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Abstract

BACKGROUND—Epidemiologic data suggest cholesterol-lowering drugs may prevent the
progression of prostate cancer, but not the incidence of the disease. However, the association of
combination therapy in cholesterol reduction on prostate or any cancer is unclear. In this study, we
compared the effects of the cholesterol lowering drugs simvastatin and ezetimibe alone or in
combination on the growth of LAPC-4 prostate cancer in vivo xenografts.

METHODS—Proliferation assays were conducted by MTS solution and assessed by Student’s #
test. 90 male nude mice were placed on a high-cholesterol Western-diet for 7 days then injected
subcutaneously with 1 x 10° LAPC-4 cells. Two weeks post-injection, mice were randomized to
control, 11 mg/kg/day simvastatin, 30 mg/kg ezetimibe, or the combination and sacrificed 42 days
post-randomization. We used a generalized linear model with the predictor variables of treatment,
time, and treatment by time (i.e., interaction term) with tumor volume as the outcome variable.
Total serum and tumor cholesterol were measured. Tumoral RNA was extracted and cDNA
synthesized from 1 ug of total RNA for quantitative real-time PCR.
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RESULTS—Simvastatin directly reduced in vitro prostate cell proliferation in a dose-dependent,
cell line-specific manner, but ezetimibe had no effect. In vivo, low continuous dosing of ezetimibe,
delivered by food, or simvastatin, delivered via an osmotic pump had no effect on tumor growth
compared to control mice. In contrast, dual treatment of simvastatin and ezetimibe accelerated
tumor growth. Ezetimibe significantly lowered serum cholesterol by 15%, while simvastatin had
no effect. Ezetimibe treatment resulted in higher tumor cholesterol. A sixfold induction of low
density lipoprotein receptor mRNA was observed in ezetimibe and the combination with
simvastatin versus control tumors.

CONCLUSIONS—Systemic cholesterol lowering by ezetimibe did not slow tumor growth, nor
did the cholesterol independent effects of simvastatin and the combined treatment increased tumor
growth. Despite lower serum cholesterol, tumors from ezetimibe treated mice had higher levels of
cholesterol. This study suggests that induction of low density lipoprotein receptor is a possible
mechanism of resistance that prostate tumors use to counteract the therapeutic effects of lowering
serum cholesterol.

Keywords
prostate cancer; cholesterol; simvastatin; ezetimibe

INTRODUCTION

Hypercholesterolemia, or high cholesterol, is a problematic issue in the United States. It is
estimated that 102.2 million adults suffer from high cholesterol, which is characterized by
total serum cholesterol levels >200 mg/dL [1]. Typically, adults with high cholesterol are at
greater risk for heart disease and stroke [2]. Several treatment options exist for patients with
hypercholesterolemia including HMG-CoA reductase inhibitors (statins), cholesterol uptake
inhibitors such as niacin, fenofibrates, or ezetimibe [3], as well as dietary intervention [4].

Aside from cardiovascular disorders, recent data suggest consuming factors that are
associated with high cholesterol (i.e., a high-fat, high-cholesterol “Western” diet) may be a
risk factor for many solid tumors, including breast, colorectal, pancreatic, liver, and prostate
cancers [5-8]. In terms of cholesterol and prostate cancer (PCa) risk, although not all studies
support an association between cholesterol levels and PCa, the preponderance of the
evidence supports a role for HDL, LDL and, total cholesterol (TC) in overall PCa risk [9-
12] and in PCa progression [13]. However, the strongest evidence to date supports selective
association between hypercholesterolemia and increased incidence of lethal or advanced
prostate cancer with no association with total PCa risk [14,15]. In line with this, several pre-
clinical studies suggest that high cholesterol promotes PCa progression [16-18], including a
study that demonstrated that the cholesterol-uptake inhibitor ezetimibe reduced PCa growth
of an LNCaP xenograft model [19]. The aforementioned study revealed an association
between lowering serum cholesterol with slower tumor growth and decreased angiogenesis
in mice treated with ezetimibe, despite consuming a high-fat, high-cholesterol diet.

As cholesterol appears to be important in tumor progression, in part, by increasing lipid raft
formation and subsequent cell survival pathways [16] and/or by contributing to androgen
synthesis [17], it has been hypothesized that cholesterol-lowering drugs may have anti-

Prostate. Author manuscript; available in PMC 2018 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Masko et al.

Page 3

cancer properties. Inhibitors of the enzyme HMGCOoA reductase, statins block the rate-
limiting step in the de novo cholesterol synthesis pathway which might explain their anti-
PCa properties. However, statins also reduce signaling of survival pathways involved in
inflammation, angiogenesis, cell proliferation, invasion, and migration independent of
cholesterol lowering and thus may have non-cholesterol mediated effects [20-24].

In human studies, we previously showed that PCa-free men significantly reduce their PSA
levels within one year of starting a statin [25]. Interestingly, the reduction in PSA was both
proportional to the amount of LDL decline (i.e., cholesterol-mediated) as well as the statin
dose even after controlling for the LDL decline in the analysis (i.e., non-cholesterol
mediated). Moreover, in preclinical models, two studies looking at combinatorial therapy
with atorvastatin and celecoxib in vitro as well as in PC-3 and LNCaP xenograft models
showed a statistically significant inhibition of cellular growth upon treatment with both
drugs, but only modest effects when either was used alone [26,27]. This suggests that
targeting multiple pathways, both cholesterol-dependent and -independent, may be key to
slow PCa. It is important to note that while statins can have effects on both of these
pathways in humans, data suggest that statins do not lower circulating levels of cholesterol
in mice [28,29]. The inability of statins to affect circulating cholesterol levels in mice
provides an effective model to understand the mechanisms through which these drugs may
work. Do the effects of statins originate from lowering cholesterol or from other effects
exerted by these drugs? In this study, we sought to determine the ability of the cholesterol-
lowering drugs simvastatin and ezetimibe to slow PCa growth in a xenograft model. We
hypothesized that these agents will slow PCa growth via cholesterol-mediated and non-
cholesterol-mediated pathways, and the combination of the two will be more effective than
either drug alone.

MATERIALS AND METHODS

Cell Culture

DU145, LnCaP, PC-3, LNCaP, and CWR22rv1 human PCa cell lines were purchased from
the American Type Culture Collection in 2010 (ATCC; Manassas, VA) and were
authenticated by STR analysis. LAPC-4 human PCa cells were a generous gift from William
J. Aronson, UCLA School of Medicine in 2009. LnCaP, PC-3, and CWR22rv1 were
cultured in RPMI 1640 medium, while DU145 cells were cultured in Dulbecco’s Modified
Eagle Medium containing 0.1 mM Non-Essential Amino Acids and 1 mM Sodium Pyruvate.
LAPC-4 cells were maintained in Iscove’s Modified Medium supplemented with 1 nM of
the synthetic androgen R1881. All cell culture media contained 10% Fetal Bovine Serum
and 1% Penicillin/Streptomycin, and cells were grown in 5% CO, at 37°C and harvested by
trypsinization at ~80% confluence in log phase growth.

In Vitro Proliferation Assays

Cells were seeded into 96-well plates at a concentration of 5,000-7,500 cells/well. Twenty-
four hours after plating, media was removed and replaced with complete medium containing
varying concentrations of simvastatin (0-1,000 nM; Sigma—Aldrich, St. Louis, MO) or
ezetimibe (0-100 pM; Schering-Plough, Kenilworth, NJ). The cells were then incubated 0-5
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days post-treatment and analyzed for changes in cell proliferation using the Celltiter 96
Agueous One Solution Cell Proliferation Assay (Promega, Madison, WI). All experiments
were performed in triplicate and executed three times in independent experiments.

Animal Studies

After approval from the Duke University Institutional Animal Care and Use Committee, 90
male nude (Hsd:Athymic Nude-FoxnI™¥) mice, aged 6 weeks, were purchased from Harlan
Laboratories (Somerville, NJ). All diets were prepared by Research Diets (New Brunswick,
NJ). Animals were fed an ad /ib/tum high-cholesterol Western-diet (40% fat, 43%
carbohydrate, 17% protein kcals; 1.25% cholesterol) for 7 days, after which they were
injected subcutaneously with 1 x 105 LAPC-4 tumor cells in 0.1 ml of Matrigel (BD
Biosciences, Franklin Lakes, NJ). The rationale to use LAPC4 is that it is an androgen
sensitive cell line that has a wild-type androgen receptor. Moreover, we have previously
shown this cell line is sensitive to dietary manipulations [30-32]. Thus we felt this was a
good model of androgen-sensitive PCa wherein less toxic approaches (i.e., diet, lifestyle,
cholesterol manipulation) would have the greatest clinical benefit. All mice were housed five
per cage. Two weeks post-injection, all mice were randomized (day 0) to one of four
treatment groups: Control (no intervention), 11 mg/kg/day simvastatin, 30 mg/kg ezetimibe,
or combination (11 mg/kg/day simvastatin +30 mg/kg ezetimibe). The dose of ezetimibe
was based upon prior publications in the field of PCa that used this dose with significant
effects on serum cholesterol and tumor growth [19]. The highest clinical dose of simvastatin
used in patients is 80 mg. Assuming a 90 kg man (overweight—typical PCa patient who
would need a statin), adjusted for mouse dosing, the equivalent mouse dose would be 10.93
mg/kg/day [33]. This was then rounded to 11 mg/kg/day. While human dosing is typically
oral, given the large first-pass effect on simvastatin levels, herein we used continuous
subcutaneous dosing to try to increase serum levels to increase delivery to the tumor. All
mice were subcutaneously implanted with Alzet osmotic pumps (DURECT Corporation,
Cupertino, CA). These pumps, which contained 250 pl of solution, continuously
administered either vehicle control (40% DMSO, 60% PBS; used for the control and
ezetimibe alone groups) or simvastatin. Mice receiving ezetimibe did so through their diet.
Mice were weighed and tumor dimensions measured twice a week with calipers once
palpable. Tumor volumes were then calculated using the formula: width x height x length x
0.5236 [34].

Animals were euthanized using a lethal dose of Nembutol 42 days post-randomization or
when the health of the animal appeared compromised per Duke institutional criteria (ruffled
fur, hunched posture, lethargy, severe weight loss, etc.). A total of five mice were euthanized
early from the study—3 for improper wound healing at the site of pump implantation (1
control, 2 combination), and two for meeting health criteria for sacrifice (1 control, 1
combination). For the 85 mice that remained on study, serum was obtained via cardiac
puncture at harvest. Livers were removed and snap-frozen for analysis of fatty deposition.
Tumor samples were snap-frozen for necrosis and cholesterol analysis. Tissue weights were
recorded prior to snap-freezing and all samples were stored at —80°C for subsequent
analysis.
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Liver Function Analysis

Samples from the median 10 mice (by tumor size) of each experimental group were
analyzed in all secondary analyses. Serum was assayed for bilirubin (both direct and total),
alanine transaminase (ALT), and aspartate transaminase (AST) activities via ELISA
(BioAssay Systems, Hayward, CA; ID Labs, London, ON).

Tumor Necrosis and Liver Fatty Deposition Analysis

Slides of frozen tumors and livers were stained with hematoxylin and eosin (H&E) for
necrosis (tumors) and fatty deposition (livers). All slides were blinded and read by an
independent board-certified pathologist (SVP) and graded as follows: 0 = less than 10%
necrosis/fatty deposition, 1 = 10-25% necrosis/fatty depositions, 2 = 25-50% necrosis/fatty
deposition, 3 = 50-75% necrosis/fatty deposition, and 4 = greater than 75% necrosis/fatty
deposition.

Serum and Tumor Cholesterol Analysis

Measurements for total serum cholesterol were performed using a Beckman D x C600
autoanalyzer (Fullerton, CA). Tumor cholesterol was extracted as previously described [35]
and measured using the Infinity Cholesterol Liquid Stable Reagent (Thermo Scientific,
Middletown, VA).

RNA Extraction and gRT-PCR Analyses

After cryogrinding tumors, total RNA was extracted using RNeasy mini kit (Qiagen,
Germantown, MD). cDNA was synthesized from 1 pg total RNA using the BioRad iScript
cDNA Synthesis Kit. Quantitative RT-PCR (gRT-PCR) was performed with 2 pl 1:20 diluted
cDNA, 0.2 umol/L primers and the iQ SYBR Green supermix (Bio-Rad, Hercules, CA), the
results calculated using the 272A¢T method and data normalized to a 36B4 internal control.
Primer sequences were previously described [36].

Western Blot Analysis

LAPC4, LNCaP, and 22RV1 cells were plated in their respective base media supplemented
with FBS. At 50% confluency, cells were rinsed with 2x PBS and treated with respective
media supplemented with 10% lipodeficient FBS (Alfa Aesar, MA) and varying
concentrations of water-soluble cholesterol (Sigma Aldrich, MO). After 72 hr, protein from
the treated cells was harvested in 1xRIPA buffer supplemented with protease inhibitor
cocktail (Thermo Fisher, MA). Protein supernatant was then collected from treated cells
after a 10,000¢ spin at 4°C for 15 min, quantified using the DC protein assay kit (Bio-Rad)
and 30 pg was loaded onto each lane on a 7.5% SDS page gel after reducing with -
mercaptoethanol (Bio-Rad) and heating at 95°C for 5 min. Separated proteins were
transferred to nitrocellulose membranes, which were blocked for 1 hr in 7% Milk+ 1x
TBST, followed by incubation with primary antibodies, LDLR (Abcam, Cambridge, MA) or
Actin (Cell Signaling, Danvers, MA), followed by 1 hr incubation with anti-rabbit secondary
antibody (Cell Signaling). Densitometry was used for quantification of protein bands using
ImageJ gel analysis tool on scanned immunoblot images (National Institutes of Health,
Bethesda, MD).
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Statistical Analysis

In vitro proliferation rates were compared between control and each treatment group using
the Student’s #test. In the simvastatin studies, the ICgg was calculated at Day 3 using
BioDataFit 1.02 (Chang Bioscience, http://www.changbioscience.com/stat/ec50.html).

For the animal studies, to test whether treatment affected tumor growth over the 42-day post
randomization period, we used a generalized linear model with the predictor variables of
treatment, time, and treatment by time (i.e., interaction term) with tumor volume as the
outcome variable. Time was treated as categorical since growth patterns in each treatment
group were non-linear.

Secondary analyses included group comparisons of body weight, liver weight, tumor
necrosis level, liver fat deposition, cholesterol, bilirubin, AST, and ALT by linear regression
modeling. For secondary outcome variables that were not normally transformed, we applied
techniques such as logarithmic, cubic, x4, and square-root transformations to generate a
normally distributed data. Statistical analyses were performed using both a main effect term
for treatment arm and an interaction term. If the interaction term was not significant (P
>0.05), then the interaction term was removed from the model and the analyses repeated
using only variables for the primary treatment arms. All statistical analyses were performed
using STATA 11.0 (Stata Corp., College Station, TX) with £< 0.05 considered statistically
significant.

RESULTS

In Vitro Cell Proliferation Assays

Treatment of four PCa cells lines with varying concentrations of simvastatin showed
significant direct inhibition of cell growth in vitro (Fig. 1). We further calculated the ICsq for
each cell line at Day 3, which was the median duration of treatment. The inhibitory response
appeared to be cell-line specific, with the PC-3 cell line being the most sensitive (IC50 = 75
nM; Fig. 1A), followed by CWR22rv1 (IC50 = 175 nM; Fig. 1B), LAPC-4 (IC50 = 625 nM,;
Fig. 1C), and DU145 (IC50 = 628 nM; Fig. 1D).

We also treated these same four cell lines with varying concentrations of ezetimibe to
investigate whether ezetimibe could directly inhibit cell proliferation (Fig. 2). Interestingly,
all cell lines showed a significant initial spike in cell proliferation on Day 1 at low and mid-
range treatment concentrations (10-60 UM, respectively), but this spike did not occur with
treatments =80 uM. Furthermore, all changes in cell proliferation disappeared by Day 2 for
the PC-3 and CWR22rv1 cell lines (Fig. 2A and B) and Day 3 for LAPC-4 and DU145 (Fig.
2C and D). Among all cell lines, however, we saw no direct inhibitory effects of ezetimibe
on cell proliferation at any dose or time point tested.

Body Weights and Tumor Volumes

Throughout the course of this study, there were no significant differences in body weights
across the groups except at Days 24 and 42 post-randomization, when there was a significant
interaction between treatment and body weight. Specifically, mice treated with the
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combination of statin + ezetimibe were significantly heavier than predicted based upon the
single individual arms of statins and ezetimibe (Fig. 3A).

At every time point throughout the entire study, the control mice had the smallest tumors
(Fig. 3B). Likewise, throughout the entire study, the combination group had the largest
tumors, with median tumor volumes being 93% larger than control at day 42. Indeed,
starting at day 31 and continuing through the remainder of the study, the combination group
had significantly larger tumor volumes (P = 0.012 to <0.001) compared to controls. The
same trend was observed with final tumor weights at sacrifice with the combination group
having the largest tumor weights, however, no significant differences were observed overall
in treatment groups compared to control group (P = 0.089) (Fig. 3C). Our results also show
that neither statin nor ezetemibe treatment affected tumor growth compared to controls
although there was a tendency for tumors that received ezetimibe to be larger at day 34 (P=
0.089) and at day 39 (~=0.095) though this did not reach significance.

Tumor Necrosis and Fat Deposition in the Liver

Upon harvest, we observed no difference in the amount of necrosis present in the tumors of
mice receiving simvastatin (P = 0.47) or ezetimibe (£ = 0.83) compared to control (Table I;
P-interaction not significant). Overall, mice receiving any of the treatments had significantly
lighter livers compared to the control group (P <0.001). Consistent with these results, we
found that livers from the control group contained greater fat infiltration than mice receiving
simvastatin or ezetimibe (= 0.01 and <0.001, respectively), but there was no synergistic
effect when mice received both drugs (P-interaction not significant).

Analysis of Liver Function

To assess whether simvastatin and/or ezetimibe treatment caused liver toxicities, we
analyzed serum for bilirubin, ALT, and AST concentrations. From these analyses, we found
no significant difference in total bilirubin of mice receiving simvastatin or ezetimibe (P =
0.07-0.26), but found the combination of the two increased these levels beyond what was
predicted (P-interaction = 0.03; Table I). There was no difference in direct bilirubin or ALT
levels (P=0.25-0.82, p-interactions not significant). Interestingly, mice receiving
simvastatin had lower AST levels compared to control (= 0.009), but treatment with
ezetimibe had no effect (£ = 0.33). Furthermore, the combination had no further effect than
single treatment (p-interaction not significant).

Serum and Tumor Cholesterol

Overall, we found that treatment with ezetimibe significantly lowered serum cholesterol
levels by approximately 15% compared to control (£ <0.001), but treatment with simvastatin
had no effect (P= 0.25). Although the combination of simvastatin and ezetimibe lowered
serum cholesterol by 19%, the synergistic effect of these two drugs did not reach statistical
significance (~-interaction not significant). Despite lower serum cholesterol, mice in the
ezetimibe-treated group had Aighertumor concentrations of cholesterol compared to control
(P=0.02). There was no statistically significant difference between control and simvastatin-
treated mice (£ = 0.25), and there was no interaction between the two drugs (~-interaction
not significant).
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Tumor Levels of LDL Receptor (LDLR)

Given that mice that received ezetimibe had significantly higher fumor cholesterol than
control tumors despite lower serum cholesterol, we hypothesized this may be explained in
part by activation of cholesterol uptake, inhibition of cholesterol efflux, or greater
cholesterol de novo production by the tumors. To test this, we compared tumor expression of
LDLR between control and ezetimibe treated mice and found that treatment with ezetimibe
(alone or in combination with simvastatin) was associated with approximately six fold
induction in the transcript levels of LDLR (Fig. 4). Expression levels of other key genes that
contribute to cholesterol homeostasis in the tumors such as ABCG1 (cholesterol efflux) and
HMGCOoA reductase (cholesterol synthesis) did not change as a result of ezetimibe
treatment.

LDLR Protein Levels in Response Decreasing Cholesterol In Vitro

To examine this phenotype in vitro, we cultured PCa cells in media supplemented with
lipodeficient serum and added back decreasing doses of cholesterol (10-0 ug/ml) [37] for 72
hr and found that cholesterol-lowering increased LDLR protein in a dose-dependent manner
in LAPC4, 22RV1, and LNCaP cells (Fig. 5).

DISCUSSION

Hyperlipidemia is an epidemic in the United States, with nearly 50% of all adults
categorized as having high cholesterol [1]. Currently there are several options for the
treatment of high cholesterol, including statins, which block de novo cholesterol synthesis,
and ezetimibe, which blocks cholesterol uptake in the gut. Along with lowering serum
cholesterol, there is observational epidemiological data to suggest that cholesterol-lowering
drugs, particularly statins, may prevent the progression of PCa, but not necessarily the
incidence of the disease [38—41]. Of note, most pre-clinical studies tested whether statins
prevent PCa, not whether they can be used as treatment for established tumors [26,27,42].
Furthermore, these studies used intraperitoneal injections as their mode of drug delivery,
which yields a large bolus dose and not a timely release as occurs with oral intake in
humans. Therefore, in our study, we wanted to test continuous low doses of simvastatin and
ezetimibe as treatment for PCa both in vitro and in vivo. We hypothesized these cholesterol-
lowering drugs would slow PCa growth via cholesterol-mediated and non-cholesterol-
mediated pathways, and the combination of the two would be more effective than either drug
alone.

In our study, we found that constant treatment with simvastatin (0-1000 nM) in vitro
inhibited proliferation of four PCa cell lines with varying sensitivity. Our treatment
concentrations are higher than physiologic conditions, with mean peak serum concentrations
for a standard 20 mg simvastatin pill in humans being 3.2-8.7 nM [43,44]. However, our
treatment concentrations are much lower than other studies that used simvastatin in
micromolar ranges for shorter periods of time [26,27,42] and showed similar results. Only
one study to date investigated simvastatin in vitro at physiologically relevant concentrations
and found similar results as ours [45]. In contrast, we found no inhibitory effects when PCa
cells were treated with varying concentrations of ezetimibe (0-100 uM). These
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concentrations are multiple log-fold higher than mean peak plasma concentrations of 3.4-5.5
nM in adults prescribed a standard 10 mg ezetimibe dose [46]. Being the first study to
investigate the direct effects of ezetimibe on PCa cells in vitro, these data suggest that any
anti-tumor activity of ezetimibe witnessed in vivo is due solely to systemic effects, not direct
inhibition of tumor cells themselves. Given that expression of ezetimibe’s target, NPC1L1,
is generally restricted to intestinal epithelial cells and hepatocytes, this result is consistent
with expectations.

In vivo, we found no differences in body weights among the four treatment groups except at
two times point: Days 24 and 42, wherein we found the combination-treated mice were
significantly heavier than predicted. Upon examination of the livers, we found the control
group to have heavier livers and more fatty deposition compared to the treatment arms.
Although the mice consuming ezetimibe had the smallest livers by weight and the least
amount of fatty deposition among the treatment arms, we did see an interaction between the
two drugs in terms of liver weight. In terms of liver function enzymes, we found that
simvastatin lowered AST levels, the combination led to slightly higher total bilirubin levels,
but there were no effects on direct bilirubin or ALT levels. These data suggest our treatments
caused little to no toxicities in the mice and support current studies showing statins and/or
ezetimibe have either no effect or sometimes even improve liver function tests in mice [47]
and humans [48-50].

The analysis of serum cholesterol showed that ezetimibe treatment resulted in approximately
15-20% lower concentrations than control mice while simvastatin had no effect on serum
cholesterol. Of note, liver weights were significantly lower with statins suggesting that
sufficient drug levels reached the liver to have an effect. Thus, insufficient statin dose is not
the reason for the lack of lower cholesterol levels with statins and in fact prior studies using
much higher statin dosing have shown similar lack of effect of statins on serum cholesterol
in mice [51]. Most interestingly, this drop in serum cholesterol was associated with
increasedtumor cholesterol levels. This appears to be explained, in part, by enhanced
cholesterol uptake through induction of LDLR, a mechanism that tumors may employ to
sustain intracellular cholesterol and support tumor growth despite lowered serum
cholesterol. In humans, simvastatin lowers serum cholesterol levels due to the high portion
of LDL present. However, previous studies suggest that statins are unable to lower
circulating cholesterol in mice [28,29]. This may explain in part why we were unable to
detect a difference in circulating and tumor cholesterol levels in the simvastatin group
compared to control.

In terms of tumor growth, by the end of the study, there were no significant differences
between control, simvastatin, or ezetimibe-treated groups. This is contradictory to several
studies indicating the tumor inhibitory effects of simvastatin or ezetimibe in multiple
xenograft models [17,19]. However, none of these studies used the LAPC-4 cell line as their
model. Moreover, the drug doses in these previous studies were much higher than in our
study, wherein mice were implanted with 42-day osmotic pumps containing a concentrated
simvastatin solution. Although our mice received continuous dosing, we were limited by the
small total volume allowed within the pump reservoir, prohibiting us from dosing the mice
any higher than 11 mg/kg/day. We did, however, find increased tumor growth in the
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combination-treated mice compared to the other three groups, suggesting combinatorial,
simvastatin, and ezetimibe treatment may promote tumor growth in our model.

The role of the combination of simvastatin and ezetimibe and cancer is controversial. Recent
secondary analyses from three independent human randomized clinical trials (SEAS,
SHARP, and IMPROVE-IT) [52-54] provide interesting, but conflicting results. In the
SEAS trial, there was a significant increase in all-cancer incidences and deaths in the
simvastatin-ezetimibe treatment arm compared to placebo, while analysis of SHARP and
IMPROVE-IT “combined” showed no association [55]. To date, our study is the first
preclinical study to investigate the combination of simvastatin and ezetimibe as treatment for
PCa. As such, the observation that tumor growth may be worse in the combination arm
certainly requires validation in other studies, but if confirmed may have profound clinical
implications.

Currently, we can only speculate on possible reasons for this effect. In mice treated with
chronic low doses of simvastatin, circulating cholesterol levels remain unchanged due to the
inability of statins to lower these levels as expected. This implies that any systemic changes
that took place as a result of simvastatin treatment were non-cholesterol-mediated. This may
possibly relate to the serum levels of simvastatin achieved with the dosage regimen applied
in this study, which may not have been enough to directly inhibit tumor growth in vivo,
despite evidence of direct inhibition in vitro, though as noted the simvastatin dosing was
sufficient to lower liver weight. On the other hand, when mice consume ezetimibe, although
this leads to lower circulating cholesterol, this change is not sufficient to modify tumor
growth rate. While this may suggest altering serum cholesterol does not affect tumor growth,
it is also possible that “slow-growing” tumors such as the LAPC-4 model have time to adapt
to these decreases in serum cholesterol. In agreement with the above hypothesis we found
that LDLR levels were higher in tumors of mice that received ezetimibe allowing tumors to
maintain not just normal, but higher cholesterol levels. This would partially explain why our
study contradicts the previous study using a “fast-growing” LNCaP cell line by Solomon et
al. [[19]], wherein ezetimibe treatment did significantly slow tumor growth. As such, this
suggests, at least in the LAPC-4 xenograft model, that LDLR upregulation to increase
cholesterol uptake thereby maintaining cholesterol homeostasis may be a key resistance
mechanism to the systemic effects of cholesterol lowering. Moreover, cholesterol-lowering
in vitro in LAPC-4, LNCaP, and 22RV1 cells also increased LDLR protein in a dose-
dependent manner suggesting that PCa cells can adapt to a reduced cholesterol environment
and maintain higher intracellular cholesterol levels by increasing LDLR. However, why the
combination of both simvastatin and ezetimibe increased tumor growth is unclear. The
combination arm was the heaviest, albeit slightly, and obesity has been shown to promote
tumor growth in LAPCA4 cells. Whether this explains the findings is unknown. The greater
concern is the possibility that inhibiting serum levels (ezetimibe) and potentially inhibiting
cholesterol production within the tumor (simvastatin), resulted in upregulated cholesterol
machinery above and beyond either drug alone that resulted in excess tumor growth. Though
tumor cholesterol levels were similar among groups, it is possible cholesterol flux was
increased or tumor androgen levels (cholesterol is a precursor for androgens) were higher
thereby promoting tumor growth. As cholesterol flux and tumor androgens were not
measured, we cannot assess this possibility. Future studies are necessary to decipher the
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resistance mechanisms by which cholesterol-lowering increases LDLR and other proteins
involved in dysregulated cholesterol homeostasis. Given the number of men in the United
States currently being treated for high cholesterol and/or PCa, it is important to better
understand the mechanisms of these widely used compounds to provide more effective and
personalized treatments for patients.

CONCLUSION

We tested the direct effects of ezetimibe and simvastatin on PC cells in vitro and found only
simvastatin had a direct effect on PC cell growth in vitro. In mice, we found treatment with
ezetimibe or simvastatin provided no benefit to slowing tumor growth compared to vehicle
control, while the combination of simvastatin and ezetimibe promoted tumor growth.
Ezetimibe effectively lowered serum cholesterol levels by approximately15-20%, yet tumors
from ezetimibe treated groups had higher intratumoral cholesterol levels. LDLR levels were
found elevated in ezetimibe treated tumors and after cholesterol-lowering in vitro,
suggesting that LDLR upregulation is a potential resistance mechanism to lowering systemic
cholesterol.
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Fig. 1.

Simvastatin inhibits cell proliferation in a cell line-specific manner in vitro. (A) PC-3, (B)
CWR22rv1, (C) LAPC-4, and (D) DU145 cells were treated with 0-1,000 nM of simvastatin
for 0-5 days. MTS assay was performed to determine the effect of treatment on cell
proliferation. Data is presented as fold induction above control treated cells. Error presented
as +/— SD of results from four tumors. “Denotes P < 0.05.
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Fig. 2.
Ezetimibe has little effect on androgen-dependent or -independent cell lines in vitro. (A)

PC-3, (B) CWR22rv1, (C) LAPC-4, and (D) DU145 cells were treated with 0-100 pMM of
ezetimibe for 0-5 days. MTS assay was performed to determine the effect of treatment on
cell proliferation. Data and error bars are presented as in Figure 1. “Denotes P< 0.05.
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Fig. 3.

The in vivo effects of simvastatin and ezetimibe alone or in combination. Nude mice were
subcutaneously injected in the right flank with 1 x 10° LAPC-4 cells. Two weeks after
tumor injection, all mice were randomized to receive control, simvastatin (11 mg/kg/day),
ezetimibe (30 mg/kg), or the combination of both. Simvastatin was received via osmotic
pump, and ezetimibe via the diet. Body weights and tumor volumes were measured twice
weekly for 42 days. "Denotes a significant AP-interaction < 0.05. Tumor weights were

measured at sacrifice.
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Mice receiving Ezetimibe treatment have higher expression levels of LDLR in their tumors.
RNA was extracted from tumors of each of the following experimental groups (vehicle
control, ezetimibe, simvastatin + ezetimibe) and reverse transcribed into cDNA. The
expression of ABCG1, LDLR, and HMG-CoR was assessed using gPCR. Data is presented
as fold induction above vehicle treated tumors. The data shown are representative of three
independent experiments. Error presented as +/- SD of results from four tumors.
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Fig. 5.

Ct?olesterol lowering induces LDLR in vitro. (A) Western blot analysis of LDLR in response
to decreasing doses of cholesterol (CHO). Blot shows various LDLR bands corresponding to
glycosylated LDLR, unglycosylated LDLR and LDLR monomers. B) Densitometry analysis
(Image J) of summed LDLR bands normalized to Actin loading control, shown as percent
induction relative to 10 ug/ml cholesterol control.
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