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a b s t r a c t

Statins, which are cholesterol synthesis inhibitors, are well-known therapeutics for dyslipidemia;
however, some studies have anticipated their use as anticancer agents. However, epithelial cancer cells
show strong resistance to statins through an increased expression of HMG-CoA reductase (HMGCR), an
inhibitory target of statins. Castration-resistant prostate cancer (CRPC) cells synthesize androgens from
cholesterol on their own. We performed suppression of CYP11A1, a rate-limiting enzyme in androgen
synthesis from cholesterol, using siRNA or inhibitors, to examine the effect of steroidogenesis inhibition
on statin sensitivity in CRPC cells. Here, we suggested that CYP11A1 silencing sensitized the statin-
resistant CRPC cell line DU-145 to atorvastatin via HMGCR downregulation by an increase in intracel-
lular free cholesterol. We further demonstrated that CYP11A1 silencing induced epithelial-mesenchymal
transition, which converted DU-145 cells into a statin-sensitive phenotype. This suggests that concom-
itant use of CYP11A1 inhibitors could be an effective approach for overcoming statin resistance in CRPC.
Moreover, we showed that ketoconazole, a CYP11A1 inhibitor, sensitized DU-145 cells to atorvastatin,
although not all the molecular events observed in CYP11A1 silencing were reproducible. Although
further studies are necessary to clarify the detailed mechanisms, ketoconazole may be effective as a
concomitant drug that potentiates the anticancer effect of atorvastatin.

© 2023 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

Statins are inhibitors of 3-hydroxy-3-methylglutaryl coenzyme
A reductase (HMGCR), a rate-limiting enzyme of the mevalonate
pathway, and are used to treat cerebro-cardiovascular diseases.1

Recent studies have demonstrated that statins also exert anti-
cancer effects by inhibiting the proliferation, migration, invasion,
metastasis formation, and angiogenesis, and by inducing apoptosis
and autophagy in many types of cancers, and has attracted atten-
tion as a repurposed agent for cancer treatment.1,2 However, the
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degree of growth inhibition by statins varies depending on the
cancer phenotype. While statins effectively suppress the growth of
mesenchymal cancer cells lacking functional E-cadherin, epithelial
cancer cells expressing E-cadherin on plasma membrane are less
sensitive to statins.3e5 The presence of statin-resistant cancer cells
is challenging for the use of statins in cancer therapy.

Statin treatment induces an increase in HMGCR and other en-
zymes related to the mevalonate pathway in cancer cells, which is
considered one of the mechanisms underlying resistance to
statins.6e9 Conversely, inhibition of HMGCR expression sensitizes
several cancer cell types to statins.8,10,11 Hence, HMGCR down-
regulation is an attractive approach to overcome statin resistance in
cancer cells. HMGCR expression is controlled by intermediate me-
tabolites, final products, and derivatives of themevalonate pathway
at the transcriptional and post-transcriptional levels.12,13 For
instance, cholesterol, the end product of the mevalonate pathway,
nese Pharmacological Society. This is an open access article under the CC BY license
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inhibits activation of sterol regulatory element-binding protein 2
(SREBP2), an HMGCR transcription factor, resulting in decreased
HMGCR expression.12,14,15

Epithelial-mesenchymal transition (EMT) is a complex process
that increases invasiveness and metastatic activity of cancer cells.16

Cells undergoing EMT are characterized by a decrease in cell
adhesion biomarkers, such as E-cadherin, claudin, and cytokeratin,
and an increase in mesenchymal cell biomarkers, including
vimentin, fibronectin, and N-cadherin.16,17 EMT induces drug
resistance in cancer cells.17 In contrast, epithelial cancer cells un-
dergoing transforming growth factor-b (TGF-b)-induced EMT
showed attenuated HMGCR upregulation and increased sensitivity
to atorvastatin treatment.11

Prostate cancer was reported as the second most common
cancer following lung cancer in males in 2020; it is one of the main
causes of cancer-related deaths.18 Prostate cancer progression de-
pends on the androgen receptor signaling activated by androgens,
which are mainly secreted in the testes.19,20 Therefore, androgen
deprivation therapy (ADT), including surgical and medical castra-
tion, is the first choice of treatment for patients with advanced
prostate cancer.19,20 However, most prostate cancers acquire
resistance to treatment and relapse several years later. These can-
cers are known as castration-resistant prostate cancer (CRPC).20,21

It has been reported that some prostate cancer cells synthesize
androgens from cholesterol on their own.22 Furthermore, de novo
androgen synthesis may be one of the mechanisms underlying
CRPC progression, as several studies have shown that the expres-
sion of steroidogenic enzymes is increased in CRPC.23,24 The con-
version of cholesterol to pregnenolone, the rate-limiting step in de
novo androgen synthesis, is catalyzed by the cholesterol side chain
cleavage enzyme CYP11A1.22,23

Here, we investigated the effect of CYP11A1 suppression on
statin sensitivity in CRPC cells and the mechanisms underlying this
effect in terms of cholesterol metabolism and EMT. We demon-
strated that CYP11A1 silencing sensitized statin-resistant CRPC cell
line, DU-145, to atorvastatin by reducing HMGCR expression and
increasing intracellular free cholesterol. Moreover, we showed that
CYP11A1 silencing induced EMT in DU-145 cells, resulting in a
statin-sensitive mesenchymal-like phenotype.

2. Materials and methods

2.1. Cell culture

Two human prostate cancer cell lines (DU-145 and LNCaP) that
have been reported to synthesize androgens de novo on their own
were used.22 Cells were cultured in RPMI 1640 medium (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Biosera, Boussens, France) and
penicillin (100 U/mL)/streptomycin (100 mg/mL) (Fujifilm Wako
Pure Chemical, Osaka, Japan) in 5% CO2 humidity incubator at 37 �C.
For siRNA experiments, RPMI 1640 medium containing only 10%
FBS was used.

2.2. CYP11A1 silencing

For targeted gene silencing, pre-designed siRNA oligonucleo-
tides specific for CYP11A1 (NM_000781.2, NM_001099773.1, siRNA
ID#s3866, targeted exon 4, siRNA location: 968, 1042, Thermo
Fisher Scientific) were used. Silencer negative control siRNA
(#4390843, Thermo Fisher Scientific) was used as a negative con-
trol. Reverse transfections were conducted in 12-well plates
(6.0 � 104 cells/mL) according to the manufacturer's instructions
using Lipofectamine RNAiMAX (Thermo Fisher Scientific), FBS/
antibiotic-free RPMI 1640, and siRNAs (final concentration,
105
10 nM) for the respective targets. After 72 h of transfection, the
knockdown efficiency was confirmed using real-time PCR.

2.3. Real-time PCR

Total cellular RNA was extracted using ISOSPIN Cell & Tissue
RNA kit (Nippon Gene, Tokyo, Japan). cDNA synthesis was per-
formed using ReverTra Ace qPCR RT Master Mix (Toyobo, Osaka,
Japan). Sequences of the primer sets used for real-time PCR are
shown in Supplementary Table S1. Real-time PCR was conducted
using LightCycler FastStart DNA MasterPLUS SYBR Green I mix and
LightCycler rapid thermal cycler system (Roche Diagnostics, Lewes,
UK).

2.4. Western blotting

Western blotting was performed as previously reported with
some modifications.11 Briefly, protein lysates were extracted with
CelLytic M (Sigma-Aldrich, St. Louis, MO, USA) supplemented with
Halt Protease and Phosphatase Inhibitor Single-Use Cocktail, EDTA-
Free (Thermo Fisher Scientific). The separated protein (3e10 mg)
was transferred to a nitrocellulose membrane. After blocking with
5% skimmilk (MorinagaMilk industry, Tokyo, Japan) for 1e12 h, the
membranes were probed with the following primary antibodies for
1e12 h: anti-HMGCRmousemonoclonal antibody (1:1000 dilution,
AMab90618; Atlas, Cambridge, UK), anti-SREBP2 mouse mono-
clonal antibody (1:250 dilution, 557037; BD Biosciences, San Diego,
CA, USA), anti-E-cadherin rabbit monoclonal antibody (1:1000
dilution, 24E10; Cell Signaling Technology, Beverly, MA, USA), anti-
vimentin mouse monoclonal antibody (1:1000 dilution, 5G3F10;
Cell Signaling Technology), and anti-fibronectin antibody (1:1000
dilution, ab2413; Abcam, Cambridge, UK). Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) protein level (loading con-
trol) was determined using anti-GAPDH rabbit monoclonal anti-
body (1:2000 dilution, 14C10; Cell Signaling Technology). After
probing, the membranes were washed and incubated with horse-
radish peroxidase (HRP)-labeled anti-mouse IgG goat antibody
(R&D Systems, Minneapolis, MN, USA) or anti-rabbit IgG goat
antibody (SeraCare, Milford, MA, USA) for 1 h. After washing, the
membranes were incubated with the detection reagent Clarity
Western enhanced chemiluminescence (ECL) substrate (Bio-Rad)
for 2e5 min. Protein signals were visualized using C-DiGit Blot
Scanner (Li-Cor Biosciences, Lincoln, NE, USA). Signals were quan-
tified using the Image Studio software (Li-Cor Biosciences) and
standardized according to GAPDH protein level.

2.5. Lipid extraction and free cholesterol quantification

Cells cultured in 12-well plates were trypsinized and washed
thrice with phosphate-buffered saline (PBS). The frozen cell pellets
(�80 �C) were sonicated in lysis buffer (chloroform: isopropanol:
NP-40 Substitute [Fujifilm Wako Pure Chemical]＝7: 11: 0.1). The
cell lysates were centrifuged at 16,000�g at 4 �C for 10 min, and the
supernatants were collected. The lysates were heated at 50 �C, and
organic solvents were removed under vacuum. Dried lipids were
sonicated in the assay diluent. Cellular free cholesterol levels were
measured using Total Cholesterol Assay Kit (Colorimetric, STA-384;
Cell Biolabs, San Diego, CA, USA) according to the manufacturer's
instructions. Free cholesterol content was normalized to the cell
number and volume.

2.6. Filipin III staining

Cells cultured on coverslips in 24-well plates were fixed for
30 min at room temperature with 2% paraformaldehyde (Nacalai
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Tesque, Tokyo, Japan). After three PBS washes, cells were incubated
with 50 mg/mL Filipin III (Cayman Chemical, Ann Arbor, MI, USA) in
the dark at room temperature for 1 h. Coverslips were mounted on
Fluoromount/Plus (Diagnostic Biosystems, Pleasanton, CA, USA)
after being washed twice with PBS. Images were obtained using a
fluorescent microscope (DP71, Olympus, Tokyo, Japan). Fluorescent
intensity was quantified using the ImageJ software (National In-
stitutes of Health, Bethesda, MD, USA).

2.7. Cell viability assay and IC50 determination

Cells were seeded in 96-well plates at a density of
2.5 � 104 cells/mL. The next day, the cells were treated with drugs,
including atorvastatin (Sigma-Aldrich), ketoconazole (Fujifilm
Wako Pure Chemical), mitotane (o,p'-DDD standard; Fujifilm Wako
Pure Chemical), and aminoglutethimide (Fujifilm Wako Pure
Chemical). The cells were co-treated with atorvastatin and siRNA
without pre-culture. After incubation for 72 h, cell viability was
assessed using Cell Counting Kit-8 (CCK-8; Dojindo Laboratories,
Kumamoto, Japan). IC50 concentrations were determined by fitting
the data to dose-response curves using the ImageJ software. To
confirm the effects of CYP11A1 siRNA and atorvastatin on cell
viability, DU-145 cells seeded in 12-well plates were directly
counted using Scepter handheld automated cell counter (Millipore,
Billerica, MA, USA).

2.8. Immunofluorescence and visualization of actin filament

The cells attached to coverslips in 24-well plates were fixedwith
2% paraformaldehyde (Nacalai Tesque) at room temperature for
30 min. The cells were then washed with PBS and permeabilized
with 0.1% Triton-X-100 (Thermo Fisher Scientific) for 15 min. After
washing thrice with PBS, the cells were blocked with 2% bovine
serum albumin (FujifilmWako Pure Chemical) for 15 min. The cells
were simultaneously probed with anti-E-cadherin rabbit mono-
clonal antibody (1:200 dilution, 24E10; Cell Signaling Technology)
and anti-vimentin mouse monoclonal antibody (1:200 dilution,
5G3F10; Cell Signaling Technology) at 37 �C for 1 h. After washing
with PBS, coverslips were incubated with CF®488A goat anti-rabbit
IgG (1:200 dilution; Biotium, Hayward, CA, USA) and CF®568 goat
anti-mouse IgG (1:200 dilution; Biotium) antibodies in the dark for
15 min. The cells were washed with PBS and incubated with
Hoechst 33342 (5 mg/mL; Nacalai Tesque) for 15 min to stain the
nuclei. After washing thrice with PBS, the cells were mounted on
Fluoromount/Plus (Diagnostic Biosystems). Images were obtained
using a 60� oil immersion objective lens on FluoView FV10i laser-
scanning confocal microscope (Olympus).

Acti-stain 488 phalloidin (Cytoskeleton Inc., Denver, CO, USA)
was used to visualize actin filaments (F-actin). Cell culture, fixation,
permeabilization, and blocking were performed in the same way as
described above. After washing with PBS, the cells were incubated
with 0.1 mM phalloidin for 1 h, washed with PBS, and stained with
5 mg/mL Hoechst 33342 for 15 min. The coverslips were mounted
on Fluoromount/Plus, and images were captured as described
above.

2.9. Wound healing assay

Cells were seeded in 96-well plates at a density of
3.0 � 105 cells/mL to prepare a confluent monolayer. After attach-
ment to the bottom of the plates, wounds were created using a
P200 pipette tip. The medium was then replaced with FBS/
antibiotic-free RPMI 1640, including atorvastatin and ketocona-
zole. Wound areas were photographed every 12 h after drug
treatment for up to 36 h and measured using the ImageJ software.
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For the siRNA experiments, cells (6.0 � 104 cells/mL) were
transfected with siRNAs in 96-well plates as mentioned above.
After being grown to nearly confluent, woundswere created using a
P200 pipette tip. The cells were treated with atorvastatin and siR-
NAs in FBS/antibiotic-free medium. The wound areas were photo-
graphed and measured every 12 h after atorvastatin treatment.
2.10. Statistical analyses

Statistical analyses were performed using Excel Statistics 2016
for Windows (version 3.21; SSRI, Tokyo, Japan). Values were
compared using the Student's two-tailed t-test and one-way
ANOVA, followed by Dunnett post-hoc or Bonferroni post-hoc
tests. The significance threshold for p-values was 0.05.
3. Results

3.1. CYP11A1 silencing suppressed the mevalonate pathway via
cholesterol accumulation in DU-145 cells

CYP11A1 mRNA levels significantly decreased in CYP11A1
siRNA-transfected cells after 72 h (p < 0.01) (Fig.1A, Supplementary
Fig. S1A). As expected, intracellular free cholesterol significantly
increased in the CYP11A1 siRNA-treated group compared to the
control in CRPC cell line DU-145 previously defined as statin-
resistant (p < 0.05) (Fig. 1D).3,25 Similar effects were observed us-
ing Filipin III staining to detect intracellular cholesterol
(Supplementary Fig. S2). Furthermore, mRNA expression of both
HMGCR and HMG-CoA synthase 1 (HMGCS1) was reduced in
CYP11A1 siRNA-treated cells (Fig. 1B and C). We performed the
same analyses using another prostate cancer cell line, LNCaP
(hormone-sensitive, statin-resistant), which could also synthesize
androgens from cholesterol.9,22,25e27 However, CYP11A1 silencing
did not cause cholesterol accumulation or downregulation of
HMGCR or HMGCS1 in LNCaP (Supplementary Fig. S1BeD).
3.2. CYP11A1 silencing sensitized DU-145 cells to atorvastatin

Atorvastatin reduced the viability of DU-145 and LNCaP cells in a
dose-dependent manner (Fig. 2, Supplementary Fig. S3). In DU-
145 cells, higher growth inhibitory effect of atorvastatin was
observed in the CYP11A1 siRNA group than in the scrambled siRNA
group, along with a decrease in atorvastatin IC50 (Fig. 2). Similar
results were obtained using direct cell counting (Supplementary
Fig. S4). In contrast, CYP11A1 silencing did not affect the impact
of atorvastatin on LNCaP cells (Supplementary Fig. S3). These ob-
servations imply that responsiveness to CYP11A1 silencing varies
across cell lines.
3.3. CYP11A1 silencing suppressed SREBP2-mediated feedback loop
in DU-145 cells

We assessed the expression levels of active form of SREBP2, a
transcription factor related to the mevalonate pathway, and its
target gene after atorvastatin treatment in the presence and
absence of CYP11A1 siRNA. Atorvastatin increased the expression of
mRNA and active form of SREPB2 in a dose-dependent manner,
which was weakened in the presence of CYP11A1 siRNA (Fig. 3A
and B). Consistently, statin-induced upregulation of the SREBP2
target genes HMGCR, HMGCS1, and insulin induced gene 1 (INSIG1)
was also attenuated by CYP11A1 siRNA (Fig. 3CeE).28,29 Similarly,
CYP11A1 siRNA suppressed atorvastatin-induced HMGCR protein
expression (Fig. 3A).



Fig. 1. Effects of CYP11A1 silencing on cholesterol content and mevalonate pathway-related gene expression in the CRPC cell line DU-145. (AeC) Effect of siRNA treatment on the
mRNA expression of (A) CYP11A1, (B) HMGCR, and (C) HMGCS1. Cells were transfected with scrambled or CYP11A1 siRNA for 72 h. mRNA levels were determined using RT-qPCR.
Data were normalized to RPLP1 mRNA levels in each sample and shown as relative values to the control. (D) Effect of CYP11A1 siRNA on free cholesterol content. Cholesterol was
extracted from cells 72 h after siRNA transfection. Free cholesterol was measured using a colorimetric method. Each value is presented as mean ± SD (n ¼ 3). Data were compared
using the Student's two-tailed t-test. *p < 0.05, **p < 0.01.

Fig. 2. Effect of CYP11A1 silencing on growth inhibitory effect of atorvastatin in DU-
145 cells. Cell viability and IC50 values were determined using the CCK-8 assay in DU-
145 cells after 72 h of atorvastatin treatment with siRNA transfection. Data represent
mean ± SD (n ¼ 5). Each value is expressed as a ratio relative to the vehicle control
group (100%) in the scrambled or CYP11A1 siRNA group. Data were fitted to a dose-
response curve using the ImageJ software to determine IC50 values.
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3.4. CYP11A1 silencing induced EMT in DU-145 cells

Mesenchymal-like morphological changes, such as an increase
in spindle cells and a decrease in cell-cell adhesion, were observed
in CYP11A1 siRNA-treated DU-145 cells (Fig. 4A, Supplementary
Fig. S5). To clarify whether CYP11A1 silencing induces EMT, we
analyzed the expression of EMT marker molecules. The expression
of E-cadherin, an epithelial marker, did not change at the tran-
scriptional level, but decreased at the translational level (Fig. 4B
and C, Supplementary Fig. S6A). The expression levels of the
mesenchymal markers vimentin and fibronectin were elevated at
both transcriptional and translational levels (Fig. 4B and C,
Supplementary Fig. S6B and C). Furthermore, the subcellular
localization of E-cadherin and vimentin was examined. E-cadherin
was localized on the cell surface, especially between cells, in
scrambled siRNA-treated cells. In contrast, E-cadherin signals on
the cell surface were obscured due to reduced cell adhesion in
CYP11A1 siRNA-treated cells (Fig. 4D). Inconsistent with the in-
duction of EMT, CYP11A1 siRNA decreased the migration of DU-
145 cells, even when used alone (Supplementary Fig. S7). The
combination of CYP11A1 siRNA and atorvastatin most potently
inhibited cell migration (Supplementary Fig. S7).
3.5. Some CYP11A1 inhibitors sensitized DU-145 cells to
atorvastatin

Finally, we assessed whether CYP11A1 inhibitors sensitize DU-
145 cells to atorvastatin using ketoconazole, mitotane, and ami-
noglutethimide.30e33 Ketoconazole and mitotane alone reduced



Fig. 3. Effect of CYP11A1 siRNA on feedback loop mediated by SREBP2 in DU-145 cells. (A) HMGCR and SREBP2 protein levels in DU-145 cells treated with siRNA and atorvastatin for
72 h were determined by Western blot analysis. GAPDH protein expression was used as the loading control. mRNA expression levels of (B) SREBP2 and SREBP2 target genes, (C)
HMGCR, (D) HMGCS1, and (E) INSIG1 were measured using real-time PCR. Data were standardized to RPLP1 mRNA levels and expressed as relative to the scrambled siRNA-treated
vehicle control group. Values represent mean ± SD (n ¼ 3). Each group was analyzed using Bonferroni post-hoc test. n.s., not significant; *p < 0.05, **p < 0.01.
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cell viability in a dose-dependent manner (Supplementary Fig. S8A
and B). Moreover, cell growth was more potently inhibited by ke-
toconazole or mitotane in the presence of atorvastatin
(Supplementary Fig. S8A and B). In contrast, aminoglutethimide
had slight effect on cell viability, regardless of atorvastatin treat-
ment (Supplementary Fig. S8C). Consistently, ketoconazole
enhanced the growth inhibitory effect of 30 mM atorvastatin and
significantly decreased atorvastatin IC50 (p < 0.01) (Fig. 5). In
contrast, atorvastatin IC50 was not altered significantly bymitotane,
although mitotane slightly enhanced the effect of 30 mM atorvas-
tatin (Fig. 5). We evaluated the effects of ketoconazole and ator-
vastatin on cell migration in DU-145. The combination of
ketoconazole and atorvastatin markedly inhibited cell migration,
but did not significantly inhibit cell migration when used alone
(Supplementary Fig. S9).
3.6. CYP11A1 inhibitors did not suppress SREBP2-mediated
feedback loop in DU-145 cells

Furthermore, we investigated whether ketoconazole and mito-
tane inhibits SREBP2 expression. Contrary to our prediction, keto-
conazole increased the expression of the active formof SREBP2 in the
presence and absence of atorvastatin (Fig. 6A). Interestingly, keto-
conazole alone increased themRNA expression levels of HMGCR and
HMGCS1 but did not affect them in the presence of atorvastatin
(Fig. 6D and E). Similarly, atorvastatin-induced upregulation of
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HMGCR protein was slightly attenuated by ketoconazole, although
ketoconazole alone induced HMGCR protein expression (Fig. 6A and
B). Although mitotane did not affect the cleavage of SREBP2, it
inhibited the mRNA expression of HMGCR, HMGCS1, and SREBP2 in
the presence and absence of atorvastatin (Fig. 6A, CeE). Inconsistent
with this data, mitotane enhanced atorvastatin-induced upregula-
tion of HMGCR protein (Fig. 6A and B).
4. Discussion

In recent years, studies have anticipated the use of statins in
cancer treatment because of novel findings suggesting their anti-
cancer effect.1 On the other hand, some cancer cells are resistant to
statins due to their ability to induce HMGCR and mevalonate
pathway-related genes, which remains an important issue.6e9 We
previously reported that inhibition of HMGCR expression with
siRNA could sensitize statin-resistant cancer cells to statins, which
could be an effective approach to overcome statin resistance in
cancer cells.10,11 In this study, we demonstrated that blocking the
conversion of cholesterol into pregnenolone during steroidogenesis
inhibited HMGCR expression and sensitized cells to statins in the
statin-resistant CRPC cell line DU-145. We also suggested that
downregulation of HMGCR could be caused by accumulation of
intracellular free cholesterol. Xu et al. (2018) reported that inhibi-
tion of steroidogenesis with aminoglutethimide suppressed
SREBP2 target gene expression, including HMGCR, in luteinized



Fig. 4. CYP11A1 silencing induced EMT in DU-145 cells. (A) Merged images of siRNA-treated DU-145 stained with phalloidin (green, F-actin) and Hoechst (blue, nucleus). Cells were
transfected with CYP11A1 siRNA or scrambled siRNA for 72 h before analysis. Scale bar ¼ 50 mm. (B) Relative mRNA levels of E-cadherin, vimentin, and fibronectin were determined
by RT-qPCR. Data were normalized to RPLP1 mRNA levels and compared by the Student's two-tailed t-test. Mean ± SD (n ¼ 3). n.s., not significant; **p < 0.01. (C) Western blot
analyses were performed to detect protein levels of E-cadherin, vimentin, and fibronectin. GAPDH protein level was used as the internal control. (D) Merged images of siRNA-
transfected cells immunostained for E-cadherin (green), vimentin (red), and Hoechst (blue). Scale bar ¼ 50 mm. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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granulosa cells.34 Furthermore, other researchers have indicated
that the knockdown of SF-1, a transcription factor of CYP11A1,
caused intracellular cholesterol accumulation with a decrease in
CYP11A1 expression, although HMGCR mRNA level was not
significantly altered in Leydig cells.35 These findings suggest that
cells with active steroidogenesis are likely to be affected by
CYP11A1 inhibition.

SREBP2, a major regulator of cholesterol metabolism, regulates
the expression of key enzymes involved in the mevalonate
pathway, including HMGCR.28 Longo et al. (2019) suggested that
increased expression of genes related to sterol metabolism through
statin-induced SREBP2 activation was involved in fluvastatin
sensitivity in prostate cancer cell lines.9 SREBP2 activation is
inhibited by cholesterol and oxysterol.15 In ovarian cancer cell lines,
exogenous 25-hydroxycholesterol (25-HC) suppressed SREBP2
protein levels and expression of its target genes, resulting in in-
crease in simvastatin-induced cell death.36 Furthermore, 25-HC
inhibited fluvastatin-induced increase in HMGCR mRNA expres-
sion and potentiated the cytotoxic effects of fluvastatin in prostate
cancer cell lines.9 In this study, we showed that CYP11A1 silencing
suppressed statin-induced upregulation and activation of SREBP2,
with an increase in intracellular free cholesterol in the CRPC cell
line DU-145. This indicates that CYP11A1 inhibitors may act as in-
direct SREBP2 inhibitors by accumulating endogenous free
cholesterol in CRPC cells.

Metastasis accounts for 90% of cancer-related deaths and is an
important event in malignant progression of cancer.37,38 During
metastasis, the following key processes occur: local invasion,
intravasation, circulation, extravasation, and colonization.37,38 EMT
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contributes to some of these processes by increasing the motility,
invasive potential, and stress resistance of epithelial cells.16,37,38

Although EMT is associated with multiple drug resistance, ator-
vastatin has been reported to potently inhibit cell growth in
epithelial cancer cells undergoing EMT.11,17 Current data indicate
that CYP11A1 silencing induces EMT and sensitizes cells to ator-
vastatin in the CRPC cell line DU-145, emphasizing the relationship
between EMT and statin-sensitive phenotype. A previous study
suggested that cholesterol induced EMT by inhibiting EGFR
degradation in prostate cancer cells.39 In present study, EMT
induced by CYP11A1 silencing could be caused by an increase in
free cholesterol. Recent studies have shown that EMT is associated
with metabolic reprogramming including lipid metabolism.40 In
addition, we previously reported that the induction of EMT by TGF-
b weakens statin-induced upregulation of HMGCR in an epithelial
lung cancer cell line.11 In this study, suppression of HMGCR in-
duction was concurrent with EMT in cells transfected with
CYP11A1 siRNA. This inhibition may also be attributed to the
metabolic alterations associated with EMT.

In addition to the benefits of CYP11A1 inhibition in combination
with statins, we demonstrated that CYP11A1 inhibition can
contribute to malignant transformation via induction of EMT in
CRPC. Several in vitro studies have demonstrated anti-metastatic
effects of statins, including inhibition of migration, invasion, and
EMT in prostate cancer cells.41e43 The current study showed that
CYP11A1 silencing inhibited cell migration in DU-145 cells.
Furthermore, potent inhibitory effects were observed when com-
bined with atorvastatin. This suggests that the combination of
CYP11A1 inhibition and atorvastatin can effectively inhibit not only



Fig. 5. Effects of CYP11A1 inhibitors on growth inhibitory effect and IC50 of atorvastatin. (A) Phase contrast image of DU-145 cells treated with 30 mM atorvastatin alone or in
combination with 40 mM ketoconazole or 60 mM mitotane for 72 h. Scale bar ¼ 100 mm (B) Cell viability was measured using the CCK-8 assay after 72 h of exposure to atorvastatin
and 40 mM ketoconazole or 60 mM mitotane. Values were fitted to the concentration-response curve. Data represent mean ± SD (n ¼ 5). (C) Atorvastatin IC50 was determined using
the curve. Each group was analyzed using Dunnett's post-hoc test. Mean ± SD (n ¼ 3). n.s., not significant; **p < 0.01. ATO, atorvastatin; KCZ, ketoconazole; MIT, mitotane.
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cell growth but also cell motility in CRPC, although further inves-
tigation is required to elucidate whether the combination of
CYP11A1 inhibition and statins suppresses cancer metastasis.

As mentioned above, aminoglutethimide treatment suppressed
mRNA expression of SREBP2 and its target genes in luteinized
granulosa cells.34 Mitotane has also been reported to downregulate
HMGCR mRNA expression and increase free cholesterol levels in
adrenocortical carcinoma cells.44 Therefore, we hypothesized that
similar to CYP11A1 silencing, these agents might potentiate the
anticancer effects of statins. However, neither aminoglutethimide
nor mitotane significantly enhanced the effects of atorvastatin.
These results indicated that the effects of these agents may depend
on the cell type. Interestingly, we found that ketoconazole could
sensitize the CRPC cell line DU-145 to atorvastatin. However, unlike
CYP11A1 silencing, ketoconazole did not suppress SREBP2 activa-
tion. This implied that the sensitization effect to atorvastatin by
ketoconazole may not be attributed to inhibition of CYP11A1. Ke-
toconazole, an inhibitor of CYP51A1, blocks the conversion of lan-
osterol, an intermediary metabolite in the mevalonate pathway.45

Lanosterol accelerates HMGCR degradation without affecting
SREBP2 activation.15 Ketoconazole attenuated statin-induced
upregulation of HMGCR protein, which may be ascribed to the
degradation of HMGCR induced by accumulated lanosterol.

In conclusion, we demonstrated that the inhibition of CYP11A1
could sensitize CRPC cells to atorvastatin, suggesting that CYP11A1
inhibitors may be effective in combination with statins to
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overcome statin-resistant CRPC. Downregulation of HMGCR is a
well-known effective approach for enhancing the anticancer ef-
fects of statins. For the first time, we speculate that this aim may
be achieved by controlling the movement of metabolites related to
the mevalonate pathway. This study has some notable limitations.
First, androgen starvation treatment was not conducted in
CYP11A1 silencing. Therefore, the effects of CYP11A1 inhibition
may vary under these conditions. Second, CYP11A1 inhibition did
not alter statin sensitivity in all the tested cell lines, suggesting a
variation in responsiveness to CYP11A1 inhibition among the cell
types. The reason for this has not yet been identified and requires
further investigation. In addition, effect of atorvastatin itself on
androgen synthesis was not investigated in this study although
previous study revealed that simvastatin can affect some
androgen synthesis enzyme expression and increase de novo
androgen synthesis in CRPC cells.46 Because an alteration of de
novo androgen synthesis flow could directly affect intracellular
cholesterol level, it is important to clarify effect of statins on gene
expressions related to androgen synthesis. Moreover, only non-
specific CYP11A1 inhibitors were used in this study, and a spe-
cific inhibitor was not tested. Some discordance in the molecular
events between the experiments using siRNA and inhibitors may
be attributed to the non-specific nature of the inhibitors. Finally,
no in vivo experiments using animal models were performed.
Further studies are needed to determine the practical applicability
of CYP11A1 inhibitors and their enzyme specificity.



Fig. 6. Effects of CYP11A1 inhibitors on SREBP2-mediated feedback response. Cells were treated with 30 mM atorvastatin alone or in combination with 40 mM ketoconazole or 60 mM
mitotane for 72 h before analysis. (A) Protein expression levels of HMGCR and SREPB2 were determined by Western blot analysis. GAPDH protein signal was used as the loading
control. (B) Fold changes in HMGCR protein levels were quantified and normalized to GAPDH protein levels. The group treated with atorvastatin alone was set to 1. Mean ± SD
(n ¼ 3). (CeE) mRNA expression of (C) SREBP2, (D) HMGCR, and (E) HMGCS1 was measured by RT-qPCR. Each value was standardized to the RPLP1 mRNA levels and expressed
relative to the vehicle control group. Each group was compared using Bonferroni post-hoc test. Mean ± SD (n ¼ 3). n.s., not significant; **p < 0.01. ATO, atorvastatin; KCZ, keto-
conazole; MIT, mitotane.
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