (A) Effect of simvastatin on phosphorylation of
Akt in MDA-MB-231 breast cancer cells. Lysates of cells incubated with 10 μM simvastatin
(SIM) for 24 hours were immunoblotted with phospho-Akt (Ser-473) and Akt antibodies
respectively (B) Simvastatin prevents phosphorylation of Akt in the MDA-MB-231 xenografts.
Lysates of tumors from independent control and independent simvastatin-treated mice were
immunoblotted with phospho-Akt and actin antibodies as indicated. (C) Quantification of
phosphorylated Akt in the panel B. Mean ± SE of three independent animals is shown. *p <
0.01 vs, control.
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Figure 2.
Effect of simvastatin on anti-apoptotic protein BclXL expression in mammary cancer. (A)
Tumor lysates from independent control and simvastatin-treated mice were immunoblotted
with antibodies against BclXL (top panel) and tubulin (bottom panel). (B) Quantification of
BclXL expression in panel A. Mean ± SE of three independent animals is shown. *p < 0.01
vs. control. (C) Lysates of MDA-MB-231 breast cancer cells incubated with 10 μM simvastatin
for 24 hours were immunoblotted with BclXL and tubulin antibodies, respectively.
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Figure 3.
Simvastatin inhibits NFκB activation. (A) Nuclear extracts from MDA-MB-231 breast cancer
cells were used in EMSA with 32P-labeled consensus NFκB DNA sequence as described in
the Materials and Methods. Cold double stranded oligonucleotide representing NFκB element
(lanes 2 and 3) and AP2 transcription factor binding element (lane 4) were used for competition.
(B) Nuclear extracts from MDA-MB-231 cells were incubated with anti-p65 and anti-Erk1/2
antibodies prior to incubation with 32P-labeled double stranded NFκB DNA element as
described in the Materials and Methods. (C) MDA-MB-231 cells were incubated with 10 μM
simvastatin. Equal amounts of nuclear extracts were used in EMSA with double-
stranded 32P-labeled NFκB DNA element as described in the Materials and Methods. Arrows
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in the left margin show the protein-DNA complex. Right arrow in panel B indicates the
supershifted DNA-protein comlex in lane 2. (D) Effect of simvastatin on NFκB transcriptional
activity. The reporter plasmid 3xNFκB-Luc was transfected into MDA-MB-231 breast cancer
cells. Transiently transfected cells were incubated with 10 μM simvastatin (SIM) as indicated.
Luciferase activity was determined in the cell lysates as described in the Materials and Methods.
Mean ± SE of triplicate measurements is shown. *p < 0.01 vs. control.
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Figure 4.
Simvastain inhibits transcription of BclXL. (A) MDA-MB-231 cells were transfected with
BclXL-Luc reporter plasmid. Transiently transfected cells were incubated with 10 μM
simvastatin (SIM). (B) MDA-MB-231 cells were transfected with BclXL-Luc along with vector
or pCMV-p65 expression plasmid as indicated. Luciferase activity was determined in the cell
lysates as described in the Materials and Methods. Mean ± SE of triplicate measurements is
shown. *p < 0.001 vs. control in panel A. *p < 0.001 vs vector-transfected in panel B. (C)
MDA-MB-231 cells were transfected with pCMV-p65 or vector plasmid. Lysates of
transfected cells were immunoblotted with antibodies recognizing BclXL, p65 and actin as
indicated.
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Figure 5.
Effect of simvastatin on expression of PTEN. (A) MDA-MB-231 breast cancer cells were
incubated with 10 μM simvastatin for 24 hours. The cell lysates were immunoblotted with anti-
PTEN and anti-tubulin antibodies as indicated. (B) Tumor lysates from independent control
and independent simvastatin-treated mice were immunoblotted with PTEN and actin
antibodies respectively. (C) Quantification of PTEN expression in panel B. Mean ± SE of four
independent animals is shown. *p < 0.01 vs. control.

Ghosh-Choudhury et al. Page 20

Cell Signal. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Simvastatin inhibits NFκB binding to NFRE-1 and NFRE-2 present in the PTEN promoter.
(A) Partial DNA sequence showing the positions of NFRE-1 and NFRE-2 in the 5′ flanking
sequence of PTEN gene (underlined). (B and C) Nuclear extracts from MDA-MB-231 breast
cancer cells were used in EMSA with 32P-labeled double stranded NFRE-1 (panel B) and
NFRE-2 (panel C) as described in the Materials and Methods. Cold double stranded
oligonucleotide representing NFRE-1 and NFRE-2 (lanes 2 and 3 in panels B and C) and AP2
transcription factor binding element (B and C, lane 4) were used for competition. (D and E)
Nuclear extracts from MDA-MB-231 cells were incubated with anti-p65 and anti-Erk1/2
antibodies prior to incubation with 32P-labeled double stranded NFRE-1 (panel D) and NFRE-2
(panel E) in EMSA as indicated. (F and G) MDA-MB-231 cells were incubated with 10 μM
simvastatin (SIM). Equal amounts of nuclear extracts were used in EMSA with double-
stranded 32P-labeled NFRE-1 (panel F) and NFRE-2 (panel G) as described in the Materials
and Methods. Arrows indicate the protein-DNA complexes. Asterisks in panels D and E show
the supershifted DNA-protein complex in lane 2.
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Figure 7.
Simvastatin increases transcription of PTEN by NFκB. PTEN-Luc reporter plasmid (panel A)
and PTEN-Luc plus pCMV-p65 (panels B and D) as indicated were transfected into MDA-
MB-231 cells. In panel A and D, the transiently transfected cells were incubated with 10 μM
simvastatin (SIM) as indicated. Cell lysates were used to determine luciferase activity as
described in the Materials and Methods. Mean ± SE of triplicate measurements is shown. *p
< 0.01 vs. control in panel A. In panel B, *p < 0.05 vs. control. In panel D, *p < 0.01 vs control;
**p < 0.01 vs pCMV-p65 alone. (Panel C) MDA-MB-231 cells were transfected with vector
or pCMV-p65 expression plasmids as indicated. Equal amounts of cell lysates were
immunoblotted with PTEN, phospho-Akt, Akt, p65 and actin antibodies as indicated.
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Figure 8.
Schematic diagram showing summary of our results. Simvastatin blocks transcriptional
activation and transcriptional repression of NFκB to decrease and increase expression of anti-
apoptotic BclXL and proapoptotic/antiproliferative PTEN, respectively.
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