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An actionable sterol-regulated feedback loop
modulates statin sensitivity in prostate cancer
Joseph Longo 1,2, Peter J. Mullen 1, Rosemary Yu 1,2, Jenna E. van Leeuwen 1,2, Mehdi Masoomian 3,
Dixon T.S. Woon 1,4, Yuzhuo Wang 5,6, Eric X. Chen 1, Robert J. Hamilton 1,4, Joan M. Sweet 3,
Theodorus H. van der Kwast 3, Neil E. Fleshner 1,4, Linda Z. Penn 1,2,*
ABSTRACT

Objective: The statin family of cholesterol-lowering drugs has been shown to induce tumor-specific apoptosis by inhibiting the rate-limiting
enzyme of the mevalonate (MVA) pathway, HMG-CoA reductase (HMGCR). Accumulating evidence suggests that statin use may delay pros-
tate cancer (PCa) progression in a subset of patients; however, the determinants of statin drug sensitivity in PCa remain unclear. Our goal was to
identify molecular features of statin-sensitive PCa and opportunities to potentiate statin-induced PCa cell death.
Methods: Deregulation of HMGCR expression in PCa was evaluated by immunohistochemistry. The response of PCa cell lines to fluvastatin-
mediated HMGCR inhibition was assessed using cell viability and apoptosis assays. Activation of the sterol-regulated feedback loop of the
MVA pathway, which was hypothesized to modulate statin sensitivity in PCa, was also evaluated. Inhibition of this statin-induced feedback loop
was performed using RNA interference or small molecule inhibitors. The achievable levels of fluvastatin in mouse prostate tissue were measured
using liquid chromatographyemass spectrometry.
Results: High HMGCR expression in PCa was associated with poor prognosis; however, not all PCa cell lines underwent apoptosis in response to
treatment with physiologically-achievable concentrations of fluvastatin. Rather, most cell lines initiated a feedback response mediated by sterol
regulatory element-binding protein 2 (SREBP2), which led to the further upregulation of HMGCR and other lipid metabolism genes. Overcoming
this feedback mechanism by knocking down or inhibiting SREBP2 potentiated fluvastatin-induced PCa cell death. Notably, we demonstrated that
this feedback loop is pharmacologically-actionable, as the drug dipyridamole can be used to block fluvastatin-induced SREBP activation and
augment apoptosis in statin-insensitive PCa cells.
Conclusion: Our study implicates statin-induced SREBP2 activation as a PCa vulnerability that can be exploited for therapeutic purposes using
clinically-approved agents.

� 2019 University Health Network. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Prostate cancer (PCa) is the most commonly diagnosed malignancy in
men and the third-leading cause of cancer-related male mortality in
developed countries [1]. Given the long natural history of PCa, many
patients suffer from disease-related morbidity and compromised
quality of life, due in part to side-effects of radical therapies such as
androgen deprivation [2]. An estimated 20e50% of PCa patients
relapse after frontline treatment and inevitably progress to more
advanced, lethal forms of the disease [3]. Hence, there is an unmet
need for safe and effective therapies to treat PCa and delay disease
progression.
Statins are clinically-approved agents that are commonly prescribed
for the management of high cholesterol, but more recently have been
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shown to possess anti-cancer properties [4,5]. A number of retro-
spective studies have reported an association between statin medi-
cation use and reduced PCa risk, particularly more advanced and lethal
forms of the disease [6e9]. In addition to chemoprevention, statin use
has been associated with improved patient outcome following radical
therapy [10e12]; however, studies are conflicting as to the extent to
which statin use at the time of frontline therapy improves patient
outcome [13]. This suggests that a subset of PCa patients may benefit
from the addition of statins to their treatment regimen, and, in other
patients, additional targeted agents may be required to improve patient
responses to statin therapy.
Statins are specific inhibitors of 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase (HMGCR), the rate-limiting enzyme of the
mevalonate (MVA) pathway. The MVA pathway is an integral metabolic
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Abbreviations

25-HC 25-hydroxycholesterol
BCR biochemical relapse
FPP farnesyl pyrophosphate
GGPP geranylgeranyl pyrophosphate
HMG-CoA 3-hydroxy-3-methylglutaryl coenzyme A
HMGCR HMG-CoA reductase
HMGCS1 HMG-CoA synthase 1
IC50 half-maximal inhibitory concentration
INSIG1 insulin-induced gene 1
MVA mevalonate
PCa prostate cancer
PDX patient-derived xenograft
PSA prostate-specific antigen
RP radical prostatectomy
SCD stearoyl-CoA desaturase
SREBP sterol regulatory element-binding protein
TMA tissue microarray
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pathway that converts acetyl-CoA to sterols and other isoprenoids that
are important for cell growth and survival [14] (Figure 1A). The en-
zymes of the MVA pathway are transcriptionally regulated by sterol
regulatory element-binding protein 2 (SREBP2), which is activated in
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Figure 1: Expression of the metabolic enzyme HMGCR is elevated in primary PCa tiss
pathway. Statins inhibit the rate-limiting enzyme of the pathway, HMGCR. GGPP ¼ geran
malignant prostate tissue pair stained for HMGCR expression. Scale bars ¼ 300 mm (top
HMGCR expression compared to adjacent normal prostate tissue controls. N ¼ 149 match
prostate tumors was associated with early biochemical relapse (BCR) in patients who were
(Log-rank test). (E) HMGCR expression among statin non-users by clinical and pathologic
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response to intracellular sterol depletion. Aberrant SREBP2 expression
and activity has been associated with PCa progression [15e17],
suggesting that prostate tumors may be particularly dependent on
cholesterol and other isoprenoid metabolites, and therefore vulnerable
to HMGCR inhibition by statins.
Statins have been shown to induce cancer cell-specific apoptosis in a
number of different cancer cell types via the direct inhibition of HMGCR
[5]; however, heterogeneous responses to statin exposure have been
reported [18e21]. A number of mechanisms have been proposed to
explain why some cancer cells are more sensitive to statins than
others. For example, in breast cancer, high basal expression of sterol
biosynthesis genes has been associated with resistance to atorvastatin
[22]. Moreover, we previously demonstrated in multiple myeloma that
lovastatin sensitivity was inversely associated with the ability of cells to
induce the expression of MVA metabolism genes in response to statin
exposure [23]. In PCa, however, the determinants of statin sensitivity
remain to be defined.
Before statins can be repurposed for the treatment of PCa, data
from prospective clinical trials are necessary. While such data in
PCa have been limited thus far [24], statins have been evaluated
in clinical trials in a number of other cancer types. In line with
the epidemiological data, mixed efficacies have been reported by
these studies and the need for patient stratification and/or combi-
nation therapies has been proposed [25e27]. Hence, a better
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understanding of the mechanisms of MVA pathway deregulation and
statin sensitivity in PCa will be crucial for the successful design of
future clinical trials. Here, we provide evidence that deregulation of
the MVA pathway at the level of HMGCR expression is associated
with poor prognosis in PCa patients; however, inhibition of HMGCR
activity in vitro was insufficient to induce apoptosis in the majority of
PCa cell lines evaluated. Sensitivity to fluvastatin was inversely
associated with SREBP2 activation following statin treatment.
Importantly, inhibition of SREBP2 with the clinically-approved agent
dipyridamole potentiated fluvastatin-induced apoptosis in PCa cells
that were relatively insensitive to fluvastatin as a single agent.
Taken together, these findings provide strong rationale for the
combined inhibition of HMGCR and SREBP2 to induce PCa cell death
and warrant the clinical evaluation of fluvastatin and dipyridamole
for the treatment of PCa.

2. MATERIALS AND METHODS

2.1. Tissue microarrays and immunohistochemistry
Tissue microarrays (TMAs) comprised of radical prostatectomy (RP)
tissue samples from 149 PCa patients treated at the Princess
Margaret Cancer Centre between 2003 and 2013 were obtained
with Research Ethics Board approval. Each patient was represented
by 3 malignant and 2 benign cores. TMAs were probed with a
monoclonal antibody against HMGCR (A9, prepared in-house) by the
Pathology Research Program (PRP) Laboratory (University Health
Network, Toronto, Canada), and staining was scored by practicing
PCa pathologists. Clinical and pathological data, including statin use
information, were obtained through a comprehensive chart review.
As validation, an independent TMA (US Biomax, PR807b) was
stained and scored. To evaluate apoptosis in our xenograft experi-
ments, excised tumor tissues were fixed in 10% buffered formalin
for at least 24 h, paraffin-embedded, sectioned and stained with an
anti-TUNEL antibody (prepared in-house) by the PRP Laboratory.
TUNEL positivity was quantified using Aperio ImageScope
v11.2.0.780 software.

2.2. Cell culture and compounds
LNCaP (CRL-1740) and PC-3 (CRL-1435) cells were purchased from
the American Type Culture Collection (ATCC) and maintained in RPMI
1640 and Ham’s F-12K medium, respectively. DU145 cells were a kind
gift of Dr. Robert Bristow (University Health Network) and were
maintained in alpha-Modified Eagle’s Medium (a-MEM). VCaP cells
were a kind gift of Dr. Mathieu Lupien (University Health Network) and
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM). All cell
lines were supplemented with 10% fetal bovine serum (FBS), 100
units/mL penicillin and 100 mg/mL streptomycin. Cell lines were
routinely confirmed to be mycoplasma-free using the MycoAlert My-
coplasma Detection Kit (Lonza), and their authenticity was verified by
short tandem repeat (STR) profiling. Fluvastatin (US Biological) was
dissolved in ethanol, dipyridamole (Sigma) was dissolved in DMSO,
mevalonate (Sigma) was dissolved in water, 25-hydroxycholesterol
(Sigma) was dissolved in ethanol and doxycycline hyclate (Sigma)
was dissolved in water.

2.3. Cell viability assays
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assays were performed as previously described [23]. Briefly, PCa cells
were seeded at 2,000e15,000 cells/well in 96-well plates overnight,
then treated in triplicate with 0e400 mM fluvastatin for 72 h.
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2.4. RNA interference
Two independent short hairpin RNAs (shRNAs) against SREBF2 were
designed using The RNAi Consortium (TRC) Genetic Perturbation
Platform (portals.broadinstitute.org/gpp/public) and cloned into the
doxycycline-inducible pLKO shRNA lentiviral system (shRNA se-
quences in Supplementary Table 1). HEK-293Tv cells were co-
transfected with the shRNA constructs, pMD2.G and psPAX2 via cal-
cium phosphate transfection. Viral supernatants were harvested 48 h
post-transfection. LNCaP cells were transduced with the lentiviral
supernatants in the presence of 8 mg/mL polybrene, after which they
were selected in 1 mg/mL puromycin.

2.5. Cell death assays
Cells were seeded at 0.5e1� 106 cells/plate and treated the next day
as indicated. After 72 h, cells were fixed in 70% ethanol for >24 h,
stained with propidium iodide and analyzed by flow cytometry for DNA
fragmentation (% pre-G1 population) as a measure of cell death, as
previously described [23].

2.6. Xenograft experiments
All animal experiments were carried out in accordance with the
regulations of the Canadian Council on Animal Care. 7e9 week-old
male NOD/SCID (non-obese diabetic/severe combined immunode-
ficiency) mice were injected with 5 million LNCaP cells subcuta-
neously in the flank in a 1:1 mixture with Matrigel (Corning). When
tumor volumes reached 200 mm3, mice were randomized and
treated with one of the following: 50 mg/kg/day fluvastatin
(resuspended in phosphate-buffered saline (PBS), administered
orally), 120 mg/kg/day dipyridamole (5 mg/mL dipyridamole in
50 mg/mL polyethylene glycol 600 and 2 mg/mL tartaric acid,
administered intraperitoneally), the combination of fluvastatin and
dipyridamole or vehicle controls. For the patient-derived xenograft
(PDX) experiment, 5 � 5 mm pieces of LTL-484 [28] were surgically
implanted subcutaneously in the flank of NOD/SCID mice. When
tumor volumes reached 200 mm3, mice were randomized and
treated with vehicle controls or fluvastatin and dipyridamole, as
described above.

2.7. Fluvastatin quantification
Fluvastatin concentrations were quantified by high-performance
liquid chromatography (HPLC)-tandem mass spectrometry (MS/
MS) with atorvastatin used as the internal standard. Flash-frozen
mouse prostate and liver tissues (up to 250 mg) were homoge-
nized in liquid nitrogen and resuspended in 500 mL of water.
Serum and tissue samples were subjected to methyl tert-butyl
ether extraction, after which the supernatants were separated,
dried at room temperature and reconstituted in 250 mL of meth-
anol:water (1:1). 10 mL of sample was injected into a Shimadzu
CBM-20A system coupled with a triple quadrupole mass spec-
trometer (API 3200, Applied Biosystems/MDS SCIEX). Chromato-
graphic separation was achieved using a Phenomenex HyperClone
BDS C18 column (50 � 2.0 mm, 5 mm). The binary mobile phase
consisted of 5 mM ammonium acetate in water (mobile phase A)
and 5 mM ammonium acetate in acetonitrile (mobile phase B), and
was delivered at a flow rate of 0.5 mL/min. The following gradient
schedule was used: 10%e100% B (0.0e1.0 min), 100% B (1.0e
3.0 min), 100%e10% B (3.0e3.2 min) and 10% B (3.2e6.0 min).
Data collection, peak integration and processing were performed
using Analyst version 1.4.2 software (Applied Biosystems/MDS
SCIEX).
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2.8. Immunoblotting
Whole cell lysates were prepared by washing cells twice with cold PBS
and lysing cells in RIPA buffer (50 mM TriseHCl pH 8.0, 150 mM NaCl,
0.5% sodium deoxycholate, 1% NP-40, 0.1% SDS, 1 mM EDTA,
protease inhibitors) on ice for 30 min. Lysates were cleared by
centrifugation and protein concentrations were determined using the
Pierce 660 nm Protein Assay Kit (Thermo Fisher Scientific). Equal
amounts of protein were diluted in Laemmli sample buffer, boiled for
5 min and resolved by SDS-polyacrylamide gel electrophoresis. The
resolved proteins were then transferred onto nitrocellulose mem-
branes. Membranes were blocked for 1 h in 5% milk in PBS/0.1%
Tween-20 (PBS-T) at room temperature, and then probed with the
following primary antibodies in 5% milk/PBS-T overnight at 4 �C:
SREBP2 (1:250; BD Biosciences, 557037), SREBP1 (1:250; Santa
Cruz, sc-13551), a-Tubulin (1:3000; Calbiochem, CP06), Actin
(1:3000; Sigma, A2066), PARP (1:1000; Cell Signaling Technology,
#9542). Primary antibodies were detected using IRDye-conjugated
secondary antibodies and the Odyssey Classic Imaging System (LI-
COR Biosciences). Densitometric analysis was performed using
ImageJ 1.47v software.

2.9. Quantitative RT-PCR
Total RNA was isolated from subconfluent cells using TRIzol Reagent
(Invitrogen). cDNA was synthesized from 500 ng RNA using Super-
Script III (Invitrogen). Quantitative reverse transcription PCR (qRT-PCR)
was performed using the ABI Prism 7900HT sequence detection
system and TaqMan probes (Applied Biosystems) for the following
genes: HMGCR (Hs00168352), HMGCS1 (Hs00266810), INSIG1
(Hs01650979), SCD (Hs01682761) and RPL13A (Hs01578913).

3. RESULTS

3.1. Expression of the metabolic enzyme HMGCR is elevated in
primary PCa tissues and is associated with poor prognosis
Given the promising epidemiological data that support an association
between statin use and improved PCa patient outcome, we first
evaluated whether expression of the enzymatic target of statins,
HMGCR, is deregulated in primary PCa tissues. We performed
immunohistochemistry (IHC) for HMGCR using a validated antibody [29]
(Supplementary Fig. 1) on tissue microarrays (TMAs) comprised of
matched normal and malignant prostate tissues from 149 PCa patients
who underwent a radical prostatectomy (RP) (Figure 1, Supplementary
Fig. 2). Staining intensity was scored as either “negative/weak” or
“strong” by PCa pathologists. A greater proportion of PCa tissues
scored as having high HMGCR expression compared to normal prostate
tissues, suggesting that HMGCR expression is deregulated in PCa
(Figure 1BeC). This observation was validated by staining an inde-
pendent TMA comprised of 30 benign (normal and hyperplasia)
prostate and 45 PCa tissue samples (Supplementary Fig. 3).
We next evaluated whether high HMGCR protein expression was
associated with biochemical relapse (BCR)-free survival in this cohort
of patients. When considering all 149 patients, no significant associ-
ation was observed between HMGCR expression and BCR-free survival
(Supplementary Fig. 2A). However, 36 patients (24%) were docu-
mented statin users. Given that statin-mediated HMGCR inhibition has
been reported to activate a feedback response that ultimately results in
the upregulation of MVA pathway enzyme expression, including
HMGCR [23,30], there was the potential that statin use was a con-
founding variable. Interestingly, when considering only statin non-
users, a statistically significant association was observed between
HMGCR expression and BCR-free survival, where patients with high
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HMGCR expression relapsed earlier than patients with lower HMGCR
expression (Figure 1D). When comparing HMGCR expression to other
clinical and pathological features such as pre-treatment prostate-
specific antigen (PSA) levels, Gleason score and extracapsular
extension, no association was observed, even when accounting for
statin use (Figure 1E, Supplementary Fig. 2B).

3.2. Sensitivity to HMGCR inhibition is inversely associated with
fluvastatin-induced SREBP2 activation in PCa cell lines
To evaluate the effects of HMGCR inhibition on PCa viability, we treated
PCa cell lines with increasing doses of fluvastatin in vitro. We chose to
evaluate fluvastatin because we previously demonstrated that flu-
vastatin does not interact with P-glycoprotein, a major drug efflux
pump associated with drug resistance, at clinically-achievable con-
centrations [31]. Fluvastatin also offers a lower potential for druge
drug interactions compared to many of the other statins, as it is not
metabolized by the cytochrome P450 3A4 (CYP3A4) complex, and
therefore foods or the many drugs that can modulate CYP3A4 function
will not affect fluvastatin activity [32]. Importantly, while hydrophilic
statins (e.g. pravastatin, rosuvastatin) exhibit high hepatoselectivity,
lipophilic statins have been measured in extrahepatic tissues such as
the brain [33]. It is therefore hypothesized that lipophilic statins, such
as fluvastatin, can reach tumors in distant organs, including the
prostate. Indeed, we were able to measure fluvastatin in the prostate of
NOD/SCID mice after oral delivery, albeit at a concentration approxi-
mately 10-fold less than what was measured in the serum (Figure 2).
Intriguingly, a range of fluvastatin sensitivities was observed among
the four PCa cell lines evaluated (Figure 3A). Fluvastatin exhibited
cytotoxic effects in PC-3 cells at low micromolar concentrations similar
to those measurable in the mouse prostate, whereas LNCaP, DU145
and VCaP cells were less sensitive to fluvastatin exposure (Figure 3A).
Treatment of statin-sensitive PC-3 cells with fluvastatin resulted in cell
death, as evidenced by increased DNA fragmentation and PARP
cleavage, which was fully rescued by the addition of MVA (Figure 3B).
This supports that the apoptotic response in PC-3 cells is due to direct
HMGCR inhibition.
Inhibition of HMGCR activity results in the depletion of intracellular
sterol levels, which in turn results in the activation of SREBP2 [30,34].
SREBP2 resides in the endoplasmic reticulum (ER) in its precursor,
full-length form. In response to sterol depletion, SREBP2 is escorted
to the Golgi apparatus, where it is cleaved. Cleavage of SREBP2
liberates the N-terminal transcription factor, which then translocates
to the nucleus to activate the transcription of sterol metabolism
genes, including those that encode enzymes of the MVA pathway
(Figure 3C). Most normal and cancer cells demonstrate robust
SREBP2 activation in response to sterol depletion; however, impair-
ment of this sterol-regulated feedback response has been docu-
mented in a subset of cancer cells [23,35,36]. We next evaluated
SREBP2 activation in PCa cell lines in response to fluvastatin treat-
ment. Intriguingly, while increased SREBP2 cleavage was evident
after fluvastatin treatment in LNCaP, DU145 and VCaP cells, no
fluvastatin-induced SREBP2 cleavage was observed in statin-sensitive
PC-3 cells (Figure 3D). In line with this observation, treatment of PC-3
cells with fluvastatin failed to induce the expression of the SREBP2
target genes HMGCR and HMG-CoA synthase 1 (HMGCS1) after 16 h
of treatment (Figure 3E). In contrast, treatment of LNCaP cells with
fluvastatin resulted in the upregulation of both HMGCR and HMGCS1
mRNA expression (Figure 3F). This response was completely abro-
gated by the addition of 25-hydroxycholesterol (25-HC), supporting
that this restorative feedback mechanism is sterol-regulated in LNCaP
cells (Figure 3F).
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Figure 2: Fluvastatin can be measured in the mouse prostate. Male NOD/SCID mice were treated with PBS or 50 mg/kg/day fluvastatin by oral gavage for 4 consecutive days.
2 h after the last treatment, serum samples were collected, the mice were euthanized and prostate and liver tissues were harvested. Fluvastatin concentrations were quantified by
HPLC-MS/MS. Error bars represent the mean � SD, n ¼ 5 mice per group.
3.3. Inhibition of the sterol-regulated feedback loop of the MVA
pathway potentiates fluvastatin-induced cell death in PCa cell lines
Given that fluvastatin sensitivity seemed to be inversely associated with
the ability of PCa cells to activate SREBP2 and upregulate the expression
of sterol metabolism genes in response to fluvastatin treatment, we next
evaluated whether inhibition of the sterol-regulated feedback loop of the
MVA pathway potentiated the cytotoxic effects of fluvastatin. Given that
the addition of 25-HC prevented the upregulation of HMGCR and
HMGCS1 mRNA expression in response to fluvastatin treatment
(Figure 3F), we tested whether 25-HC could sensitize PCa cells to flu-
vastatin. Treatment of LNCaP and DU145 cells with a sub-toxic con-
centration of 25-HC significantly decreased the IC50 value of fluvastatin,
suggesting that inhibition of SREBP2 activation can potentiate the
cytotoxic effects of fluvastatin (Figure 4AeB). As a complementary
approach, we knocked down SREBP2 in LNCaP cells using two inde-
pendent doxycycline-inducible shRNAs (Figure 4C). SREBP2 knockdown
abrogated fluvastatin-induced HMGCS1 expression and significantly
decreased the IC50 value of fluvastatin (Figure 4DeE). Moreover,
treatment of LNCaP cells with fluvastatin in the presence of SREBP2
knockdown resulted in increased apoptosis, as evidenced by increased
PARP cleavage (Figure 4F). Collectively, these data suggest that inhib-
iting the sterol-regulated feedback loop of the MVA pathway is a viable
approach to potentiate statin-induced PCa cell death.

3.4. Dipyridamole inhibits fluvastatin-induced SREBP activation
and potentiates fluvastatin-induced apoptosis in PCa cell lines
There is significant interest in targeting the SREBP family of tran-
scription factors in PCa, as reactivation of lipogenesis has been shown
to promote disease progression [17]. In addition to SREBP2, the master
transcriptional regulator of fatty acid metabolism (SREBP1) has also
been implicated as a viable therapeutic target in PCa [37]. Small
molecule inhibitors, such as fatostatin, have been identified to inhibit
both SREBP1 and SREBP2 and exhibit anti-cancer activity in vivo [37];
however, fatostatin has yet to be evaluated in clinical trials. More
recently, our lab identified that the drug dipyridamole, which is
currently approved as an anti-platelet agent, can also inhibit statin-
induced SREBP2 activation [38]. Given that inhibiting SREBP2 poten-
tiated statin-induced cell death in PCa cells (Figure 4), dipyridamole
could potentially offer an immediately-available option to increase the
therapeutic window of statins as anti-PCa agents.
To evaluate whether dipyridamole treatment could sensitize PCa cells
to fluvastatin, we treated PC-3, LNCaP, DU145 and VCaP cells with
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fluvastatin alone or in combination with a sub-lethal, physiologically-
achievable dose of dipyridamole [38]. Treatment of LNCaP, DU145 and
VCaP cells with dipyridamole significantly lowered the IC50 value of
fluvastatin in these cell lines (Figure 5A). Furthermore, combining
fluvastatin and dipyridamole, at doses that had a minimal effect when
used as single agents, resulted in significantly increased apoptosis in
both LNCaP and DU145 cells (Figure 5B). Cell death in response to the
fluvastatin and dipyridamole combination was fully rescued by the
addition of MVA (Supplementary Fig. 4).
Interestingly, the fluvastatin IC50 value of PC-3 cells remained unaffected
by dipyridamole co-treatment, which is consistent with the observation
that PC-3 cells failed to upregulate sterol metabolism gene expression in
response to fluvastatin (Figures 3E, 5A, Supplementary Fig. 5).
Treatment of less statin-sensitive PCa cell lines with dipyridamole
abrogated fluvastatin-induced cleavage and activation of SREBP2 and
upregulation of lipid metabolism gene expression (Figure 5CeE,
Supplementary Fig. 6). Given that activation of SREBP1 is post-
translationally regulated by the same mechanism as SREBP2, we
evaluated whether dipyridamole could also inhibit SREBP1. Indeed,
fluvastatin-induced cleavage of SREBP1 was also inhibited by dipyr-
idamole, an effect that was previously undocumented for this clinically-
approved agent (Figure 5CeD).

3.5. The combination of fluvastatin and dipyridamole delays
prostate tumor growth
Given that both fluvastatin and dipyridamole are clinically-approved
and poised for repurposing, we evaluated whether the fluvastatin-
dipyridamole combination was effective at delaying tumor growth
in vivo. We treated NOD/SCID mice harboring established LNCaP
xenografts orally with fluvastatin and/or intraperitoneally (i.p.) with
dipyridamole. The combination of fluvastatin and dipyridamole
significantly decreased tumor volumes, while each agent alone had
no effect compared to vehicle-treated mice (Figure 6A). After 12 days
of treatment, LNCaP tumors from mice treated with both fluvastatin
and dipyridamole had increased TUNEL staining compared to vehicle-
treated mice, suggesting that the drug combination induced
apoptosis in vivo (Figure 6B). We further evaluated the drug combi-
nation in a clinically-relevant patient-derived xenograft (PDX) model
of androgen-sensitive PCa. Consistent with the LNCaP xenograft
results, the fluvastatin-dipyridamole drug combination significantly
decreased tumor volumes and final tumor weights in the PDX model
(Figure 6CeD).
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Figure 3: Sensitivity to HMGCR inhibition is inversely associated with fluvastatin-induced SREBP2 activation in PCa cell lines. (A) PCa cell lines were treated with a range
of fluvastatin doses for 72 h, and cell viability was determined using an MTT assay. Error bars represent the mean � SD, n ¼ 3e5. (B) PC-3 cells were treated with fluvastatin
�200 mM MVA for 72 h, fixed in ethanol and assayed for DNA fragmentation (% pre-G1 population) as a marker of cell death by propidium iodide staining. Error bars represent the
mean þ SD, n ¼ 3, *p < 0.05 (one-way ANOVA with Tukey’s multiple comparisons test). Protein was also isolated from PC-3 cells after 72 h of treatment and immunoblotting was
performed to assay for PARP cleavage. (C) Schematic representation of the MVA pathway and its sterol-regulated feedback loop. Depletion of cholesterol following statin-mediated
inhibition of HMGCR results in the cleavage and activation of SREBP2 and upregulation of the MVA pathway enzymes HMGCR and HMGCS1. (D) PCa cell lines were treated with
10 mM fluvastatin for 8 h. Protein was then isolated and lysates were analyzed for statin-induced SREBP2 activation by immunoblotting. Both the full-length (inactive) and cleaved
forms of SREBP2 were detected. (E) PC-3 cells were treated with 1 or 5 mM fluvastatin for 16 h, and RNA was isolated to assay for HMGCR and HMGCS1 expression by qRT-PCR.
mRNA expression data are normalized to RPL13A expression. Error bars represent the mean þ SD, n ¼ 3. (F) LNCaP cells were treated with 5 mM fluvastatin �1 mM 25-
hydroxycholesterol (25-HC) for 16 h, and RNA was isolated to assay for HMGCR and HMGCS1 expression by qRT-PCR. mRNA expression data are normalized to RPL13A
expression. Error bars represent the mean þ SD, n ¼ 3, *p < 0.05 (one-way ANOVA with Bonferroni’s multiple comparisons test, where each group was compared to the solvent
control group).
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4. DISCUSSION

Increasing evidence supports that statins possess anti-cancer prop-
erties; however, in PCa, a broad range of sensitivity to fluvastatin was
observed (Figure 3A). In order to advance statins as anti-cancer agents
for the treatment of PCa, it is crucial to understand what features
124 MOLECULAR METABOLISM 25 (2019) 119e130 � 2019 University Health Network. Published by Elsevier G
distinguish the subset of prostate tumors that are responsive to statins
and/or identify effective statin-drug combinations to increase their
therapeutic potential.
Sensitivity to fluvastatin was inversely associated with the ability to
induce the expression of SREBP2 target genes following fluvastatin
exposure. When HMGCR activity is inhibited by statins, intracellular
mbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: Inhibition of the sterol-regulated feedback loop of the MVA pathway potentiates fluvastatin-induced cell death in PCa cell lines. (A) LNCaP and DU145 cells
were treated with a range of fluvastatin doses � a sub-toxic dose (1 mM) of 25-hydroxycholesterol (25-HC) for 72 h, and cell viability was determined using an MTT assay. Error
bars represent the mean � SD, n ¼ 3, *p < 0.05 (Student t test, unpaired, two-tailed). (B) Fluvastatin IC50 values for LNCaP and DU145 cells treated with fluvastatin alone or in
combination with 1 mM 25-HC. Error bars represent the mean þ SD, n ¼ 3, *p < 0.05 (Student t test, unpaired, two-tailed). (C) LNCaP cells expressing inducible shRNAs against
SREBF2 were induced for 72 h with 1 mg/mL doxycycline and protein was isolated to assay for SREBP2 expression by immunoblotting. (D) LNCaP shScramble and shSREBF2 cells
were treated with 1 mg/mL doxycycline for 56 h and then EtOH or 10 mM fluvastatin for an additional 16 h in the presence of 1 mg/mL doxycycline. RNA was isolated to assay for
HMGCS1 expression by qRT-PCR. mRNA expression data are normalized to RPL13A expression. Error bars represent the mean þ SD, n ¼ 3, *p < 0.05 (Student t test, unpaired,
two-tailed). (E) LNCaP shScramble and shSREBF2 cells were treated with a range of fluvastatin doses in the presence of 1 mg/mL doxycycline for 72 h, and cell viability was
determined using an MTT assay. The IC50 values are plotted. Error bars represent the mean þ SD, n ¼ 3, *p < 0.05 (one-way ANOVA with Bonferroni’s multiple comparisons test,
where each group was compared to the shScramble control). (F) LNCaP shScramble and shSREBF2 cells were treated with EtOH or 10 mM fluvastatin for 72 h in the presence of
1 mg/mL doxycycline. Protein was then isolated to assay for PARP cleavage by immunoblotting.
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Figure 5: Dipyridamole inhibits fluvastatin-induced SREBP activation and potentiates fluvastatin-induced apoptosis in PCa cell lines. (A) PCa cell lines were treated with
a range of fluvastatin doses � a sub-lethal dose (5 mM) of dipyridamole for 72 h, and cell viability was determined using an MTT assay. The IC50 values are plotted. Error bars
represent the mean þ SD, n ¼ 3e5, *p < 0.05 (Student t test, unpaired, two-tailed). (B) LNCaP and DU145 cells were treated with solvent controls, 10 mM fluvastatin, 5 mM
dipyridamole (DP) or the combination for 72 h, fixed in ethanol and assayed for DNA fragmentation (% pre-G1 population) as a marker of cell death by propidium iodide staining.
Error bars represent the mean þ SD, n ¼ 3, *p < 0.05 (one-way ANOVA with Tukey’s multiple comparisons test). Protein was also isolated from cells after 72 h of treatment and
immunoblotting was performed to assay for PARP cleavage. (C) LNCaP cells were treated with 10 mM fluvastatin �5 mM DP for 8 h, and protein was isolated to assay for SREBP1
and SREBP2 expression and cleavage (activation) by immunoblotting. (D) SREBP1 and SREBP2 cleavage (cleaved/full-length) was quantified by densitometry and normalized to
Actin expression. Error bars represent the mean þ SD, n ¼ 3, *p < 0.05 (one-way ANOVA with Bonferroni’s multiple comparisons test, where each group was compared to the
solvent controls group). (E) LNCaP cells were treated with 10 mM fluvastatin �5 mM DP for 16 h, and RNA was isolated to assay for HMGCR, HMGCS1, INSIG1 and SCD expression
by qRT-PCR. mRNA expression data are normalized to RPL13A expression. Error bars represent the mean þ SD, n ¼ 3, *p < 0.05 (one-way ANOVA with Bonferroni’s multiple
comparisons test, where each group was compared to the solvent controls group).
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pools of sterols and other non-sterol isoprenoids are depleted [5]. The
depletion of sterols typically leads to the cleavage and activation of the
SREBP transcription factors, which subsequently activate the tran-
scription of MVA pathway genes, thus restoring MVA pathway activity
[30,34]. In this study, we demonstrated that relatively statin-insensitive
PCa cell lines cleave SREBP2 and activate this restorative feedback
loop in response to fluvastatin treatment. Inhibiting this sterol-
regulated feedback loop with dipyridamole potentiated fluvastatin-
induced apoptosis in these cell lines (Figure 5). This was also ach-
ieved by knockdown of SREBP2 (Figure 4CeF), which is consistent
with the results of our recent genome-wide shRNA dropout screen that
126 MOLECULAR METABOLISM 25 (2019) 119e130 � 2019 University Health Network. Published by Elsevier G
identified SREBP2 knockdown as a potentiator of statin-induced tumor
cell death [39]. This suggests that statin-induced SREBP2 activation is
a tumor vulnerability across multiple cancer types.
Intriguingly, while we demonstrated that dipyridamole can inhibit both
SREBP1 and SREBP2 activation in response to statin treatment
(Figure 5CeD), knockdown of SREBP2 alone was sufficient to phe-
nocopy the effects of dipyridamole and potentiate statin-induced
apoptosis in LNCaP cells (Figure 4CeF). While SREBP1 primarily
regulates the expression of genes involved in fatty acid metabolism, it
shares a subset of target genes with SREBP2 [40], suggesting some
functional redundancies between these transcription factors. Indeed, it
mbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 6: The combination of fluvastatin and dipyridamole delays prostate tumor growth. (A) Male NOD/SCID mice were injected subcutaneously with 5 million LNCaP cells.
Once tumors reached a volume of 200 mm3, the mice were randomized to receive 50 mg/kg/day fluvastatin (oral), 120 mg/kg/day dipyridamole (i.p. injection), the combination or
vehicle controls. The drug combination resulted in significantly reduced tumor volumes. Error bars represent the mean � SD, n ¼ 4e5 mice per treatment group, *p < 0.05 (one-
way ANOVA with Tukey’s multiple comparisons test). (B) After 12 days of treatment, tumors were excised, fixed and assayed for TUNEL staining by IHC. TUNEL-positive cells were
quantified and representative images are shown (scale bar ¼ 100 mm). Box plot with whiskers representing minimum and maximum values, n ¼ 4e5 mice per treatment group,
*p < 0.05 (one-way ANOVA with Tukey’s multiple comparisons test). (C) Male NOD-SCID mice were engrafted subcutaneously with LTL-484 patient-derived xenograft tissue. Once
tumors reached a volume of 200 mm3, the mice were randomized to receive fluvastatin and dipyridamole (as above) or vehicle controls. The drug combination resulted in
significantly reduced tumor volumes. Error bars represent the mean � SD, n ¼ 6e9 mice per treatment group, *p < 0.05 (Student t test, unpaired, two-tailed). (D) After 24 days of
treatment, the mice were euthanized, and the tumors were excised and weighed. Tumors from the mice treated with the drug combination weighed significantly less than those
from the mice treated with the vehicle controls. Box plot with whiskers representing minimum and maximum values, n ¼ 6e9 mice per treatment group, *p < 0.05 (Student t test,
unpaired, two-tailed).
has previously been reported that SREBP1 can compensate for
reduced SREBP2 expression in a tissue-specific manner [41]. Hence, it
is possible that inhibition of SREBP2 alone in some tumors may be
insufficient to potentiate statin-induced apoptosis due to compensation
by SREBP1, and therefore an inhibitor against both SREBP1 and
SREBP2, such as dipyridamole, would have broader utility and greater
anti-cancer efficacy in combination with a statin.
In contrast to the other PCa cell lines that were evaluated, the statin-
sensitive PC-3 cell line failed to induce SREBP2 target gene expression
in response to fluvastatin treatment (Figure 3DeE). In line with this
observation, co-treatment with dipyridamole did not potentiate cell
death in this cell line (Figure 5A, Supplementary Fig. 5). Impaired
feedback regulation of sterol metabolism has been documented in a
number of different cancer types [23,35,36]; however, the mecha-
nisms of deregulation in these cancer cells remain to be elucidated. In
the context of PC-3 cells, the failure to upregulate HMGCR and
MOLECULAR METABOLISM 25 (2019) 119e130 � 2019 University Health Network. Published by Elsevier GmbH. This i
www.molecularmetabolism.com
HMGCS1 expression in response to fluvastatin was not due to a lack of
SREBP2 expression (Figure 3D). Rather, these cells expressed high
levels of both full-length and cleaved SREBP2, suggesting that addi-
tional post-translational or epigenetic mechanisms may be contrib-
uting to their inability to mount this feedback response. Further
investigation into the mechanisms of impaired feedback regulation of
the MVA pathway in cancer is warranted, as this could potentially
reveal predictive biomarkers of statin sensitivity.
We also demonstrated that, in addition to impaired feedback regula-
tion, the MVA pathway was deregulated at the level of HMGCR protein
expression in primary PCa tissues. Analysis of matched normal and
malignant prostate tissues from PCa patients revealed that a greater
proportion of prostate tumors express high levels of HMGCR compared
to normal prostate controls (Figure 1B, C, Supplementary Fig. 3).
Moreover, high HMGCR expression in prostate tumors was significantly
associated with earlier BCR (Figure 1D), which is consistent with
s an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 127
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evidence that HMGCR overexpression and MVA pathway activation
contribute to tumorigenesis [29]. Deregulation of the MVA pathway at
the level of HMGCR expression in PCa suggests that prostate tumors
may be particularly sensitive to statin-induced apoptosis; however,
data in the literature are conflicting as to whether or not HMGCR
expression alone can accurately predict statin sensitivity
[20,22,23,42]. One possible explanation for these conflicting data is
the poor specificity of many commercially-available HMGCR antibodies
[22,29]. In this study, we used a monoclonal antibody that we previ-
ously showed can detect human HMGCR at the predicted 97 kDa
molecular weight by immunoblotting, and which reliably detects the
upregulation of HMGCR expression following statin treatment in cell
lines [29] and in the mouse liver (Supplementary Fig. 1). Further
comprehensive studies using validated HMGCR reagents are needed to
accurately evaluate the utility of HMGCR expression as a predictive
biomarker of statin sensitivity.
Interestingly, the association between HMGCR expression and BCR
was only observed among statin non-users. While statins decrease
serum cholesterol by primarily inhibiting cholesterol biosynthesis in the
liver, it has been suggested that statin use may result in the
compensatory activation of the MVA pathway in extrahepatic tissues
[43,44]. In line with this hypothesis, data from a window-of-
opportunity clinical trial in breast cancer revealed that women
treated with high cholesterol-lowering doses of atorvastatin had higher
HMGCR expression in their tumor tissue after two weeks of treatment
[42]. In our cohort of PCa patients, no significant difference in HMGCR
expression was observed between statin users and non-users; how-
ever, the dose, type and duration of statin use at the time of RP varied
among patients. As a result, HMGCR expression at the time of RP is a
poor marker of statin-regulated MVA pathway activity in this cohort of
patients. Analysis of tissue samples pre- and post-statin treatment
from recently completed window-of-opportunity clinical trials in PCa
(e.g. Murtola et al. [24] or NCT01992042) will be useful in determining
how statin use affects intratumoral expression of MVA pathway genes
and in identifying potential biomarkers of statin sensitivity.
A number of mechanisms have been proposed to explain why PCa cells
are dependent on MVA metabolism [44,45]. Cholesterol serves as the
precursor for steroid hormones, including androgens, which are
important for PCa cell survival and disease progression [46]. Choles-
terol is also an important component of lipid rafts, which facilitate cell
signaling events initiated at the cell membrane that are important for
cell survival [47]. However, with the exception of a few studies [47],
attempts to rescue the anti-cancer effects of statins with sterols have
failed in a variety of different cancer cell types, including PCa [48e50].
Rather, in these studies, addition of the non-sterol isoprenoid ger-
anylgeranyl pyrophosphate (GGPP), and sometimes farnesyl pyro-
phosphate (FPP), more consistently rescued statin-induced cell death.
Our observations, as well as those of others [51], that inhibition of the
sterol-regulated feedback loop of the MVA pathway potentiates statin-
induced apoptosis offers a possible explanation for these results.
Rather than compensate for the inhibition of HMGCR, increasing sterol
levels retains SREBP2 in its inactive form at the ER, thus abrogating the
ability of cells to compensate for MVA pathway inhibition, which in turn
potentiates cell death. This indicates that both the sterol and non-sterol
isoprenoid branches of the MVA pathway are important for PCa cell
survival. While depletion of non-sterol isoprenoid pools results in
cancer cell death, the depletion of sterols triggers a homeostatic
feedback response through which the cell attempts to compensate for
the depletion of these crucial MVA-derived metabolites.
The result that statin-induced cell death can be rescued by exogenous
mevalonate suggests that, in part, statins act by directly inhibiting
128 MOLECULAR METABOLISM 25 (2019) 119e130 � 2019 University Health Network. Published by Elsevier G
HMGCR in tumor cells. Achieving the same effect clinically would
require sufficient statin drug accumulation in the peripheral circulation
and prostate tissue. For our studies, we evaluated fluvastatin, a lipo-
philic statin that can achieve high maximum serum concentrations
[52], which we hypothesized could reach the prostate. To the best of
our knowledge, we report here for the first time that fluvastatin can be
measured in the mouse prostate (Figure 2); however, assuming that
these concentrations are similar to those achievable in the human
prostate, fluvastatin monotherapy is unlikely to be effective at killing
PCa cells in every patient. Two potential strategies to increase the anti-
cancer effects of statins in the prostate are: i) dose-escalation and ii)
statin-drug combination therapy. In our xenograft studies, fluvastatin
was administered at 2e3� the typical cholesterol-lowering dose.
Evidence from a number of phase I clinical studies has demonstrated
that statins are well-tolerated at these higher doses [53,54]. We, and
others, have also demonstrated that the cytotoxic effects of statins are
both dose- and time-dependent [19,20,49], and therefore longer
treatment durations at lower doses may be equally as effective,
especially for a disease with a long natural history such as PCa.
Prospective dose-finding studies are necessary to evaluate how best to
prescribe statins in the context of PCa. In addition to dose-escalation,
statins can be combined with other agents that potentiate their anti-
cancer effects. Here, we provided evidence to support that inhibiting
the sterol-regulated feedback loop of the MVA pathway with dipyr-
idamole can potentiate fluvastatin-induced apoptosis, both in vitro and
in vivo. Furthermore, co-treatment with dipyridamole significantly re-
duces the dose of fluvastatin required to induce PCa cell death.

5. CONCLUSION

Inhibiting the MVA pathway at the level of HMGCR with physiologically-
achievable concentrations of fluvastatin is only effective at killing a
minority of PCa cells. In other PCa cells, where SREBP2 is activated
following fluvastatin treatment, fluvastatin-induced cell death is
dampened. In these cells, inhibiting both the MVA pathway and
SREBP2 is necessary to induce apoptosis, which can be achieved by
combining fluvastatin with a second clinically-approved agent, dipyr-
idamole. Our study provides strong pre-clinical rationale to warrant
further clinical evaluation of these immediately-available and well-
tolerated drugs for the treatment of PCa.
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