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A B S T R A C T

Background: Breast cancer is a neoplastic disease with high morbidity and mortality in women
worldwide. Breast cancer stem cells (CSCs) have a significant function in tumor growth, recurrence, and
therapeutic resistance. Thus, CSCs have been pointed as targets of new therapies for breast cancer. Herein,
we aimed to repurpose certain drugs as breast CSC-targeting agents.
Methods: We compared a consensus breast CSC signature with the transcriptomic changes that
were induced by over 1300 bioactive compounds using Connectivity Map. The effects of the
selected drugs on SOX2 promoter transactivation, SOX2 expression, viability, clonogenicity, and ALDH
activity in breast cancer cells were analyzed by luciferase assay, western blot, MTT assay, mammosphere
formation assay, and ALDEFLUOR1 test, respectively. Gene Set Enrichment Analysis (GSEA) was
performed using the gene expression data from mammary tumors of mice that were treated with
lovastatin.
Results: Five drugs (fasudil, pivmecillinam, ursolic acid, 16,16-dimethylprostaglandin E2, and
lovastatin) induced signatures that correlated negatively with the query CSC signature. In
vitro, lovastatin inhibited SOX2 promoter transactivation, and reduced the efficiency of mammosphere
formation and the percentage of ALDH+ cells. Mevalonate mitigated the effects of lovastatin,
suggesting that the targeting of CSCs by lovastatin was mediated by the inhibition of its reported
target, 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR). By GSEA, lovastatin down-
regulated genes that are involved in stemness and invasiveness in mammary tumors, corroborating our
in vitro findings.
Conclusion: Lovastatin is a breast CSC-targeting drug. The inhibition of HMGCR might develop new
adjuvant therapeutic strategies for breast tumors.

© 2019 Institute of Pharmacology, Polish Academy of Sciences. Published by Elsevier B.V. All rights
reserved.
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Introduction

Breast cancer (BC) has a high incidence and causes significant
mortality in women worldwide [1]. It is estimated that
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approximately 3.2 million new cases of BC will develop annually
by 2050 [2]. Despite the implementation of new therapies and
treatments, approximately one-third of BC patients die due to
tumor resistance, recurrence, and metastasis [3].

The cancer stem cell (CSC) hypothesis proposes that a
subpopulation at the top of the tumor cell hierarchy contributes
to tumor heterogeneity and is uniquely able to seed new tumors.
Breast cancer stem cells (BCSCs) can self-renew, express signaling
 Elsevier B.V. All rights reserved.
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proteins and transcription factors that promote pluripotency,
generate non-stem tumor cells, and initiate tumors when
implanted into immunocompromised mice [4,5].

BCSCs play key roles in the therapeutic resistance, recurrence,
and progression of human breast tumors [6,7]. BCSCs display
resistance to cytotoxic drugs [8], hyperactivation of signaling
pathways that control stemness [9], and heightened DNA repair
[10]. Further, breast cancer cells that disseminate to bone marrow
and metastasis-initiating cells [9,11] have a stem phenotype,
indicating that the CSC pool drives metastasis. Thus, CSCs are
targets for new therapies in BC [12,13].

Drug repurposing is the identification of new therapeutic
indications for approved drugs [14]. This strategy has several
advantages, including a lower risk of toxic effects, accelerated
clinical validation, and the ability to patent its new use [15]. There
are many approaches for detecting unrecognized or non-explicit
connections between drugs, targets, and diseases, including
computational modeling, studying the mechanism of action-based
methods, genetic profiling, and translational bioinformatics [16].

Transcriptional profiling studies identify gene sets that are
differentially expressed in diseases or cells that have been exposed
to drugs [17–19]. The comparison of a disease-induced gene
signature against the expression profiles that are generated by
drug exposure can reveal new connections between drugs and the
disease. Theoretically, the drugs that induce transcriptional
changes that are opposite to those in the disease could revert
the phenotype [20]. Thus, several databases and user interfaces
have been developed to translate genomewide transcriptional
analyses into drug discovery [21–23].

Connectivity Map (CMap) [24] is a public database that contains
genomewide expression profiles of human cancer cell lines that
have been treated with bioactive compounds. These profiles can be
compared with gene sets of interest by a matching algorithm,
based on Kolmogorov-Smirnov statistical analysis. CMap has been
useful for drug repurposing, lead discovery, mechanism of action
analyses, and systems biology [25]. For example, it has been used
to identify new activities of drugs in various neoplastic [26,27] and
non-cancerous diseases [28].

To repurpose drugs that target BCSCs, we used a consensus gene
signature that defines BCSCs to query CMap. The candidates that
we identified were evaluated in vitro in triple-negative breast
cancer cells. We found that the drug lovastatin reduced the CSC
pool and that this effect was attributed to the inhibition of 3-
hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR). By
bioinformatic analysis of an independent dataset, mammary
cancer cells from lovastatin-treated mice downregulated genes
that control stemness and invasiveness, corroborating our in vitro
findings. Our results agree with previously identified effects of
statins [29–31] and support the repurposing of lovastatin as a drug
with efficacy against BCSCs.

Materials and methods

Chemical transcriptomics

We used build 02 of the CMap database [24]. As a query
signature, we selected a reported consensus BCSC signature [12]
that comprised 39 genes (25 upregulated and 14 downregulated)
and was generated from 3 biologically validated signatures,
comparing: i) paclitaxel- versus salinomycin-treated HMLER breast
cancer cells [12]; ii) primary human mammary epithelial cells that
were cultured under conditions that favor mammary epithelial
stem cell expansion versus cells that were cultured under
conditions that favor differentiation [32]; and iii) CD44+ normal
and neoplastic human mammary epithelial populations versus
CD24+ cells [33].
Candidate drugs were selected from the CMap results, based on:
a) significant negative association with the query signature
(p < 0.5); b) a mean score < -0.5; c) specificity value < 0.1; and
d) percentage non-null � 75%. The global transcriptional responses
that were induced by the candidate drugs were compared using
Mode of Action by NeTwoRk Analysis (MANTRA) [21] with a
computed distance threshold of 0.7.

Compounds

Fasudil hydrochloride (HA-1077), pivmecillinam (SML0817),
ursolic acid (89797), 16,16-dimethyl-prostaglandin E2 (PGE2)
(D2250000), and lovastatin (PHR1285) were purchased from
Sigma-Aldrich. The stock solutions were prepared in DMSO and
stored at �70 �C under light-protected conditions until use.
(�)-Mevalonolactone (Sigma-Aldrich M4667) solutions were
prepared in water. The structural similarity of the candidate drugs
was analyzed by generating fingerprints by circular and MACCS
methods and comparing them using the Tanimoto coefficient, with
the KNIME program in the CDK module.

Cell lines and culture

The triple-negative cell lines MDA-MB-231 and Hs578T were
obtained from ATCC. The cells were grown in RPMI-1640 (MDA-
MB-231) or DMEM (Hs578T) (Gibco) that was supplemented with
10% fetal bovine serum (FBS), at 5% CO2 atmosphere. We used cell
cultures from passage 6 to 16.

Luciferase assay

MDA-MB-231 cells were cotransfected with pGL3-SOX2-luc or
pGL3-OCT4-luc plasmid [34] (generously donated by Dr. Richard
Pestell, Baruch S. Blumberg Institute, PA, USA) and pNEG-PG04
using lipofectamine 3000 (Invitrogen) per the manufacturer�s
guidelines. Sublines that stably expressed the reporter construc-
tions were selected and maintained in complete medium plus
0.5 mg/ml puromycin. Cells were incubated with drugs for 24 h;
then, the medium was removed, and the cells were incubated with
lysis buffer (1% Triton X-100,1 mM DTT in GME buffer) for 10 min at
room temperature with shaking. Homogenates were mixed with 3
volumes of assay buffer (17 mM K2PO4, 1 mM DTT, and 2 mM ATP in
GME buffer). Luminescence was quantified immediately after the
addition of luciferin (GOLDBIO) on a GloMax1 20/20 luminometer
(Promega). The fraction of viable cells at each concentration of drug
was quantified in the same experiment and used for normalization.

Cell viability

5,000 MDA-MB-231 or 3,000 Hs578T cells were seeded in 96-
well microplates and exposed to drugs for 24 h. The effect of the
drugs on cell viability was estimated by MTT [3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. Reduced tet-
razolium salt was measured spectrophotometrically at 570 nm
(Epoch, BioTeK). Two to three independent experiments, each with
six technical replicates, were performed (see figure legends for
details).

Mammosphere formation assay

Sphere formation assay was performed as reported [32]. Briefly,
100 viable cells/well were plated in 96-well ultra-low attachment
plates (Corning Costar) with MammoCult medium and growth
factors (StemCell Technologies). The spheres were quantified on
Day 7 in micrographs (Eclipse Ti-U microscopy, Nikon) and
analyzed with NIS-Elements Imaging Software 4.13 (Nikon). Each



Table 1
Potential drugs targeting the BCSC phenotype.

Compound P Mean
cMap score

Specificity

Fasudil 0.02382 �0.71 0
Spiperone 0.00592 �0.677 0.0088
Pivmecillinam 0.00438 �0.606 0.0111
Ursolic acid 0.00203 �0.601 0.0073
16,16-dimethylprostaglandin E2 0.00877 �0.572 0.0138
Lovastatin 0.0118 �0.527 0.0155
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independent experiment was performed in octuplicate. In some
experiments, the drug was present throughout the 7-d incubation,
whereas in others, the cells were pretreated for 24 h and cultured
in drug-free medium (see figure legends for details). The results are
presented as mammosphere-forming efficiency (MFE%), which
was calculated with the following equation: MFE%= (number of
mammospheres per well) / (number of cells seeded per well) x 100.

ALDH staining

Treated cells were analyzed with the ALDEFLUOR1 assay kit
(StemCELL Technologies) per the manufacturer�s guidelines. Briefly,
cells were harvested with 0.05% trypsin-EDTA (Gibco), washed,
counted, and suspended in ALDEFLUOR1 buffer (2.5 �106 cells/
mL). ALDH substrate was added to the sample, which was then
divided immediately into 2, to one half of which 7 mL of the ALDH
inhibitor DEAB was added. Both samples were incubated for
45 min at 37 �C before being analyzed on an Attune-NxT cytometer
(Life Technologies). Data were analyzed in FlowJo 8.7 (Tree Star
Fig. 1. Comparison of candidate drugs. A) Structure and reported targets of the six drugs
half of the matrix corresponds to the analysis based on fingerprint generation by MAC
circular method. C) Comparison of global transcriptional changes induced by the candidat
(For interpretation of the references to colour in this figure legend, the reader is referr
Inc.) using DEAB-treated controls to establish the negative
fluorescence signal.

Western blot

Treated cells were lysed in RIPA buffer (50 mM Tris�HCl, 0.1%
SDS, 150 mM NaCl) supplemented with protease inhibitors (5 mg/
mL leupeptin, 1 mg/mL pepstatin, 2 mg/mL aprotinin). Protein
 selected in CMap. B) Chemical similarity evaluation by Tanimoto coefficient. Upper
CS, whereas the lower part shows the comparison using fingerprint generation by
e drugs (green circles). Drugs with significant associations are shown as blue circles.
ed to the web version of this article).
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concentrations in the lysates were determined using the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific). Samples that
contained 30 mg of total protein were separated by SDS-PAGE and
electroblotted onto PVDF membranes. After being blocked, the
membranes were incubated with anti-SOX2 (Abcam ab97959;
1:1000), followed by a HRP-conjugated goat anti-rabbit secondary
antibody (Santa Cruz Biotechnology sc-2004). The same mem-
branes were stripped and reprobed with anti-α-tubulin (Santa Cruz
Biotechnology sc-398103; 1:500), followed by a HRP-conjugated
goat anti-mouse antibody (Abcam ab6789). Protein bands were
detected using SuperSignal West Femto Maximum Sensitivity
Substrate Pierce ECL Western Blotting Substrate (Thermo Fisher
Scientific). Band intensities were measured in Image J [35] and data
were normalized against vehicle (DMSO).

Enrichment analysis

Microarray data on 5 mouse mammary tumors that were treated
with lovastatin and 5 controls were obtained from the Gene
Expression Omnibus dataset GSE42787 [36]. Data were normalized
in R studio (v1.1.383) using robust multi-array average normaliza-
tion. Gene Set Enrichment Analysis (GSEA) [37] was performed using
GSEA (v2.2.3). The following molecular signatures were used in the
analysis: i) the Consensus Stemness Ranking (CSR) signature, [38]; ii)
the oncogenic signature in mouse and human mammary stem cells
[39]; iii) a hallmark gene set of the epithelial-to-mesenchymal
transition (EMT) [40]; and iv) a signature from invasive ductal
carcinomas [41]. Enrichment analysis for transcription factor targets
was performed by feeding the top 250 differentially expressed genes
into the ChiP-X Enrichment Analysis (ChEA) tool [42].

Statistical analysis

IC50 values were calculated by nonlinear regression. Unless
otherwise noticed, statistical significance was determined by one-
way ANOVA, followed by Dunnett's multiple comparisons test
against the vehicle control. Graphs were constructed and statistical
analyses were performed in Prism (GraphPad).

Results

In silico prediction of drugs targeting BCSCs

Using a BCSC gene expression signature [12], we ranked the
1309 compounds in the CMap platform. Based on the selection
Fig. 2. Effects of the selected drugs on transactivation of the SOX2 (A) and OCT4 (B) pr
Transactivation was measured by luciferase reporter assay. Values are mean � SEM from
criteria (see “Materials and methods”), we identified several drugs
that induced gene expression signatures that correlated negatively
with those of BCSCs and thus represented potential therapeutic
candidates (Table 1). The drugs were structurally distinct, had
diverse canonical targets, and induced dissimilar global transcrip-
tional signatures (Fig. 1). Of these candidates, we examined fasudil,
pivmecillinam, ursolic acid, 16,16-dimethylprostaglandin E2
(PGE2), and lovastatin with regard to their activity in breast
cancer cell cultures.

Lovastatin and fasudil reduce SOX2 promoter transactivation

SOX2 and OCT4 are essential regulators of cellular self-renewal
and the maintenance of pluripotency in CSCs [43,44], and reporter
constructs that harbor portions of their promoters have been used to
monitor stemness in breast cancer cells [34,45]. In a primary screen,
we measured the effects of the selected drugs on the transactivation
of the SOX2 and OCT4 promoters at the concentration employed in
CMap development (10 mM). Fasudil and lovastatin reduced SOX2
promoter transactivation by 60% and 95%, respectively (Fig. 2A).
Conversely none of the drugs had a significant effect on trans-
activation of the OCT4 promoter (Fig. 2B). Based on these results, we
focused on fasudil and lovastatin in subsequent analyses.

Lovastatin but not fasudil impairs clonogenicity

Using fasudil and lovastatin, we generated concentration-
response curves to analyze their: i) cytotoxic effects in 2D cultures,
ii) effects on mammosphere formation efficiency, and iii) impact
on SOX2 promoter transactivation at various concentrations.
Lovastatin reduced the viability of MDA-MB-231 to 56% of that
of the control at the highest concentration. In contrast, fasudil had
a modest effect on cell viability (Fig. 3A). Lovastatin but not fasudil
decreased the number of mammospheres (IC50 = 2.2 mM; Fig. 3B).
Finally, both drugs impaired SOX2 promoter transactivation
(Fig. 3C), supporting the findings in the primary screen and
indicating that lovastatin is more potent. Based on the effects of
lovastatin on clonogenicity and SOX2 promoter transactivation, we
subjected it to additional analysis.

Short-term exposure of breast cancer cells to lovastatin irreversibly
affects the CSC pool

Aldehyde dehydrogenase (ALDH) activity has been used
extensively to quantify the CSC population in triple-negative
omoters. Schemes above graphs show the size of the promoters in the constructs.
 4 independent experiments; p < 0.05 (*), < 0.01 (**), < 0.001 (***), < 0.0001 (****).



Fig. 3. Activity of presumed BCSC-targeting drugs. Effects of lovastatin or fasudil on MDA-MB-231 cell viability (A) and mammosphere-initiating capacity (B). The effects of
the drugs on SOX2 promoter transactivation were corroborated in dose-response curves (C). Graphs show mean � SEM of a compilation of 3 independent experiments;
p < 0.05 (*), < 0.01 (**), < 0.001 (***), < 0.0001 (****) against the vehicle control.
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breast cancer cells [46–48]. Lovastatin significantly reduced the
ALDH+ fraction in a concentration-dependent manner in MDA-MB-
231 cells (Fig. 4B–C) and Hs578T cells (Fig. 4D and Suppl. Fig. 1B).
The effects correlated with reductions in SOX2 protein expression
in both cell lines (Fig. 4E). Together, these results supported the
hypothesis that lovastatin decreases the CSC pool.

To confirm the CSC-targeting effects of lovastatin, we followed
the strategy reported by Gupta and collaborators [12]. Cells were
pre-incubated with lovastatin, collected and cultured to evaluate
their mammosphere formation capacity under drug-free
conditions (Fig. 4A). Pre-incubation significantly lowered the
number of mammospheres in the two studied cell lines (Fig. 4F, G),
supporting that lovastatin irreversibly reduces the CSC pool.

Effects of lovastatin on CSC are mediated by HMGCR inhibition

To determine whether the effects of lovastatin are mediated by
its canonical target, we treated cells simultaneously with
lovastatin and/or mevalonate, the latter of which is generated
by HMGCR [49]. Mevalonate reverted the lovastatin-induced



Fig. 4. Effects of lovastatin on the breast cancer stem cell pool. A) Experimental strategy for analyzing stemness after short exposure of breast cancer cells to lovastatin.
B) Representative dot plots quantifying the ALDH+ fraction in lovastatin-treated MDA-MB-231 cells. C, D) Analysis of ALDH+ cells in MDA-MB-231 (C) and Hs578T (D) cells.
Graphs show mean � SEM from 5 (C) or 2 (D) independent experiments. E) Representative western blot evaluating the expression of SOX2 and the corresponding analysis of
the SOX2/α-tubulin ratio from 3 independent experiments. Statistical significance was determined by Student�s t-test. F, G) Viable MDA-MB-231 (F) or Hs578T (G) cells that
had been exposed to lovastatin for 24 h were seeded to test their capacity to grow mammospheres in drug-free medium. Graphs show the mean number of
mammospheres � SEM from 4 independent experiments (F) or from a representative experiment performed in octuplicate (G). Representative pictures are shown;
bar = 100 mm; p < 0.05 (*), < 0.01 (**), < 0.001 (***), < 0.0001 (****).
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decrease in the fraction of ALDH+ cells (Fig. 5A) and mammosphere
formation (Fig. 5B). Mevalonate also partially restored SOX2
promoter transactivation, which was completely inhibited by
lovastatin (Fig. 5C), and SOX2 protein expression (Fig. 5F). Notably,
mevalonate alone did not alter cell viability (Suppl. Fig. 2C).

Lovastatin reverts CSC and invasiveness signatures in mice bearing
breast tumors

GSEA revealed that gene sets from a CSR signature (Fig. 6A) and
a mammary progenitor cell signature (Fig. 6B) were enriched in
mammary tumors of mice that had been treated with vehicle,
indicating that in vivo, lovastatin downmodulates key genes that
are upregulated in the stem/progenitor population of cancer cells.
We also queried the dataset with a hallmark set of genes that are
upregulated in the EMT (Fig. 6C) and in invasive breast cancer cells
(Fig. 6D), given that induction of the EMT promotes the acquisition
of CSC features in breast cancer cells [50]. Lovastatin also
downregulated these gene sets, suggesting that it shrinks the
population with an invasive phenotype and providing indirect
evidence of a reduction in the CSC pool.

Finally, the 250 genes with highest differential expression
between tumors of lovastatin-treated and vehicle-treated mice
were analyzed with regard to enrichment in putative targets of
transcription factors (Suppl. Fig. 3). We found that such subset of
genes was significantly enriched in targets of transcription factors
that control the pluripotency of stem cells or participate in the
differentiation of hematopoietic stem cells.



Fig. 5. Effects of mevalonate on lovastatin-induced effects. A) Representative dot plots quantifying the ALDH+ fraction in MDA-MB-231 cells treated with lovastatin (Lov; 10 m
M) and/or mevalonate (Meva; 100 mM). B) Quantification of the fraction of ALDH+ cells. Graphs show mean � SEM from 3 independent experiments. C, D) Mammosphere
formation in MDA-MB-231 (C) and Hs578T (D) cells exposed to lovastatin and/or mevalonate for 24 h. Graphs show the mean � SEM of a representative experiment performed
in octuplicate. Representative pictures are shown; bar = 100 mm. E) Transactivation of SOX2 promoter in MDA-MB-231 cells, assessed by luciferase reporter assay. Values are
mean � SEM of 3 independent experiments. Statistical significance was determined by Tukey’s multiple comparisons test against the vehicle control; p < 0.05 (*), < 0.01 (**),
< 0.001 (***), < 0.0001 (****), and against lovastatin; p < 0.05 (x), < 0.001 (xxx), < 0.0001 (xxxx). F) Representative western blot evaluating the expression of SOX2 and α-tubulin
in MDA-MB-231 and Hs578T cells exposed to lovastatin and/or mevalonate.
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Discussion

The CMap platform allows one to select drugs in silico, based on
their transcriptional effects on multiple cell lines [24]. Thus, CMap
analysis generates hypotheses on the drugs that can revert a
particular signature, independent of the cellular context [51,52].
Thus, we aimed to pinpoint drugs that could be repurposed as
BCSC-targeting drugs using CMap. Our analysis with a BCSC
consensus signature [12] identified 6 candidate drugs with various
mechanisms of action. The drugs were structurally dissimilar and
induced unrelated global transcriptional profiles, eliminating the
possibility that the negative associations with the BCSC signature
that were revealed by CMap were elicited through a common
mechanism.

Biological evaluation of 5 of the drugs was performed in MDA-
MB-231 cells that stably expressed luciferase under control of the



Fig. 6. Enrichment analysis of mammary tumors in mice treated with lovastatin. A–D) Enrichment plots from GSEA. The plots show running enrichment scores (y axis) and
positions (black lines) of members of the upregulated gene sets for the CSR (A), luminal progenitors (B), EMT (C), and invasiveness (D).
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SOX2 or OCT4 promoter. Lovastatin and fasudil reduced SOX2
promotor transactivation, but none of the drugs affected activation
of the OCT4 promoter. SOX2 expression correlates significantly
with larger tumors and the presence of lymph node metastases in
BC patients [53], and its silencing decreases mammosphere
formation in vitro and tumorigenicity in animal models [43].

Lovastatin reduced cell viability in adherent cultures of MDA-
MB-231 breast cancer cells. Our results are consistent with
previous reports that lovastatin induces cell death [54,55] and
inhibits the proliferation [56,57] of multiple breast cancer cell
lines, including MDA-MB-231.

To validate the CSC-targeting effects of lovastatin, we treated
cells for 24 h and analyzed changes in the ALDH+ population, SOX2
expression, and mammosphere formation in drug-free cultures.
Lovastatin lowered the ALDH+ fraction, reduced SOX2 protein
levels, and irreversibly decreased the number of mammosphere-
initiating cells in 2 triple-negative breast cancer cell lines. High
ALDH activity marks the BCSC population and correlates with
chemoresistance, self-renewal of tumor CSCs, and a poor prognosis
in BC patients [46,58], whereas the efficiency of mammosphere
formation is a surrogate measure of CSC content [32,59–61]. These
effects of lovastatin support the hypothesis that it reduces the CSC
pool. Accordingly, previous studies have shown that statins reduce
the CSC pool in models of breast [29,30] and other types of cancer
[62–64]. Whether BCSC are more sensitive to lovastatin than other
subpopulations of breast cancer cells, remains to be determined.

The computational predictions that were generated by CMap do
not provide information on whether the transcriptional changes
were caused by on-target or off-target effects. Thus, we examined
the function of the canonical target of lovastatin in its BCSC-
targeting effects. The addition of mevalonate is sufficient to abolish
the effects of the inhibition of HMGCR [65]. For example,
mevalonate reverses the effects of lovastatin on cell viability
[54] and G1 arrest [56]. Supplementation of mevalonate to MDA-
MB-231 or Hs578T cells reverted the phenotypic (ALDH+),
functional (mammosphere formation), and transcriptional
(SOX2) changes that were induced by lovastatin, indicating that
its CSC-targeting effects are, at least in part, attributed to the
inhibition of HMGCR. Consistent with these findings, previous
studies have shown that the effects of statins on the CSC
subpopulation are associated with inhibition of the mevalonate
pathway [62], which is particularly active on basal BCSCs [30].
However, we cannot disregard the participation of other mecha-
nisms in these effects. For example, a recent study has
demonstrated that lovastatin-induced COX-2 expression and the
subsequent COX-2-dependent activation of PPARg cause cytotox-
icity in lung cancer cells [66].

Although our in vitro results demonstrated CSC-targeting
effects of lovastatin, our experiments were designed to use similar
concentrations of the drug as in the CMap analysis (10 mM) and in
previous reports. Such concentrations are 100- to 1000-fold higher
than in plasma of subjects who consume therapeutic doses of
lovastatin [67,68], constituting one limitations of the study.

In order to analyze the in vivo effects of lovastatin, we studied
the transcriptional changes that were induced in mice treated with
the drug at a dose (10 mg/kg) that effectively reduces plasma
cholesterol [69]. We detected reversions of the gene signatures
that define stem/progenitor and invasive cancer cells in mammary
tumors of mice that were treated with lovastatin. Lovastatin
suppress the expression of a cluster of genes governing EMT,
invasion, stemness and apoptosis, including proteins of the Hippo,
Notch, Wnt, and HIF pathways [31,55]. Similarly, the administra-
tion of atorvastatin to breast cancer patients induces changes in
the expression of multiple genes that participate in proliferation
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and apoptosis, which may be dependent on changes on the
activation of the transcription factors CREB1, ATF, OCT, and SRF
[70]. However, the effects of statins on the activation of
transcription factors that govern pluripotency are currently
unknown. Together, these results validate our in silico-in vitro
selection, and suggest that lovastatin reduces the stem/progenitor
population in vivo, warranting further examination.

Conclusion

We have found that lovastatin targets BCSCs by transcriptome-
based analysis, combined with in vitro evaluations and in vivo
validation. These effects likely to be caused by the inhibition of
HMGCR and thus might be elicited by other statins. Determining
the precise mechanisms that are involved in the effects of
lovastatin on breast cancer cell stemness might encourage its
use as an adjuvant therapeutic strategy for breast tumors.
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