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The combination of poly(ADP-ribose)
polymerase inhibitor and statin inhibits the
proliferation of human castration-resistant
and taxane-resistant prostate cancer cells
in vitro and in vivo
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Abstract

Background Olaparib exhibits antitumor effects in castration-resistant prostate cancer patients with germline
mutations in DNA repair genes. We previously reported that simvastatin reduced the expression of DNA repair genes
in PC-3 cells. The efficacy of combination therapy using olaparib and simvastatin as “BRCAness”in castration-resistant
and taxane-resistant prostate cancers was evaluated in this study.

Methods PC-3, LNCaP, and 22Rv1 human prostate cancer cell lines were used to develop androgen-independent
LNCaP cells (LNCaP-LA). mRNA and protein expression levels were evaluated by quantitative real-time polymerase
chain reaction and western blot analysis, respectively. Cell viability was determined using the MTS assay and cell
counts. All evaluations were performed on cells treated with simvastatin with or without olaparib.

Results The mRNA levels of BRCAT, BRCA2, RAD51, FANCD2, FANCG, FANCA, BARD1, RFC3, RFC4, and RFC5, which are
known DNA repair genes, were downregulated by simvastatin in androgen-independent prostate cancer cells, such
as PC-3, LNCaP-LA, and 22Rv1 cells. In contrast, the expression of all these genes remained unchanged in androgen-
dependent LNCaP cells following treatment with simvastatin. Furthermore, simvastatin increased the expression of
above stated genes in normal prostate stromal cells (PrSC). The reduction in BRCAT and BRCA2 expression following
siRNA transfection increased the cytocidal effects of Olaparib in PC-3 and LNCaP-LA cells. The combination of olaparib
and simvastatin further inhibited cell proliferation compared to monotherapy with either drug in PC-3, 22Rv1, and
LNCaP-LA cells but not in PrSC cells. In a 22Rv1-derived mouse xenograft model, the combination of olaparib and
simvastatin enhanced the inhibition of cell proliferation. Moreover, we established a 22Rv1 cell line with acquired
resistance to Cabazitaxel (22Rv1-CR). In 22Rv1-CR cells, simvastatin also decreased the expression of BRCAT, BRCA2,
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compared with treatment with either of the drugs alone.

growth.

and FANCA, and the combination of olaparib and simvastatin further enhanced the inhibition of cell proliferation

Conclusions Simvastatin altered the expression of several genes associated with DNA repair in castration-resistant
and taxane-resistant prostate cancer cells. The combination of poly (ADP-ribose) polymerase inhibitors and drugs that
decrease DNA repair gene expression can potentially affect castration-resistant and taxane-resistant prostate cancer

Keywords Prostate cancer, Statin, Simvastatin, Olaparib, DNA repair gene, BRCA1, BRCA2

Background

Androgen deprivation therapy plays an important role
in the treatment of metastatic prostate cancer. In addi-
tion, new anti-androgen therapies, such as enzalutamide,
abiraterone, apalutamide, and darolutamide, have been
introduced for castration-resistant prostate cancer
(CRPC) [1-4]. However, most CRPC cases are difficult to
control after a few years. Although docetaxel and cabazi-
taxel have been cited as other treatments for CRPC, these
therapies are also ineffective. Therefore, new therapeutic
methods are required for CRPC treatment.

Statins comprise a class of drugs used to treat hyper-
lipidemia and prevent cardiovascular disease. Previous
studies have demonstrated that statins reduce the risk
of metastatic prostate cancer and mortality in prostate
cancer patients [5, 6]. Statins inhibit 3-hydroxy-3-meth-
ylglutaryl coenzyme A, which decreases intracellular
cholesterol levels in prostate cancer cells [7]. Cholesterol
is necessary for cancer cells, and its deficiency inhibits
the progression of prostate cancer cells [8, 9]. Addition-
ally, statins have been reported to exert antitumor effects
through a variety of mechanisms [10—12]. Statins appear
to possess pleiotropic effects in prostate cancer.

Olaparib is an inhibitor of poly(ADP-ribose) poly-
merase (PARP)1 and PARP2, which play fundamental
roles in the DNA damage response. PARP inhibitors
exhibit therapeutic effects in some cancers with Breast
Cancer 1 (BRCA1) and Breast Cancer 2 (BRCA2) defi-
ciencies through the mechanism of synthetic lethality
[13, 14]. In prostate cancer, olaparib has been reported
to be effective in CRPC patients with germline mutations
in DNA repair genes [15, 16]. In addition, combination
therapy with PARP and androgen receptor inhibitors
reduces the expression of DNA repair genes and inhib-
its the growth of androgen-independent prostate cancer
cells [17]. These results demonstrated that pharmaceu-
tically induced “BRCAness” opens the possibility of the
application of PARP inhibitors as agents for CRPC treat-
ment [17].

In a previous study [12, 18], we investigated the effect
of statins on gene expression in PC-3 cells. Using micro-
array data, pathway analysis revealed that simvastatin
downregulated DNA repair genes. In this study, we inves-
tigated the efficacy of combination therapy with olaparib

and statins for castration-resistant and taxane-resistant
prostate cancers.

Methods

Cells and chemicals

Human prostate cancer cell lines PC-3, LNCaP, and
22Rvl were purchased from DS Pharma Biomedi-
cal (Osaka, Japan) and cultured in RPMI 1640 (Sigma-
Aldrich, St. Louis, MO) supplemented with 10% fetal
bovine serum (FBS) (Moregate, Bulimba, Australia). Nor-
mal human prostate stromal cells (PrSC) were purchased
from Lonza (Walkersville, MD) and cultured in SCBM
(Lonza) supplemented with 10% FBS. LNCaP-LA cells
generated from LNCaP cells were cultured in a medium
containing 10% charcoal-stripped FBS (CS-FBS) for >3
months. To induce cabazitaxel resistance in the pros-
tate cancer cell line 22Rv1, we referred to our previously
reported method [19]. Cells that grew in 5-nmol/L caba-
zitaxel were designated as 22Rv1-CR. We used the above
culture medium for each cell line in all experiments.

Quantification of mRNA levels

mRNA levels were quantified using the Applied Biosys-
tems 7300 Real-Time PCR system (Applied Biosystems;
Thermo Fisher Scientific, Waltham, MA, USA). Comple-
mentary DNA synthesis was performed [20], and PCR
amplification was conducted using 2 pL of complemen-
tary DNA, and the BRCA1, BRCA2, RAD51, Fanconi
Anemia Complementation Group D2 (FANCD?2), Fan-
coni Anemia Complementation Group G (FANCG),
Fanconi Anemia Complementation Group A (FANCA),
BRCA1 Associated RING Domain 1 (BARD1), Replica-
tion Factor C Subunit (RFC) 3, RFC4, and RFC5 primers
(Hs01556193_m1, Hs00609073_m1, Hs00947967_ml,
Hs00276992_m1, Hs00184947_m1l, Hs01116668 ml,
Hs00184427_m1, Hs00161357_m1, Hs00427469_m]l
and Hs00738859_m1, respectively; Applied Biosystems).
Next, PCR was performed for one cycle of 10 min at
95 °C, followed by 40 cycles of 15 s at 95 °C and 60 s at
60 °C. B-actin (Applied Biosystems) transcript levels were
used as internal controls. Fold changes in mRNA expres-
sion were determined using the comparative CT (274 ACh
cycle (ACt) method [21].
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Western blotting assays

Cell lysates were prepared in radio-immunoprecipita-
tion assay buffer (Pierce) containing protease inhibitors
(Complete without ethylenediamine tetraacetic acid,
Roche Diagnostics, Basel, Switzerland). Equal amounts
of proteins (20-40 pg/lane) were electrophoresed on
a 4-12% sodium dodecyl sulfate-polyacrylamide gel
and transferred onto nitrocellulose membranes. Rab-
bit anti-BRCA1 polyclonal antibody, Rabbit anti-RAD51
Recombinase (RAD51) monoclonal antibody, mouse
anti-BARD1 monoclonal antibody, rabbit anti-FANCA
monoclonal antibody, rabbit anti-yH2AX monoclonal
antibody and rabbit anti-human -actin monoclonal anti-
body were purchased from Santa Cruz (Dallas, USA),
Cell Signaling (Beverly, USA), Cell Signaling (Beverly,
USA), Cell Signaling (Beverly, USA), Cell Signaling (Bev-
erly, USA) and A&G Pharmaceutical (Columbia, USA),
respectively. Each membrane was incubated with one
of the following antibodies at 4 °C overnight: BRCA1
(1:100), RADS51 (1:1000), BARD1 (1:100), FANCA
(1:200), YH2AX (1:1000), and P-actin (1:1000). Blots
were developed using a 1:2000 dilution of horseradish
peroxidase-conjugated secondary antibody (Cell Signal-
ing). Proteins were visualized using Immobilon Western
horseradish peroxidase Reagent (Millipore, Burlington,
MA, USA). For BRCAI, protein lysates (60-100 pg/
lane) were electrophoresed on a 3-8% sodium dodecyl
sulfate-polyacrylamide gel and transferred onto PVDF
membranes. A representative of three independent
experiments is shown in each figure.

SiRNA transfection experiments

Approximately 4x10° PC-3 cells per well or 7x10°
LNCaP-LA cells per well were seeded into a 96-well
microtiter plate in a 100-pL medium for 3-(4,5-Dimeth-
ylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2 H-tetrazolium (MTS) assay (Celltiter
96 Aqueous one solution cell proliferation assay, Pro-
mega, Madison, WI), and approximately 3x10° PC-3
cells per well or 6 x10° LNCaP-LA cells per well into a
6-well microtiter plate in a 2300-pL medium for West-
ern blotting for 24 h at 37 °C in a 5% CO, atmosphere.
Subsequently, the cells were transfected with the ON-
TARGETplus Non-targeting Pool (No. D-001810-10-
05, Dharmacon, Lafayette, CO, USA), ON-TARGETplus
BRCA1 siRNA (No. L-003461-00-0005, Dharmacon),
or ON-TARGETplus BRCA2 siRNA (No. L-003462-00-
0005, Dharmacon) using DharmaFECT (Dharmacon).
Following transfection, the cells were incubated for 48 h
before RNA levels were measured via qPCR or protein
levels analyzed by western blotting.
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Cell proliferation assay

Approximately 3 x 10® PC-3 cells per well, 6 x 10> LNCaP-
LA cells per well, 7 x 103 LNCaP-LA cells per well, 7 x 10
22Rv1 cells per well, 7 x 10® PrSC cells per well or 8 x 10°
22Rv1-CR cells were plated onto a 96-well plate in 100-
pL of culture medium. After 24 h, the cells were incu-
bated with a medium containing simvastatin (PC-3, 2
uM; other cells, 5 uM) and/or olaparib (10 uM). After
incubation for each iteration, the number of live cells was
measured using an MTS assay. The optical density of the
cell lysate was expressed as fold change.

Animal studies

Five- to eight-week-old male BALB/c/nu mice (Charles
River Laboratories Japan, Yokohama, Japan) were
injected subcutaneously into the right flank with approxi-
mately 3x10° 22Rvl cells in BD Matrigel basement
membrane matrix (BD Biosciences, USA), and castra-
tion surgery was performed. After 2 weeks, mice with
well-established tumors (0.6—1.0 cm long and 0.6-1.0 cm
wide) were orally dosed with 100 mg/kg simvastatin and/
or 50 mg/kg olaparib once daily. Control mice received
methylcellulose gavage and phosphate-buffered saline.
The tumor sizes and weights were measured weekly for
8 weeks, and tumor volumes were calculated using the
formula A x B x Cxm/6, where A, B, and C represent
the length, width, and height of the tumor, respectively.
Finally, the mice were euthanized 56 days after the xeno-
graft, and the tumors were collected. Cervical dislocation
was used to euthanize the mice without anesthesia, and
the procedure was performed by researchers who had
received appropriate training.

Statistical analysis

All data, unless otherwise indicated, are expressed as
mean t standard deviation. Differences between values
were evaluated by one-way ANOVA using Tukey’s post
hoc analysis. In all analyses, p <0.05 was considered sta-
tistically significant.

Results

Expression of DNA repair genes in androgen-independent
prostate cancer cells after treatment with simvastatin
Microarray and pathway analyses were performed on
PC-3 cells after simvastatin treatment in our previous
studies [12, 18]. BRCA1l, BRCA2, RAD51, FANCD?2,
FANCG, FANCA, BARDI, RFC3, RFC4, and RFCS5,
which are known DNA repair genes [15], were downreg-
ulated by simvastatin [18]. For validation, a quantitative
reverse transcription-polymerase chain reaction (RT-
PCR) was performed for these genes. Initially, we com-
pared the basal mRNA and protein levels of these genes
in LNCaP, which is androgen-dependent; PC-3, 22Rv1,
and LNCaP-LA, which are androgen-independent; and
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PrSC, which represents normal prostate cells. BRCA1, RAD51, FANCD2, FANCG, FANCA, and RFC3 in 22Rv1
BRCA2, RAD51, RFC3, RFC4, and RFC5 mRNA levels cells and in BRCA2, RAD51, BARDI1, RFC3, and RFC5 in
were lower in PrSC cells than in other cells (Fig. 1A). In  LNCaP-LA cells. In contrast, the expression of all these
PC-3 cells, we were unable to detect protein expression  genes remained unchanged in androgen-dependent
of BRCA1 by western blotting (Fig. 1B). The relationship =~ LNCaP cells after treatment with simvastatin. Moreover,
between mRNA and protein expression levels depends  simvastatin increased the expression of all these genes in
on the cell type. BRCA1 and RAD51 protein expression  PrSC cells (Fig. 1C). The protein levels of BRCA1 were
was not detected in PrSC (data not shown). The mRNA  evaluated by western blotting. Simvastatin decreased the
levels of BRCA1, BRCA2, RAD51, FANCD2, FANCG, protein levels of BRCA1 in both LNCaP-LA and 22Rv1
FANCA, BARD]1, RFC3, RFC4, and RFC5 were signifi- cells (Fig. 1D). In contrast, simvastatin did not alter the
cantly reduced by simvastatin treatment in PC-3 cells.  protein levels of BRCA1 in LNCaP cells (Fig. 1D).
Simvastatin decreased the mRNA expression of BRCAI,
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Fig. 1 Effect of simvastatin on DNA repair gene expression in prostate cancer and prostate stromal cells (PrSC). PC-3, 22Rv1, LNCaP-LA, LNCaP, and PrSC
cells were incubated with the medium containing 10% FBS for 24 h, and the medium was switched to the indicated concentration of simvastatin in the
medium containing 10% FBS. After 48 h, the total RNA (A, €) and total protein (B, D) were collected. (A) Comparison of mRNA expression levels of each
gene in each cell without simvastatin. mRNA expression of BRCAT, BRCA2, RAD51, FANCD2, FANCG, FANCA, BARD1, RFC3, RFC4, and RFC5 was evalu-
ated by performing real-time polymerase chain reaction tests, and the relative quantitative volume (RQV) was calculated by comparing the expression
of B-actin. Values are expressed as mean +standard deviation (SD) (n=3). *P<0.05 vs. the other cells. (B) Comparison of protein levels of BRCA1 and
RADS51 in each cell without simvastatin. The protein expression of BRCA1 and RAD51 was evaluated by western blotting. A representative experiment
is shown, which was repeated three times with similar results. (C) Comparison of mRNA expression levels of each gene in each cell after treatment of
simvastatin. mRNA expression of BRCAT, BRCA2, RAD51, FANCD2, FANCG, FANCA, BARD1, RFC3, RFC4, and RFC5 was evaluated by performing real-time
polymerase chain reaction tests, and the relative quantitative volume (RQV) was calculated by comparing the expression of 3-actin. Values are expressed
as mean + standard deviation (SD) (n=3). *P<0.05 vs. 0 uM of each cell. (D) Comparison of BRCA1 protein levels in each cell after treatment of simvastatin.
The protein expression of BRCAT was evaluated by western blotting. A representative experiment is shown, which was repeated three times with similar
results
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The effect of BRCA1 and BRCA2 Inhibition for olaparib-
induced Inhibition of cell proliferation in androgen-
independent prostate cancer cells

To further determine whether the decreased expres-
sion of DNA repair genes affects olaparib-induced inhi-
bition of cell viability, BRCA1 and BRCA2 expression
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was reduced by transfection with small interfering
RNA (siRNA). After siRNA transfection, BRCA1l and
BRCA2 mRNA expression were inhibited in both PC-3
and LNCaP-LA cells (Fig. 2A). The protein expres-
sion of BRCA1 was reduced by siRNA in LNCaP-LA
cells (Fig. 2B). The reduction in BRCA1 and BRCA2
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Fig. 2 Effect of BRCAT and BRCA2 siRNA on androgen-independent prostate cancer cells. A and B. Effect of SiRNA on BRCA1 and BRCA2 expression in
PC-3 and LNCaP-LA cells. Mock transfected cells (M) or cells transfected with BRCA1 (B1) or BRCA2 (B2) siRNA or negative control siRNA (N) were incubated
for 48 h before harvesting for real-time polymerase chain reaction (A) and western blotting (B). Values are expressed as means + standard deviations (SD)
(n=3).**P<0.01 vs. negative (N). C Following transfection, PC-3, and LNCaP-LA cells were incubated in the medium. After 48 h, the cells were cultured in
a medium with or without olaparib (10 uM). After 72 h (PC-3 cells) and 96 h (LNCaP-LA cells), the number of viable cells was evaluated using an MTS assay.

Values are expressed as mean+SD (n=4). *p <0.05. Ola; olaparib
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expression following siRNA transfection enhanced the
cytocidal effects of olaparib in both PC-3 and LNCaP-LA
cells (Fig. 2C). There were significant differences between
olaparib in the presence of BRCA1 or BRCA2 siRNA and

other groups in both cells.

The combined effects of simvastatin and Olaparib in cell
proliferation and apoptosis in androgen-independent
prostate cancer cells

We evaluated the combined effects of simvastatin and
olaparib on cell proliferation in androgen-independent
prostate cancer and PrSC cells. Treatment with either
simvastatin or olaparib alone inhibited cell proliferation,
and the combination of both drugs further enhanced the
inhibition of cell proliferation in androgen-independent
cells but not in PrSC cells (Fig. 3A and B). Moreover,
treatment with olaparib alone inhibited cell proliferation,
whereas the combination of simvastatin and olaparib did
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not further enhance the inhibition of LNCaP cell prolif-
eration (Fig. 3A).

Combined effects of simvastatin and Olaparib in tumor
growth in an androgen-independent 22Rv1 xenograft
mouse model in vivo

To determine whether the combination of simvastatin
and olaparib affected tumor growth in vivo, we injected
nude mice with 22Rv1 cells. There were no deceased
mice during treatment. Neither simvastatin nor olapa-
rib affected body weight. The combination of simvastatin
and olaparib significantly inhibited tumor growth when
compared with the other groups (Fig. 4A). The expression
of BRCA1 mRNA tended to decrease following treatment
with simvastatin and olaparib, although no significant
difference was observed (Fig. 4B).

LNCaP-LA

Fig. 3 Effect of combination therapy with simvastatin and olaparib on androgen-independent prostate cancer cells. The cells were then incubated in a
medium. After 48 h, the cells were cultured in a medium with or without simvastatin (PC-3, 2 uM; other cells, 5 uM) and olaparib (10 uM). After 72 h for
PC-3, LNCaP, and PrSC and 120 h for LNCaP-LA and 22Rv1 cells, the number of viable cells was evaluated using MTS assay (A) and cell counts (B). Values
are expressed as mean =+ standard deviation (SD) (A; n=5, B; n=4). *p <0.05. Sim; simvastatin, Ola; olaparib
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Fig. 4 Effect of combination therapy with simvastatin and olaparib on tumor growth and BRCA1 expression in vivo in a 22Rv1 xenograft model. Graphic
view of mean tumor volumes in 22Rv1 xenografts. Mice were injected with 22Rv1 cells (3 x 10° per site) and subsequently orally treated with simvastatin
(100 mg/kg once daily) with or without olaparib (50 mg/kg once daily). Line graphs, mean (n=5); bars, standard deviation (SD); *p <0.05 vs. the other
group. BRCAT mRNA expression in xenograft tissue was analyzed via quantitative real-time PCR (B). Values are expressed as mean+SD (n=5). Sim; simv-

astatin, Ola; olaparib

The effects of the combination therapy of simvastatin and
Olaparib on cell proliferation in taxane-resistant prostate
cancer cells

Taxanes are one of the treatments for CRPC [22, 23].
However, in some cases of CRPC, taxanes become inef-
fective, and it is very difficult to find another treatment
for repair. Therefore, we examined whether combination
therapy with statins and olaparib is effective for taxane-
resistant prostate cancer cells. First, we evaluated the
effect of taxane resistance on DNA repair genes in 22Rv1
cells. The mRNA levels of BRCA1, BRCA2, and FANCA
were increased significantly in 22Rv1-CR cells but not
those of RAD51 and BARD1 (Fig. 5A). There was no
significant difference in RAD51, BARD1, and FANCA
protein expression between 22Rv1l and 22Rv1-CR cells.
Moreover, BRCA1 protein expression was increased in
22Rv1-CR cells (Fig. 5B). In 22Rv1-CR cells, simvastatin
also decreased the expression of BRCA1, BRCA2, and
FANCA mRNA (Fig. 5C), as well as BRCA1 and FANCA
proteins (Fig. 5D). The combination of simvastatin and
olaparib further enhanced the inhibition of cell prolif-
eration compared with treatment with either drug alone
(Fig. 5E and F).

The effects of combination therapy of simvastatin and
Olaparib on TH2AX expression in androgen-independent
prostate cancer cells

YH2AX, which is a phosphorylated form of H2AX, is
reported to be one of the accurate markers of DNA dam-
age [24]. The peaks of yH2AX expression after drug
treatments occurred after 48 h in PC-3 cells and 96 h in
LNCaP-LA, 22Rv1, and 22Rv1-CR cells (Additional file
1). The combination of simvastatin and olaparib further

enhanced the expression of YH2AX proteins compared
with monotherapy treatment with either drug (Fig. 6).

Discussion

The main findings from this study are as follows: (1) sim-
vastatin decreased the expression of some DNA repair
genes, (2) the combination of simvastatin and olaparib
further enhanced the inhibition of cell proliferation com-
pared with the treatment with either drug alone in vitro
and in vivo, and (3) the combination of simvastatin and
olaparib further enhanced the expression of yH2AX pro-
teins compared with the treatment with either drug alone
in androgen-independent and taxane-resistant prostate
cancer cells. Overall, these results suggest that the com-
bination of PARP inhibitors and statins could be a new
treatment option for CRPC and taxane-resistant prostate
cancer.

Statins have received much attention as antitumor
agents, in addition to their role in controlling hyper-
lipidemia. The number of reports on the relationship
between statins and prostate cancer is increasing. A large
retrospective cohort study showed that statins reduced
the risk of aggressive prostate cancer and improved the
mortality of prostate cancer [5, 6]. In addition, the use of
statins in patients with advanced prostate cancer receiv-
ing androgen deprivation therapy was reported to be
associated with better all-cause survival and cancer-spe-
cific survival [25]. In the future, randomized controlled
trials on the effects of statins on prostate cancer are
needed. Concerning the mechanism of the therapeutic
effects of statins on prostate cancer, our previous study
showed that the mechanisms included decreasing the
expression of insulin-like growth factor 1 receptor [10],
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Fig. 5 Effect of combination therapy with simvastatin and olaparib on taxane-resistant prostate cancer cells. A and B. Comparison of DNA repair gene
expression in 22Rv1 and 22Rv1-CR cells. A. mRNA expression of BRCAT, BRCA2, RAD51, BARD1, and FANCA was evaluated by RT-PCR, and the relative
quantitative volume was calculated by comparing the expression of 3-actin. Values are expressed as means +standard deviations (SD) (n=3). *P<0.05
vs. 22Rv1 cells. B. Protein expression of BRCAT, RAD51, BARD1, and FANCA was evaluated using western blotting. A representative experiment is shown,
which was repeated three times with similar results. C and D. Cells were incubated in medium containing various concentrations of simvastatin. After
48 h, the total RNA (C) and total protein (D) were collected. A. mRNA expression of BRCA1, BRCA2, RAD51, BARD1, and FANCA was evaluated by RT-PCR,
and the relative quantitative volume was calculated by comparing the expression of 3-actin. Values are expressed as mean +standard deviation (SD)
(n=3). *P<0.05 vs. 0 uM of each gene. D. Protein expression of BRCAT and FANCA was evaluated by western blotting. A representative experiment is
shown, which was repeated three times with similar results. E and F. Cells were incubated in the medium. After 48 h, the cells were cultured in a medium
containing olaparib (10 uM) with or without simvastatin (5 uM). After 96 h, the number of viable cells was evaluated using the MTS assay (E) and cell

counts (F). *P<0.05. Sim; simvastatin, Ola; olaparib

decreasing the expression of ABCA1 [11], and increasing
the expression of Annexin A 10 [12]. In addition, there
are a variety of other mechanisms, such as the inhibition
of cholesterol synthesis [26], decreasing the expression
of androgen receptors [27], and inhibition of the mTOR
pathway [28]. These data suggest that several other
mechanisms may be recognized in the future.

PARP inhibitors have been approved for the treatment
of breast, ovarian, and pancreatic cancers with BRCA
gene mutations [29-31]. The antitumor effects of PARP
inhibitors require defective functioning of DNA repair

genes, which is known as synthetic lethality [32]. Con-
cerning prostate cancers, olaparib has been reported
to have a curative effect in CRPC patients with defects
in DNA repair genes [15]. However, the ratio of DNA
repair gene aberrations is not very high in prostate can-
cer patients [33, 34]. In this study, statins decreased the
expression of DNA repair genes in androgen-indepen-
dent and taxane-resistant prostate cancer cells but not
in androgen-dependent prostate cancer and normal
human prostate cells, indicating that statins can lead to
“BRCAness” pharmaceutically in CRPC patients, and
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Fig. 6 Effect of combination therapy with simvastatin and olaparib on yH2AX expression in androgen-independent or taxane-resistant prostate cancer
cells. Cells were incubated in a medium. After 48 h, cells were cultured in a medium with or without simvastatin (PC-3; 2 uM, other cells; 5 uM) and olaparib
(10 uM). Proteins were collected after 48 h for PC-3 and LNCaP-LA cells and 96 h for 22Rv1 and 22Rv1-CR cells. Protein expression of yH2AX was evaluated
using western blotting. A representative experiment is shown, which was repeated three times with similar results

PARP inhibitors can provide therapeutic effects in CPRC
patients without BRCA mutations. The inhibition of
BRCA1, BRCA2, and other DNA repair genes by statins
contributes to the sensitivity of PARP inhibitors, which
inhibit the DNA damage response in CRPC patients.

Enzalutamide is a novel androgen receptor inhibi-
tor that has been used extensively for CRPC patients
[1, 35]. It has been reported that enzalutamide inhib-
its the expression of DNA repair genes, such as BRCAI,
RAD51AP1, RAD51C, RAD54L, and RMI2, in VCAP
prostate cancer cells, and the combination of enzalu-
tamide and olaparib synergistically suppresses prostate
cancer cell growth [17] in a manner similar to that of our
study. In this study, simvastatin decreased the expression
of DNA repair genes in AR-deficient PC-3 cells. Clini-
cally, CRPC is heterogeneous, and the androgen depen-
dency and expression of androgen receptors depend on
each prostate cancer cell [36]. Therefore, the effects of
olaparib on CRPC seem to increase owing to the com-
bined use of enzalutamide and statins.

In addition, this study showed that the yH2AX expres-
sion was increased after the combined treatment of
simvastatin and olaparib, which indicated that the com-
bination of simvastatin and olaparib inhibits the repair
of DNA double-strand breaks and has synthetic lethal-
ity in castration-resistant and taxane-resistant prostate
cancer cells. Many substances induce DNA damage, such
as ultraviolet radiation, X-ray radiation, benzpyrene,
platinum, mitomycin, tobacco smoke, and radical oxy-
gen. Clinically, platinum-based chemotherapy is usually
used for urothelial cancer and testicular tumors but not
for CRPC. There are no randomized control trials show-
ing statistically significant differences in overall survival
between platinum-based chemotherapy and other che-
motherapies in CRPC [37]. In ovarian cancer, “BRCA-
ness” is reported to be one of the factors causing high
sensitivity to PARP inhibitors and platinum-based che-
motherapy [38, 39]. Although the difference in the induc-
tion of YH2AX expression between olaparib alone and
with simvastatin is not substantial in our results, ensuring
“BRCAness” by statin treatment also seems to give CRPC

cells a high sensitivity to PARP inhibitors and platinum-
based chemotherapy. Further studies on the combination
therapy of statins, PARP inhibitors, and platinum-based
chemotherapy for CRPC are needed.

This study has several limitations. First, the protein
expression of BRCA2 was not detected by western blot-
ting in all cells. We used some commercial antibodies,
but these did not work well. Second, the concentration
of simvastatin was higher than the clinical therapeutic
doses [40], although the concentration of olaparib was
clinically achievable [41]. Clinically relevant dosages of
simvastatin do not affect the mRNA expression of DNA
repair genes. Therefore, the possibility that the effect of
simvastatin observed in this study was not physiological
but due to toxicity cannot be ruled out. Moreover, with
regard to animal experiments, the dosage of the drug was
determined based on previous reports [42, 43]. Although
a concomitant effect was observed at this volume, the
potential efficacy of a lower volume cannot be excluded,
necessitating further investigation. Third, we could not
detect BRCA1 protein but mRNA expression in PC-3
cells. It has been reported that BRCA1 protein expression
in PC-3 cells was detected using western blotting [44];
therefore, it appears that BRCA1 protein is expressed
in PC-3 cells. The discrepancy could be due to differ-
ences in antibody sensitivity, for example, since we used
the BRCA1 antibody and a previous report [44] used
the Ser1524-phosphorylated-BRCA1 antibody. Fourth,
we studied one cell line in an in vivo model; therefore, it
would be instructive to conduct additional in vivo mod-
els. Fifth, we evaluated DNA damage only by assessing
YH2AX, and further investigation is required. Sixth, the
BALB/c/nu mice we used in vivo lacked immune func-
tion of the thymus gland, which may have affected the
inhibitory effect of the drugs on prostate cancer growth.

Conclusions

Simvastatin alters the expression of various genes associ-
ated with DNA repair in castration-resistant and taxane-
resistant prostate cancer cells. The combination of PARP
inhibitors and drugs that decrease the expression of DNA
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repair genes can potentially inhibit the growth of castra-

tion-resistant and taxane-resistant prostate cancers.
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