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Abstract

The HMG-CoA reductase inhibitors, statins, have been used as lipid lowering drugs for

decades and several epidemiological studies suggest statin usage correlates with a

decreased incidence of cancer specific mortality in patients. However, the mechanism of

this mortality benefit remains unclear. Here, we demonstrate that statin drug lipophilicity and

affinity for its target enzyme, HMGCR, determine their growth suppressive potency against

various tumor cell lines. The lipophilic atorvastatin decreases cancer cell proliferation and

survival in vitro. Statin sensitivity coincided with Ras localization to the cytosol instead of the

membrane, consistent with a decrement in prenylation. To investigate signaling pathways

that may be involved with sensitivity to statin therapy, we employed inhibitors of the PI3K-

Akt and Mek-Erk signaling cascades. We found that inhibition of PI3K signaling through Akt

potentiated statin sensitivity of breast cancer cells in vitro and in co-culture with primary

human hepatocytes. The same effect was not observed with inhibition of Mek signaling

through Erk. Moreover, the sensitivity of breast cancer cells to atorvastatin-mediated growth

suppression correlated with a decrease in EGF-mediated phosphorylation of Akt. As an

increase in Akt activity has been shown to be involved in the metastasis and metastatic out-

growth of many cancer types (including breast), these data suggest a mechanism by which

statins may reduce cancer specific mortality in patients.

Introduction

Cancer is the second highest cause of mortality in the United States despite many advances

made in therapeutic development and clinical management [1]. Nearly all cancer deaths can

be attributed to metastatic disease. The metastatic cascade concludes with the establishment of

micrometastases at the target distant organ site [2]. Distant micro-metastases bear poor prog-

nosis for cancer patients, which is due in part to clinically silent cells that only outgrow to

form clinically apparent metastases after periods of dormancy which can last years to decades
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[3]. Preventing metastasis or subsequent outgrowth would delay this major cause of cancer

mortality. Unfortunately, by the time the primary tumor has been found, many tumor cells

may have already disseminated to distant sites and established dormant micrometastases [4].

The clinical challenge in targeting dormant micrometastases is that their quiescent cells exhibit

chemoresistance to many available standard therapies, which mostly target dividing cells [5].

Therefore, there is a great need for alternative therapies that either prevent metastasis initiation

or suppress micrometastatic emergence.

Since the development of new therapies is quite costly, taking years to decades for new

drugs to be implemented in a clinical setting, repurposing existing drugs with favorable safety

profiles presents an opportunity to uncover new approaches that may be beneficial in meta-

static disease [6,7]. The HMG-CoA reductase (HMGCR) inhibitors, statins, have been clini-

cally approved for the treatment of dyslipidemias for several decades [8]. Large retrospective

cohort studies of cancer patients taking statins for other conditions have uncovered that their

use appears to reduce cancer mortality, particularly in breast cancer [9,10] while having no

consistent influence on cancer incidence [11,12]. These clinical data have been reinforced by

cell and animal data demonstrating statins exhibit anti-tumor effects by inducing apoptosis or

growth arrest [13–18]. However, not all cancer cells are sensitive to statin therapy and prospec-

tive clinical trials remain inconclusive [19]. We propose that the divergence relates to limited

understanding of the cellular and molecular mechanisms of actions of statins on difference

cancer stages.

HMGCR acts at the rate-limiting step in the cholesterol biosynthesis pathway by catalyzing

the conversion of HMG-CoA to mevalonic acid. Important byproducts of this pathway, aside

from cholesterol, include the isoprenoid intermediates geranyl-geranyl pyrophosphate and far-

nesyl pyrophosphate, whose attachment to small signaling G-proteins, including Ras, Rho,

and Rac, is critical to their functioning [20,21]. Several clinical studies of statins’ usage in can-

cer patients have suggested lower cancer mortality and recurrence risk in patients using lipo-

philic statins when compared to those on hydrophilic statins [22,23]. In vitro studies have

shown lower anti-tumor effects using hydrophilic pravastatin when compared with lipophilic

simvastatin due to the lack of facilitated uptake by the apical transporter SLCO1B1 that is

expressed endogenously in liver tissue [13]. However, pravastatin also has an order of magni-

tude lower affinity for the target enzyme, HMGCR [24].

We previously demonstrated that multiple tumor cell lines exhibit differential relative sensi-

tivities to atorvastatin [14]. Parenthetically, we define statin sensitivity as a relative term, which

quantitatively corresponds to an IC50 to atorvastatin less than 5μM in vitro. Importantly, we

determined that membrane E-cadherin (E-cad) indicates resistance to statin therapy [14]. E-

cadherin inhibits proliferation by attenuating the Hippo signaling pathway [25], which may

decrease the need for the rapid lipid biosynthesis commonly seen in rapidly proliferating cells

[26]. However, the nature of E-cadherin-mediated statin resistance and the cellular response

of tumor cells to statins, including the signaling pathways involved, are still not well character-

ized. Here, we now show that statin pharmacologic properties govern efficacy against cancer

cell lines. We find that rosuvastatin, a hydrophilic statin with similar HMGCR affinity to ator-

vastatin’s, is less potent at suppressing tumor cell growth, while pravastatin, a hydrophilic

statin with a tenfold lower affinity, has no influence on tumor cell growth. We also demon-

strate that atorvastatin mediated growth suppression is due to a combination of a reduction in

both the proliferation and survival of tumor cells. Moreover, statin treatment promotes cyto-

plasmic localization of Ras, whose localization to the membrane is critical for activity [20]. To

probe the signaling pathways that are involved with susceptibility to statins, we demonstrate

that statin treatment suppresses cellular signaling through two canonical survival pathways,

that of Akt and Erk, both basally and under stimulation by EGF. Both Erk and AKT are
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activated downstream of Ras via intermediary kinases [27,28], and thus could be affected by

the statin-induced reduction in prenylation. Most significantly, signaling through Akt was

profoundly affected by statin treatment and was potentiated by concurrent inhibition of PI3K,

a target of Ras activation [27]. As dysregulation of PI3K-Akt signaling occurs with EMT, inva-

sion, and metastasis [29], these data may suggest one mechanism by which statins act to reduce

mortality in breast cancer patients.

Materials methods

Cell sourcing and cell culture

All cell lines were sourced directly from the ATCC. Cell lines derived from the following

tumor primary sites were employed: breast (MCF-7 and MDA-MB-231), prostate (DU-145),

brain (SF-295), and melanoma. DU-L and DU-H describe DU-145 cells, both directly sourced

from the ATCC, with low and high levels of E-cadherin respectively, and are described more

comprehensively in the following reference [30]. MCF-7 RFP, MDA-MB-231 RFP, MDA-MB-

231 RFP/Ecad, and DU-145 RFP were previously developed in our lab by stable transfection of

RFP [2]. All cells were maintained in RPMI 1640, GlutaMax Supplement (Gibco, Thermo-

Fisher Scientific) supplemented with 10% HI-FBS (Gemini Bioproducts) and 0.5% penicillin-

streptomycin (Gibco, ThermoFisher Scientific), henceforth referred to as RPMI. Stably trans-

fected RFP or RFP/Ecad cells were maintained with additional supplementation of puromycin

(Gibco, ThermoFisher Scientific) or G418 (Teknova) at the following concentrations: 1μg/mL

puromycin (MCF-7 RFP), 5μg/mL puromycin (MDA-MB-231 RFP), 900μg/mL G418

(MDA-MB-231 RFP/Ecad and DU-145 RFP). Antibiotic selection media was removed prior to

beginning experiments. Primary human hepatocytes were obtained as isolates from excess

pathology specimens at UPMC as part of an NIDDK-funded Liver Tissue and Cell Distribu-

tion System run by Dr. David Gellar funded by NIH contract #HHSN276201200017C. Hepa-

tocytes were isolated by collagenase perfusion for subsequent distribution to investigators.

Chemicals

Atorvastatin (PHR-1422), rosuvastatin (SML-1264), pravastatin (P4498), and simvastatin

(S6196) were all obtained from Sigma Aldrich, USA. Atorvastatin and rosuvastatin were dis-

solved in DMSO at a concentration of 50mM. DMSO was used for both statins to maintain

carrier consistency between the two primary statins used for this work. Pravastatin was dis-

solved in sterile milli-Q water at a concentration of 50mM. Simvastatin lactone was dissolved

in 200-proof EtOH at a concentration of 50mM. Activated simvastatin was prepared by dis-

solving simvastatin lactone at a concentration of 50mg/mL in 200-proof EtOH. 1N NaOH was

added to a final concentration of 450mN and the solution was heated in a 50˚C water bath for

2 hours. After heating, the solution was stored in aliquots and frozen. Prior to treatment, the

pH was lowered to 7.4 by adding 1N HCl. Human EGF (E9644, Sigma, USA) was reconstituted

in 1% BSA in normal saline at a concentration of 1mM. PD98059 (S1177, SelleckChem, USA)

was reconstituted in DMSO at a concentration of 20mM. LY294002 (S1105, SelleckChem,

USA) was reconstituted in DMSO at a concentration of 10mM.

Statin IC50 determination

Cells were seeded in 24-well plates at a concentration of 5x104 cells/mL in a volume of 500μL.

The next morning, cells were treated with atorvastatin, rosuvastatin, pravastatin, or simva-

statin in half log doses between 100nM and 100μM. The vehicle control treatment used for

each statin was 0.2% DMSO for atorvastatin and rosuvastatin, 0.2% EtOH for simvastatin, or
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complete media for pravastatin. For co-treatment with PD98059 or LY294002, statin solutions

were prepared in solutions of the desired PD98059 or LY294002 concentration. After 72 hours

of treatment, treatment solutions were aspirated and cells were fixed with 3.7% formaldehyde

(F79-1, ThermoFisher Scientific) for 15 minutes. After fixation, cells were incubated with 0.5%

w/v crystal violet for 10 minutes and excess dye was removed by copious washing with tap

water. The absorbed dye was released with 2% SDS and mixed thoroughly before transferring

to a 96 well microplate and reading at 560nm using a Tecan SpectraFluor microplate reader

(Tecan US, Durham, NC). IC50 values were determined by fitting a standard, four-parameter

sigmoid curve to the data. All treatments were carried out in triplicate samples and all data are

representative of at least three independent experiments.

Transfection

MDA-MB-231 RFP cells were seeded in 6-well plates at a concentration of 1.5x105 cells/mL in

a volume of 2mL. The next morning, cells were transfected in 2mL Optimem (Gibco, Thermo-

Fisher Scientific) with 10μL/well of Lipofectamine RNAi-Max (ThermoFisher Scientific) and

either 20nM non-coding (NC) siRNA (Silencer Select Negative Control No. 1 siRNA, Cat # =

4390843, ThermoFisher Scientific) or 20nM HMGCR siRNA (Silencer Select siRNA, siRNA

ID = 141, Cat# = 4392420, ThermoFisher Scientific). Four hours after transfection, media was

changed to complete media for two hours to allow cells to recover. Cells were then seeded in

24-well plates as per the “Statin IC50 Determination” protocol above to determine the IC50 of

the cells to atorvastatin, pravastatin, and doxorubicin (APP Pharmaceuticals LLC).

Statin proliferation assay

MCF-7 RFP, MDA-MB-231 RFP, or MDA-MB-231 RFP/Ecad cells were seeded in 12-well

plates on heat-sterilized glass coverslips (Cat# 12-545-80, ThermoFisher Scientific) at a con-

centration of 1.5x105 cells/mL in a volume of 1mL. The next morning, cells were treated with

atorvastatin or rosuvastatin at doses of 1μM, 5μM, 20μM, or 60μM for 48 hours. Cells treated

with 0.12% DMSO served as the vehicle control. After 24 hours of treatment, concentrated

EdU (ThermoFisher Scientific) was added to each well to a final concentration of 10μM. After

24 hours of EdU treatment (48 hours of statin treatment), treatment solutions were aspirated

and cells were fixed with 3.7% formaldehyde (F79-1, ThermoFisher Scientific) for 15 minutes

and stained for EdU as described below.

EdU staining

Cells fixed on coverslips were permeabilized with 0.1% Triton-X-100 (ThermoFisher Scien-

tific) for 20 minutes then washed once with 3% Bovine Serum Albumin (Sigma). Cells were

stained for EdU using the Click-iT EdU Alexa Fluor 488 Imaging Kit (ThermoFisher Scien-

tific) per the manufacturer’s instructions. After EdU staining, the cells were counter-stained

with 2.5μg/mL DAPI for 15 minutes, washed three times in normal saline, and mounted using

a glycerol and PVA based mounting medium courtesy of the Center for Biological Imaging at

the University of Pittsburgh. Coverslips were allowed to harden overnight prior to imaging.

Statin survival assay

MCF-7 or MDA-MB-231 cells were seeded in 12-well plates at a concentration of 1.5x105

cells/mL in a volume of 1mL. The next morning, cells were treated with 1μg/mL propidium

iodide and either complete media (control), 1μM doxorubicin, or 5μM atorvastatin for 72

hours. Cells were imaged on an inverted microscope (Olympus, Model IX70) using a 10x
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objective to capture both phase contrast and red fluorescence images (561nm) 0, 24, 48, and 72

hours after treatment.

Cytoplasmic and membrane protein extraction

Cells were harvested using 0.25% Trypsin (ThermoFisher Scientific) and quenching with

RPMI. Cells were spun at 1000 RPM for 4 minutes and washed once with 1.5mL ice cold PBS

with Calcium and Magnesium (Corning). Cells were respun at 1000 RPM for 4 minutes and

the supernatant was carefully aspirated. The cell pellet was resuspended in 50μL 0.2% w/v

Saponin (Sigma) supplemented with 1:100 protease inhibitor cocktail V (CalBioChem) and

incubated for 15 minutes on ice. After incubation, the membrane was pelleted by centrifuging

at 13000g for 15 minutes at 4˚C using a refrigerated microcentrifuge (Savant, SFR13K). The

supernatant was carefully separated from the membrane pellet and labeled as the cytoplasmic

protein fraction. The membrane pellet was washed twice with 1.5mL of 0.2% saponin, centri-

fuging the pellet after each wash by spinning at 13000g for 15 minutes at 4˚C. Extra washing

steps of the membrane were performed to further purify the protein that remained mem-

brane-tethered after initial saponin extraction of the cytoplasm. After the second wash, the

membrane protein was eluted by adding ice cold 50μL RIPA buffer (50mM Tris-HCl, 150mM

NaCl, 1mM EDTA, 0.1% SDS, 0.5% deoxycholate, 1% NP-40, pH 8.0) supplemented with

1:100 protease inhibitor cocktail V and incubating for 15 minutes on ice. After incubation, the

samples were sonicated for 2 seconds (BioLogics Inc., Model 150 V/T) and centrifuged at

13000g for 10 minutes at 4˚C. The supernatant was carefully separated from the pellet and

labeled as the membrane protein fraction.

Phospho-protein extraction

Cells were lysed using RIPA buffer supplemented with 1:100 protease inhibitor cocktail V

(CalBioChem, USA) and 1mM Na3VO4 and collected into Eppendorf tubes using a cell

scraper. The samples were sonicated for 2 seconds and centrifuged at 13000g for 10 minutes at

4˚C. The supernatant was carefully separated from the pellet into a new tube for sample

preparation.

Active Ras analysis

The Ras Activation Assay Kit (Cat# 17–218, Millipore Sigma, USA) was used to pull down

Ras-GTP using agarose beads GST-tagged with the Raf-1 Ras binding domain (Raf-1 RBD),

per the manufacturer’s instructions. MDA-MB-231 RFP cells were treated with or without

1μM atorvastatin for 48 hours and then cells were stimulated with 5nM EGF for 5 minutes.

Cells were lysed using the kit-provided lysis buffer, supplemented with 1:100 protease inhibitor

cocktail V (CalBioChem, USA), and the lysates were collected into Eppendorf tubes using a

cell scraper. The samples were sonicated for 2 seconds and centrifuged at 13000g for 10 min-

utes at 4˚C. The supernatant was carefully separated from the pellet into a new tube for sample

preparation. The supernatants were incubated with Raf-1 RBD agarose beads for 45 minutes at

4˚C with continuous gentle mixing. After incubation, beads were pelleted at 14000g for 10 sec-

onds, and washed three times with lysis buffer. After the third washing step, beads were resus-

pended in loading buffer, boiled for 5 minutes, and processed per the “Western Blotting”

protocol below, taking care to centrifuge agarose beads prior to sample loading. The ‘active’

form runs at a mobility slightly faster than the inactive form which is also pulled down though

less efficiently.

Statins limit cancer cell growth
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Western blotting

Protein concentration was determined by the BCA Protein Assay Kit (Pierce, ThermoFisher

Scientific). Samples were prepared and boiled for 5 minutes prior to loading. Proteins were sep-

arated on 9% or 15% Tris Bis-acrylamide gels prepared the same day at 96V (E-C Apparatus

Corp., EC-105) until adequate separation was achieved. Samples were transferred onto nitrocel-

lulose membrane at room temperature at 300mA for 1.5 hours (E-C Apparatus Corp., EC135-

90). After transferring, membranes were blocked in 5% w/v non-fat dry milk in tris buffered

saline with 0.5% Tween-20 (TBS-T). Membranes were probed with primary antibodies in 5%

w/v non-fat dry milk overnight at 4˚C on a rotator. The primary antibodies used were anti-Pan

Ras (1:1000, MA1-012X, ThermoFisher Scientific), anti-MHC-I (1:500, sc-55582, Santa Cruz

Biotech), anti-GAPDH (1:20000, G9545, Sigma), anti-E-cadherin (1:1000, 3195S, Cell Signal-

ing), anti-HMGCR (1:1000, ab174830, Abcam), anti-Pan Akt (1:1000, 4691S, Cell Signaling),

anti-Erk1/2 (1:2000, 4695S, Cell Signaling), anti-Phospho-Akt (1:1000, 4060S, Cell Signaling),

and anti-phospho-Erk1/2 (1:2000, 4370S, Cell Signaling). After primary incubation, membranes

were washed 3 times for 10 minutes each in TBS-T. Species-specific horseradish-peroxidase

conjugated secondary antibodies were applied at room temperature in 5% w/v non-fat dry milk

for 1 hour. The two secondary antibodies used were anti-rabbit IgG (1:5000, Sigma, A9169) and

anti-mouse IgG (1:5000, Sigma, A4416). After secondary incubation, membranes were washed

3 times for 10 minutes each in TBS-T. Membranes were incubated with ECL western blotting

substrate (Pierce, ThermoFisher Scientific) and photo developed. Western blots were scanned

at a resolution of 300 DPI and grayscale bit depth of 16. Bands were quantified using Image J

software.

Immunofluorescence microscopy

Single field fluorescent images were taken using an Olympus BX40 upright microscope with a

10x objective and fluorescence excitation wavelengths of 405 (DAPI), 488 (Click-iT EdU), and

561 (RFP). Exposures were kept identical across coverslips for each individual experiment for

consistency. Image analysis was performed in NIS Elements version 4.5. Nuclei (DAPI) and

proliferating nuclei (EdU) channels were labeled using spot detection for bright, clustered

spots, and using the same parameters for all images associated with that experiment. Once

individual channel masks were created, combined channel masks were generated by using the

“having” command, which creates a new mask that illustrates all pixels of the first mask that

contain at least one pixel of the second. This strategy was used to create a mask for DAPI

+ EdU (proliferating cell number). After generating all masks, data were measured and

extracted for organization and presentation.

Statistics

Statistics were conducted using GraphPad Prism 7 (Graphpad, USA). In all figures, the data

are presented as the mean of three independent experiments, when counting the experiments

were performed in triplicate, with the error bars representing the standard error of the mean.

Comparisons of individual columns were determined by use of a student’s two-tailed unequal

variance t-test and comparisons of dose curves were made using a two way analysis of variance

without sample matching. Significance levels are reported in the figure legends and are kept

consistent across all figures with symbols denoting � P< 0.05, �� P < 0.01, ��� P < 0.001, and
���� P< 0.0001.
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Results

Statins suppress cancer cell growth differentially

We previously demonstrated that atorvastatin could suppress the growth of many cancer cell

lines [14]. We were curious whether other statins would show similar growth suppressive

effects or whether growth suppression would be governed by the pharmacological properties

of the specific statin. To compare to the lipophilic atorvastatin, we also tested rosuvastatin and

pravastatin, both hydrophilic statins. While rosuvastatin shares a similar affinity for HMGCR

as atorvastatin, pravastatin has approximately a 10-fold lower affinity for the enzyme (S1

Table). We found that atorvastatin was the most effective and pravastatin was the least effective

at suppressing the growth of cancer cell lines, including breast (MCF-7 RFP, MDA-MB-231

RFP, and MDA-MB-231 RFP/Ecad, Fig 1A–1C), prostate (DU-145, Fig 1D), brain (SF-295,

Fig 1E), and melanoma (MDA-MB-435, Fig 1F). Rosuvastatin was 2.3- to 3.9-fold less potent

than atorvastatin while pravastatin showed no growth suppressive efficacy up to concentra-

tions of 100μM. Moreover, simvastatin, a lipophilic and high affinity statin, demonstrated

comparable efficacy to atorvastatin (S1 Fig). These results suggest that lipophilic, high potency

statins are the most effective at suppressing tumor cell growth.

To confirm the growth suppressive effects of statins are due to its known mechanism of

action (inhibition of HMGCR), we reduced HMGCR levels using siRNA transfection (S2 Fig).

We found that a knockdown of 50% at the protein level in MDA-MB-231 breast cancer cells

was sufficient to suppress cell growth and also potentiated the efficacy of both atorvastatin and

pravastatin by over an order of magnitude (S2 Fig). In contrast, sensitivity to doxorubicin, a

chemotherapeutic used in the clinical management of breast cancer, was unchanged with

HMGCR knockdown (S2 Fig).

Atorvastatin more potently suppresses proliferation of breast cancer cells

in vitro than rosuvastatin

Since we observed atorvastatin was more effective at suppressing cell growth than rosuvastatin,

we wanted to determine if this growth suppression was due to a decrease in cellular prolifera-

tion. Focusing on the breast cancer cell lines, we treated MCF-7 RFP, MDA-MB-231 RFP, or

MDA-MB-231 RFP/Ecad with atorvastatin for 48 hours, incorporating EdU (a DNA analog)

in the last 24 hours of treatment to quantify proliferation (Fig 2A). We observed a dose depen-

dent decrease in the percentage of proliferating cells exposed to both atorvastatin and rosuvas-

tatin in MCF-7 RFP (Fig 2B), MDA-MB-231 RFP (Fig 2C), and MDA-MB-231 RFP/Ecad (Fig

2D). Concurrent with our growth curve data, we found that atorvastatin was more effective at

suppressing cell proliferation than rosuvastatin at the same treatment dosage.

We previously and herein demonstrate a higher resistance of membrane E-cadherin

expressing MDA-MB-231 cancer cells to atorvastatin than their E-cadherin negative counter-

part. When we examined the percentage of cells that had proliferated after 24 hours in the

absence of statin treatment, we observed that the E-cadherin expressing MDA-MB-231 cells

were roughly 50% less proliferative than the cells lacking E-cadherin (Fig 2E–2L). Moreover,

similarly to the growth inhibition data, E-cadherin expressing MDA-MB-231 cells demon-

strate less of a reduction in proliferating cells with statin treatment.

Atorvastatin treatment induces cellular death in statin sensitive MDA-MB-

231 cells but not statin resistant MCF-7 cells

Given the anti-proliferative effects we observed of atorvastatin on breast cancer cells, we next

wanted to determine whether atorvastatin also impacts individual cell survival. We treated
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statin sensitive MDA-MB-231 cells and statin resistant MCF-7 cells with 5μM atorvastatin for

72 hours and assayed cell death by including propidium iodide in the culture medium. We

took phase contrast and fluorescent images every 24 hours and found that atorvastatin reduced

the survival of MDA-MB-231 cells starting 24 hours after treatment (Fig 3A–3H). In contrast,

the survival of MCF-7 cells was unaffected by atorvastatin even at 72 hours of treatment (Fig

3M–3T). The survival of both cell lines was decreased with 1μM of doxorubicin (Fig 3I–3L and

3U–3X). These data suggest that cell viability is reduced with atorvastatin treatment in cell

lines that are susceptible to its growth inhibitory (Fig 1) and anti-proliferative (Fig 2) effects.

Importantly, these data are an independent finding from the proliferative data shown in Fig 2,

as the latter were normalized to the total adherent cell number which omits dead cells.

Fig 1. Lipophilic atorvastatin is more effective at suppressing cancer cell growth than hydrophilic rosuvastatin or pravastatin. Dose response curves for

(A) MCF-7 RFP, (B) MDA-MB-231 RFP, (C) MDA-MB-231 RFP/Ecad, (D) DU-145 RFP, (E) SF-295, and (F) MDA-MB-435 cancer cells when cultured with

atorvastatin (red), rosuvastatin (green), or pravastatin (blue) for 72 hours. Cell number was determined by crystal violet staining. Sigmoidal curves were fit to

the dose response data and (G) IC50 values of atorvastatin and rosuvastatin in each cell line were extrapolated. (H) Pharmacologic parameters of atorvastatin,

rosuvastatin, and pravastatin as found in the literature [24,31]. All data are representative of at least three independent experiments.

https://doi.org/10.1371/journal.pone.0197422.g001
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Atorvastatin treatment decreases the proportion of membrane-tethered

Ras in statin sensitive cells

To ascertain the mechanism by which atorvastatin treatment decreases both proliferation and

survival, we queried whether a product of HMG-CoA reductase, which can be rescued by

mevalonate bypassing the blockade of HMG-CoA reductase, was involved. These products are

involved with protein lipidation to redirect otherwise soluble proteins to the cellular mem-

branes. Thus, we investigated effects on the canonical intermediary pathways that contribute

to both proliferation and survival in cancer cells, those thru MEK-Erk and PI3-kinase-Akt.

Both of these can be activated downstream of Ras signaling, and Ras activation requires juxta-

membrane positioning accomplished by protein prenylation. As such, we investigated Ras pre-

nylation in statin sensitive MDA-MB-231 RFP and statin resistant MCF-7 RFP cells when

treated with 1μM atorvastatin to determine if there is altered Ras signaling or downstream ele-

ments. We observe that statin sensitive MDA-MB-231 RFP cells show a 50-fold increase in

cytoplasmic Ras and 50% decrease in membrane-bound Ras over 72 hours of treatment (Figs

4A–4C and S3). This is consistent with most of Ras being membrane-associated and statins

not completely eliminating the production of geranyl-geranylphosphate. After prolonged

statin treatment, we see degradation of cytoplasmic Ras, as has been previously reported in the

literature [32]. Moreover, we found that EGF-stimulated activation of Ras was impaired with

atorvastatin pre-treatment in MDA-MB-231 RFP cells (S4 Fig). In contrast, Ras localization is

unchanged with atorvastatin treatment in statin resistant MCF-7 RFP cells (Fig 4D–4F). These

data suggest that atorvastatin treatment in statin sensitive cells decreases the proportion of sig-

naling competent Ras.

Atorvastatin treatment blunts EGF-stimulated phosphorylation of Erk and

Akt in a sensitivity-dependent manner

EGF is a growth factor that signals proliferation and migration in breast cancer, and is present

as an autocrine stimulatory factor in most all aggressive mammary carcinomas. Our lab has

previously shown that EGF stimulation of dormant breast cancer cells can drive outgrowth

from dormancy in an ex vivo microphysiological system model for breast cancer metastasis to

the liver [33–35]. Given the importance of EGF in promoting breast cancer growth and metas-

tasis, we wanted to determine whether atorvastatin pre-treatment could influence the phos-

phorylation of Akt and Erk in breast cancer cells. We pre-treated MCF-7 RFP, MDA-MB-231

RFP, or MDA-MB-231 RFP/Ecad with 5μM atorvastatin for 24 hours then stimulated cells

with 5nM EGF for either 5 or 30 minutes. We found that atorvastatin pre-treatment was able

to blunt EGF-mediated increases in Akt phosphorylation in all three cell lines and Erk-medi-

ated phosphorylation in MDA-MB-231 RFP/Ecad and MCF-7 RFP cell lines (Fig 5A–5C).

MDA-MB-231 RFP has high levels of tonic Erk phosphorylation due to autocrine EGF signal-

ing [2].

We next quantified the blunted EGF response by comparing the vehicle pre-treatment to

atorvastatin pre-treatment at each time point for EGF stimulation. With no EGF stimulation,

Fig 2. Atorvastatin decreases proliferation of breast cancer cells more potently than rosuvastatin. (A) Experimental schematic for assessing

the proliferation of breast cancer cells under treatment with atorvastatin or rosuvastatin for 48 hours. (B) MCF-7 RFP, (C) MDA-MB-231 RFP,

and (D) MDA-MB-231 RFP/Ecad were cultured with atorvastatin or rosuvastatin for 48 hours; during the final 24 hours the media included

10uM EdU. Cells were fixed, EdU was detected, and cells were counterstained with DAPI to label all nuclei. Cellular proliferation was quantified

by determining the percentage of EdU positive cells (green, all nuclei are blue—DAPI). (E-H) MDA-MB-231 RFP and (I-L) MDA-MB-231 RFP/

Ecad cells treated with (E,I) 0μM, (F,J) 1μM, (G,K) 5μM, or (H,L) 20μM atorvastatin demonstrate both E-cadherin mediated growth suppression

and atorvastatin resistance. All data are representative of at least three independent experiments. � P< 0.05, �� P< 0.01, ��� P< 0.001.

https://doi.org/10.1371/journal.pone.0197422.g002
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Fig 3. Atorvastatin decreases survival of sensitive but not resistant breast cancer cells. (A-L) MDA-MB-231 or (M-X) MCF-7 breast cancer cells

were treated with 0.01% DMSO (untx, A-D and M-P), 5μM atorvastatin (5uM Atorv, E-H and Q-T), or 1μM Doxorubicin (1uM Doxo, I-L and U-X)

for 0 hours, 24 hours, 48 hours, or 72 hours in the presence of 1μg/mL propidium iodide. Cells were imaged using an inverted microscope to detect

propidium iodide (red) and look at cell morphology and density using phase contrast microscopy. Scale bar = 200μm. All data are representative of at

least three independent experiments.

https://doi.org/10.1371/journal.pone.0197422.g003
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we found that atorvastatin decreased the basal phosphorylation of Akt in statin sensitive

MDA-MB-231 RFP cells but not in the more resistant MDA-MB-231 RFP/Ecad or MCF-7

RFP cells. With 5 or 30 minutes of EGF stimulation, we observed that the degree to which ator-

vastatin pre-treatment decreased EGF-stimulated Akt phosphorylation directly correlated

with the sensitivity of these cell lines to atorvastatin-mediated growth inhibition (Figs 1 and

5D). These data suggest that the susceptibility to statin-mediated growth inhibition involves

inhibition of Akt signaling and were consistent with the decrement in Ras localization to the

membrane.

Fig 4. Atorvastatin treatment decreases membrane-bound Ras in statin sensitive MDA-MB-231 but not statin resistant

MCF-7. (A-C) MDA-MB-231 RFP and (D-F) MCF-7 RFP cells were treated with atorvastatin for 0, 1, 2, 4, 8, 24, or 48 hours and

protein was collected in cytoplasmic and membrane fractions. (A,B) Cytoplasmic Ras increased in statin treated MDA-MB-231

RFP cells over the course of 48 hours whereas (A,C) membrane Ras decreased. (D,E) Cytoplasmic and (D,F) membrane Ras were

unchanged by atorvastatin treatment in MCF-7 RFP cells. All data are representative of at least three independent experiments.

https://doi.org/10.1371/journal.pone.0197422.g004

Fig 5. Atorvastatin sensitivity correlates with blunted Akt phosphorylation in response to EGF. (A) MDA-MB-231 RFP, (B)

MDA-MB-231 RFP/Ecad, and (C) MCF-7 RFP cells were treated with 5μM atorvastatin for 24 hours and then stimulated with 5nM EGF

for 5 or 30 minutes. (D) Akt phosphorylation fold change, defined as the density of pAkt under atorvastatin pretreatment divided by the

density of pAkt under vehicle treatment, was quantified for 0, 5, or 30 minutes of 5nM EGF stimulation. All data are representative of at

least three independent experiments.

https://doi.org/10.1371/journal.pone.0197422.g005
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Inhibition of Akt but not Erk signaling is synergistic with atorvastatin-

mediated growth suppression

To explore what may potentiate the anti-proliferative effects of atorvastatin, we investigated

the two effected pathways: the PI3K-Akt and MAP kinase signaling networks as both are

downstream from Ras signaling and at least partially inhibited by statins. It has previously

been shown that both pathways play important roles in breast cancer cell growth and migra-

tion [36,37]. To probe these signaling pathways, we employed a pan-PI3K inhibitor

(LY294002) and a Mek1/2 inhibitor (PD98059), which inhibit their phosphorylation of Akt

and Erk1/2 respectively. As crosstalk between these two pathways has been previously

reported, we first determined the effect of each inhibitor on the opposing pathway. While the

PI3K inhibitor increased Erk phosphorylation in a dose-dependent manner, we saw no effect

of the Mek1/2 inhibitor on Akt phosphorylation (S5 Fig).

To probe the effects of these two inhibitors on influencing the susceptibility of breast cancer

cells to atorvastatin, we co-treated MCF-7 RFP, MDA-MB-231 RFP, or MDA-MB-231 RFP/

Ecad with atorvastatin and either PD98059 or LY294002 for 72 hours. With PD98059 and

atorvastatin co-treatment, we observed no change in the atorvastatin IC50 to cell growth inhi-

bition (Fig 6A–6D). Additionally, we observed an increase in Erk phosphorylation with 5μM

atorvastatin treatment in statin sensitive MDA-MB-231 RFP cells at each dose of PD98059

used (Fig 6E and 6F). In contrast, we observed a dose-dependent potentiation of atorvastatin

with LY294002 co-treatment (Fig 6G–6J). When probing Akt phosphorylation after atorva-

statin treatment, we found that 5μM atorvastatin significantly decreased basal Akt phosphory-

lation in statin sensitive MDA-MB-231 RFP cells which was further decreased with LY294002

treatment (Fig 6K and 6L).

These data suggest the synergy between atorvastatin and PI3K inhibition may be due to

suppression of Akt signaling. Moreover, since we observed an increase in Erk phosphorylation

with our PI3K inhibitor, it is likely that the atorvastatin-mediated decrease in Akt phosphory-

lation is also causing the increase in Erk phosphorylation we observe in atorvastatin treated

cells.

Discussion

The metastatic cascade begins with an epithelial to mesenchymal transition (EMT), followed

by select cancer cells detaching from the primary tumor. These cells then invade through the

basement membrane and intravasate into the vasculature. Cells that survive in the circulation

reach distant sites and, upon arrival to their tissue target, extravasate into the parenchyma.

They then undergo a mesenchymal to epithelial reverting transition (MErT) and integrate into

the new microenvironment as micrometastases [2]. Following a period of dormancy, which

can last years or even decades, micrometastases undergo a second EMT and outgrow to form

clinically evident metastases [3]. Distant micro-metastases bear poor prognosis for cancer

patients, with five-year survival rates ranging from 2–28%, depending on the location of the

primary tumor [1]. Preventing dissemination or micrometastatic outgrowth would delay this

mortal stage in cancer progression. Unfortunately, by the time the primary tumor has been

found, many tumor cells may have already disseminated to distant sites and established dor-

mant micrometastases [4]. The clinical challenge in targeting dormant micrometastases is that

their quiescent cells exhibit chemoresistance to many available standard therapies, which

mostly target dividing cells [5]. Therefore, there is a great need for alternative therapies that

either prevent metastasis initiation or suppress micrometastatic emergence.

Statins have been implicated in decreasing death from breast cancer in a manner consistent

with an effect on metastases and not primary carcinogenesis. To understand this segregations,
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we previously demonstrated that statins are candidate drugs that selectively target cells undergo-

ing EMT. We determined membrane E-cadherin to be a resistance marker for statin-mediated

growth inhibition and demonstrated that the exogenous expression of membrane E-cadherin in

Fig 6. Inhibition of Akt but not Erk signaling is synergistic with atorvastatin. (A) MCF-7 RFP, (B) MDA-MB-231 RFP, and (C) MDA-MB-231 RFP/Ecad

cells were cultured with atorvastatin and either 0μM, 3μM, or 10μM PD98059 for 72 hours. (D) IC50 values for atorvastatin susceptibility were extrapolated from

sigmoid curve fits to the dose response data. (E) MDA-MB-231 RFP cells were treated with 0μM, 3μM, or 10μM PD98059 with or without 5μM atorvastatin for

24 hours and probed by western blot and (F) quantified by densitometry. (G) MCF-7 RFP, (H) MDA-MB-231 RFP, and (I) MDA-MB-231 RFP/Ecad cells were

cultured with atorvastatin and either 0μM, 3μM, or 10μM LY294002 for 72 hours. (J) IC50 values for atorvastatin susceptibility were extrapolated from sigmoid

curve fits to the dose response data. (K) MDA-MB-231 RFP cells were treated with 0μM, 3μM, or 10μM LY294002 with or without 5μM atorvastatin for 24

hours and probed by western blot and (L) quantified by densitometry. � P< 0.05, ��� P< 0.001, and ���� P< 0.0001. All data are representative of at least three

independent experiments.

https://doi.org/10.1371/journal.pone.0197422.g006
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a statin-sensitive cell line was sufficient to decrease statin potency [14]. In this study, we demon-

strate that statins’ pharmacologic properties guide their propensity for cancer growth inhibition.

We found that the hydrophilic rosuvastatin was less effective at suppressing cancer cell growth

than lipophilic atorvastatin (Fig 1), even though the former has higher affinity for HMGCR

(5.4nM vs. 8.2nM) [24]. It is important to note that the statin concentrations used in these stud-

ies are difficult to correlate to human dosing, but experiments in mice suggest that anti-tumor

effects would be seen with doses used for clinical lipid lowering therapy [38–40]. Another

hydrophilic statin, pravastatin, which has a low affinity for HMGCR (44.1nM) [24], was found

to have no influence on cancer cell growth up to 100μM, even in sensitive cell lines. Yet, even

this relatively ineffective statin could be potentiated by knockdown of HMGCR (Figs 1 and S2).

The inefficacy of pravastatin has been previously reported [13] and is likely due to a combina-

tion of low affinity for HMGCR and hydrophilicity. Whereas lipophilic statins easily diffuse

across the membrane, hydrophilic statins rely more on active transport. The four major statin

transporters in the liver are SLCO1B1, 1B3, 1A2, 2B1 [41]. While statin transport is handled by

all of these carriers, the major part of Atorvastatin handling is accomplished by SLCO1B1,

which is why we focused on this transporter. Additionally, mutations in the SLCO1B1 gene are

particularly known to predispose to statin-induced myopathy [42]. Indeed, exogenous expres-

sion of SLCO1B1 has been found to increase pravastatin uptake [43]. Unfortunately we were

not able to stably express SLCO1B1 transporters in our cells to directly demonstrate this causal-

ity. In sum, our data suggest that the low efficacy of hydrophilic and low affinity statins is due to

decreased HMGCR inhibition. This underscores the importance of the mevalonate pathway for

cancer cell growth.

In this work, we suggest statins suppress tumor cell growth by two main mechanisms: 1)

they decrease tumor cell proliferation (Fig 2), and 2) they decrease tumor cell survival (Fig 3).

These two findings are significant and distinct because they suggest a bi-functionality of statins

as anti-tumor agents, at least in vitro. Other authors have reported direct induction of apopto-

sis and cell death in tumor cells after statin treatment, in cancer cell lines derived from breast

[44], lung [45], and prostate [46] as well as decreases in cell number or viability [15], with only

few reporting decreased proliferation of statin treated cancer cells [47] by directly quantifying

cycling cells. The majority of studies in the literature use methods that do not distinguish

between cell viability and growth, such as MTT and ATP based assays. We show a decrease in

proliferating percentage of adherent breast cancer cells (those that have survived the anti-sur-

vival effects of statin therapy) which demonstrates direct effects on cell proliferation (Fig 2).

Moreover, the uptake of propidium iodide into statin sensitive MDA-MB-231 cells but not

statin resistant MCF-7 cells starting at 24 hours after treatment demonstrates direct decreases

in cell survival with statin therapy (Fig 3). We thus show in vitro that statins act to both

decrease survival and proliferation in breast cancer cells.

It has been postulated that part of the anti-tumor effect of statins is caused by reduction in

the prenylation, and thus localization, of signaling proteins such as Ras and the Rho family of

proteins [19]. Decreases in membrane anchoring of H-Ras have been shown in breast cancer

cells treated with statins [48]. In this study, we demonstrate that the localization of Ras is

dependent on the statin sensitivity of the cells undergoing treatment. While the statin sensitive

MDA-MB-231 RFP cells demonstrate a shift from membrane to cytoplasmic Ras localization

over the course of 72 hours of statin treatment, the same increases are not seen in statin resis-

tant MCF-7 RFP cells (Figs 4 and S3). Importantly, the decrease in membrane localization of

Ras correlated with a decrease in EGF-mediated Ras activation (S4 Fig). Thus, the influence of

statins on the prenylation status of Ras, which affects its subcellular localization, correlates

with the sensitivity of the cells to statin-mediated growth suppression.
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To examine intracellular networks that may be responsible for the reduction in cell survival

and proliferation, we independently inhibited the MAPK and PI3K-Akt signaling axes. We

found that reduction of Akt signaling through PI3K inhibition significantly potentiated the

growth suppression of atorvastatin whereas reduction of Erk signaling through Mek1/2 inhibi-

tion did not affect atorvastatin efficacy (Fig 6). Western blotting demonstrated a significant

reduction of Akt phosphorylation in atorvastatin treated MDA-MB-231 RFP cells whereas Erk

phosphorylation was increased with atorvastatin treatment (Fig 6). Or it could be simply that

the inhibition of the MEK/Erk pathway was redundant with the decrement of Ras signaling.

Previous studies have demonstrated crosstalk between the PI3K-Akt and MAPK signaling path-

ways at the level of Akt and Raf [49]. Indeed, we demonstrate PI3K inhibition increases Erk

phosphorylation whereas Mek1/2 inhibition does not affect Akt phosphorylation (S5 Fig).

These findings suggest that the reduction in Akt phosphorylation observed with statin treatment

may be the source of the increase in Erk phosphorylation. Others have demonstrated decreases

in Akt phosphorylation with statin treatment in prostate [50] and breast [51] cancer cell lines.

As stated previously, micrometastases often remain in a state of dormancy for years or

decades before emerging as clinically evident metastases. Our lab has previously demonstrated

that dormant micrometastases can be stimulated to outgrowth in an ex vivo microphysiologi-

cal system model for breast cancer metastasis to the liver by using a combined stimulus of EGF

and LPS [33]. To determine whether atorvastatin would influence the EGF responsiveness of

our breast cancer cell lines, we treated MCF-7 RFP, MDA-MB-231 RFP, and MDA-MB-231

RFP/Ecad with atorvastatin for 24 hours and then stimulated with 5nM EGF for 5 or 30 min-

utes. We found that all three cell lines demonstrated increases in Akt and Erk phosphorylation

with EGF stimulation and that atorvastatin pretreatment could block these increases in a man-

ner that correlated with their sensitivity to atorvastatin-mediated growth inhibition (Fig 5).

The decrease in Akt phosphorylation seen after 30 minutes of EGF treatment is most likely sec-

ondary to receptor internalization and degradation due to the high abundance of soluble

ligands [52,53]. These data suggest that atorvastatin may decrease growth-factor stimulated

growth of breast cancer cells. Moreover, the E-cadherin mediated resistance to atorvastatin

suppression of Akt stimulation by EGF suggests that epithelial micrometastases that undergo a

secondary EMT and outgrow will be more selectively suppressed by statin treatment than

those that remain in dormancy. As atorvastatin effects are most noted when E-cadherin is

absent from the plasma membrane [14], the cells that are epithelial and dormant at microme-

tastases would likely be relatively unaffected. However, when these cancer cells undergo a sec-

ondary EMT that limits E-cadherin presentation during metastatic outgrowth, they would

then be susceptible to statin suppression.

The differing potencies of statin drugs have important clinical implications. Our data sug-

gest lipophilic statins may be more effective at suppressing micrometastatic outgrowth because

they have increased uptake into cancer cells. For cancer patients already receiving statins for

other conditions, such as hypercholesterolemia, changing to a more potent anti-cancer statin,

such as atorvastatin, may provide a mortality benefit without adversely affecting their primary

indication for statin therapy.

Supporting information

S1 Table. Pharmacologic properties of statins. The IC50 values for inhibition of HMGCR in

cell-free binding assays [24] and partition coefficients [31] are reported for atorvastatin, simva-

statin, rosuvastatin, and pravastatin. The lower the IC50 value, the more potent the statin. The

lower the partition coefficient, the more hydrophilic the statin.

(TIF)
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S1 Fig. Simvastatin exhibits similar growth suppressive potency to atorvastatin. (A) MCF-

7 RFP and (B) MDA-MB-231 RFP cells were cultured with atorvastatin or simvastatin for 72

hours and cell number was determined by crystal violet staining. (C) MCF-7 RFP and (D)

MDA-MB-231 RFP cells were cultured with simvastatin lactone (un-activated) or simvastatin

acid (activated) for 72 hours and cell number was determined by crystal violet staining. All

data are representative of at least three independent experiments.

(TIF)

S2 Fig. HMGCR knockdown decreases cell growth and potentates statin therapy. HMGCR

was knocked down by siRNA treatment in MDA-MB-231 cells and cells were subsequently

treated with (A,D) atorvastatin, (B,E) doxorubicin, or (C,F) pravastatin for 72 hours. (A-C) Data

were normalized to the non-coding RNA control and then (D-F) further normalized to the low-

est dose of drug used. (G) IC50 values for atorvastatin (Atorv), doxorubicin (Dox), and prava-

statin (Prav) were calculated based on sigmoid curve fits to the dose response data. (H) HMGCR

immunoblotting 24, 48, and 72 hours after siRNA knockdown with (I) quantification by densi-

tometry. � P< 0.05. All data are representative of at least three independent experiments.

(TIF)

S3 Fig. Ras localization is altered in MDA-MB-231 RFP cells over 72 hours of atorvastatin

treatment. (A) MDA-MB-231 RFP cells were treated with 1μM atorvastatin for 0, 24, 48, or 72

hours and protein was collected in cytoplasmic and membrane fractions and probed by west-

ern blot. (B) Cytoplasmic Ras and (C) membrane Ras were quantified by densitometry. All

data are representative of at least three independent experiments.

(TIF)

S4 Fig. Atorvastatin pre-treatment reduces EGF-stimulated Ras activation. MDA-MB-231

RFP cells were treated with or without 1μM atorvastatin for 48 hours and then cells were stim-

ulated with 5nM EGF for 5 minutes. Activated Ras (Ras-GTP) was isolated from cell lysates,

(A,B) probed by western blot, and (C) quantified by densitometry of the faster mobility frac-

tion. Atorv = Atorvastatin, NT = No treatment, A = 1uM Atorvastatin for 48 hours,

EGF = 5nM EGF for 5 minutes. Error bars represent the SEM. � P < 0.05. All data are repre-

sentative of at least three independent experiments.

(TIF)

S5 Fig. PI3K inhibition enhances Erk phosphorylation but Mek inhibition does not affect

Akt phosphorylation. MDA-MB-231 RFP cells were treated with or without 5μM atorvastatin

supplemented with (A) 0μM, 3μM, or 10μM LY294002 an inhibitor of PI3 kinase or (B) 0μM,

3μM, or 10μM PD98059 and inhibitor of MEK for 24 hours and (A) pErk and total Erk or (B)

pAkt and total Akt were probed by western blot. Importantly, the distinction being made is with

increasing doses of either LY294002 or PD98059 (comparing lanes 1, 3, and 5). The effect of ator-

vastatin treatment (comparing lanes 1 & 2, 3 & 4, and 5 & 6) on Akt and Erk phosphorylation is

the same as shown in Fig 6. All data are representative of at least three independent experiments.

(TIF)
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17. Denoyelle C, Vasse M, Körner M, Mishal Z, Ganné F, Vannier JP, et al. Cerivastatin, an inhibitor of

HMG-CoA reductase, inhibits the signaling pathways involved in the invasiveness and metastatic prop-

erties of highly invasive breast cancer cell lines: an in vitro study. Carcinogenesis [Internet]. 2001 Aug;

22(8):1139–48. Available from: http://www.ncbi.nlm.nih.gov/pubmed/11470741 PMID: 11470741
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