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Abstract Although the causes of prostate cancer (PCa)
and benign prostatic hyperplasia (BPH) are not known, the
role of oxidative stress, aging, and diet are suspected to
increase the incidence of prostate complications. The
cholesterol oxidation derivative (oxysterol) 27-hydroxyc-
holesterol (27-OHC) is the most prevalent cholesterol
metabolite in the blood. As aging, oxidative stress, and
hypercholesterolemia are associated with increased risk of
PCa and BPH, and because 27-OHC levels are also
increased with aging, hypercholesterolemia, and oxidative
stress, determining the role of 27-OHC in the progression
of PCas and BPH is warranted. In this study, we deter-
mined the effect of 27-OHC in human prostate epithelial
cells RWPE-1. We found that 27-OHC stimulates prolif-
eration and increases androgen receptor (AR) transcrip-
tional activity. 27-OHC also increased prostate-specific
antigen expression and enhanced AR binding to the
androgen response element compared to controls. Silencing
AR expression with siRNA markedly reduced the 27-OHC-
induced proliferation. Furthermore, 27-OHC blocked
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docetaxel-induced apoptosis. Altogether, our results sug-
gest that 27-OHC may play an important role in PCa and
BPH progression by promoting proliferation and sup-
pressing apoptosis.
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Introduction

Prostate health is an area of growing concern. Over 14 %
of men will develop prostate cancer (PCa), and greater than
70 % of men will develop benign prostatic hyperplasia
(BPH) by the age of 70 [1, 2]. The etiologies of PCa and
BPH are unknown, but environmental factors including
diet are suggested to play a role in the progression of these
pathologies. Aging, genetic susceptibility, obesity, low
physical activity, androgens, and inflammatory conditions
are also all associated with both PCa and BPH [3, 4].
Cholesterol involvement in PCa has been suspected for
over a century when it was found to accumulate in PCa
cells [S]. More recent studies also demonstrated a positive
correlation between high plasma cholesterol and high-
grade PCa [6]. Moreover, some studies reported a reduction
in the risk of high-grade PCa [7, 8] and BPH [9] with the
cholesterol-lowering statins. However, the efficacy of
lowering cholesterol levels currently not proven and whe-
ther increased cholesterol levels are associated or causal
factors of PCa and BPH is still unknown. Several lines of
evidence suggest that cholesterol oxidation products, not
cholesterol per se, may increase the risk of PCa and BPH
risk. 27-Hydroxycholesterol (27-OHC) is the main oxys-
terol in the circulation, and its levels can be increased by
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aging, oxidative stress, and hypercholesterolemia [10, 11],
factors that are all suspected to increase the risk of PCa and
BPH. There are reasons to believe that 27-OHC is delete-
rious as this oxysterol has been shown to act as a selective
estrogen receptor modulator (SERM) [12, 13] and a liver X
receptor (LXR) ligand [14]. Both estrogen receptors (ER)
and LXR are involved in steroid signaling pathways and
influence inflammation, cell proliferation, and many other
metabolic processes. However, the extent to which
27-OHC also regulates androgen receptors (AR) which
play a central role in the pathogenesis of BPH and PCa is
yet to be determined. In this study, we determined the
effects of 27-OHC on cell proliferation and the role of AR
in 27-OHC-induced cell proliferation.

We found that 27-OHC increases cell proliferation and
AR transcriptional activity. We also demonstrate that
27-OHC enhances AR binding to the prostate-specific
antigen (PSA) promoter and increases PSA expression. To
investigate whether AR is required in 27-OHC-induced cell
proliferation, we silenced AR gene expression using
siRNA and found that 27-OHC-induced cell proliferation
is AR-dependent. Additionally, to determine whether
27-OHC contributes to apoptosis resistance, we treated
cells with 27-OHC and docetaxel and found that 27-OHC
inhibits the pro-apoptotic effects of docetaxel by visualiz-
ing nuclear fragmentation using TUNEL assay.

Methods
Reagents

27-OHC was purchased from Santa Cruz Biotechnologies
(Dallas, TX), docetaxel and fulvestrant from Cayman
Chemicals (Ann Arbor, MI), f-estradiol from Sigma-
Aldrich (St. Louis, MO), and the reporter constructs
encoding androgen receptor response elements conjugated
to the firefly luciferase gene from SA Biosciences (Va-
lencia, CA). All cell culture reagents, with the exception of
fetal bovine serum (FBS; Atlanta Biologicals; Flowery
Branch, GA), were from Invitrogen. Human RWPE-1 cells
were purchased from ATCC (Manassas, VA). Concentra-
tions of solvent in treatments were less than 0.1 %.

Cell culture

Non-tumorigenic human prostate epithelial RWPE-1 cells
were maintained in keratinocyte serum-free medium (In-
vitrogen; Carlsbad, CA) supplemented with 0.05 mg/ml
BPE and 5 ng/ml EGF. Cells were supplemented with
100 U/ml penicillin, 100 pg/ml streptomycin, and 0.25 pg/
ml amphotericin (Sigma; St. Louis, MO) and cultured at
5% CO, and 37 °C. Cells were treated with vehicle
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(ethanol in media), 0.1 or 1 pM of 27-OHC. Stock solu-
tions of 27-OHC were prepared in 100 % ethanol and
stored at —80 °C. 27-OHC stock solution was dissolved in
appropriate volumes of media to prepare the working
solutions of 0.1 or 1 pM. Our study was approved by the
Institutional Biosafety Committee of the School of Medi-
cine at the University of North Dakota.

Cell proliferation assays

To determine the effects of 27-OHC on cell proliferation,
we treated cells with 27-OHC at concentrations that have
been shown to promote breast cancer progression [10, 15,
16]. Proliferation assays were conducted on black 96-well
plates using CyQUANT Direct Cell Proliferation Assay
(Invitrogen; Carlsbad, CA) which quantifies cell number
using DNA content and membrane integrity. Cells seeded
at5 x 10° cells/well were treated with vehicle 0.1 or 1 pM
of 27-OHC and incubated for 48 h. Cells were then stained
as per the manufacturer’s protocol and read using Spectra
MAX GEMINI EM (Molecular Devices; Sunnyvale, CA).

Metabolic activity assay

Cell metabolic activity was quantified by measurement of
the reduction in MTS to formazan product using CellTiter
96® AQucous One Solution Cell Proliferation Assay (Pro-
mega; Madison, WI) according to the manufacturer’s
protocol. The assay of the formation of formazan was
performed by measuring absorbance change using a
microplate reader (Spectromax plus; Molecular Devices;
Sunnyvale, CA) 48 h after treatments.

Dual luciferase assays

Dual luciferase assays were conducted on white 96-well
plates using the Dual Luciferase Reporter Assay System
(Promega; Madison, WI). Cells were incubated for 18 h
with transfection-ready AR response element conju-
gated with firefly luciferase construct and constitutively
expressing Renilla luciferase construct using Lipofec-
tamine 2000 (Invitrogen; Carlsbad, CA) as per the manu-
facturer’s protocol. Following transfection, cells were
treated with O (vehicle), 0.1 or 1 uM 27-OHC for 24 h.
After 24 h of treatment, cells were lysed and measured in
relative luciferase units (RLU) as per the manufacturer’s
protocol. Firefly luciferase readings were normalized
against constitutive Renilla luciferase readings.

Chromatin immunoprecipitation (ChIP) analysis

ChIP analysis was performed to evaluate the extent of AR
binding to the DNA elements in the ARE regions,
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respectively, using SimpleChIP™ Enzymatic Chromatic
IP kit (Cell Signaling; Beverly, MA). Briefly, cells from
each treatment group (1 x 107 cells) were washed with
PBS, trypsinized, and centrifuged at 5000g. The pellet
containing the cells was further washed with PBS and
cross-linked using 37 % formaldehyde for 15 min followed
by the addition of glycine solution to cease the cross-
linking reaction. The cells were washed with 4 x volumes
of 1x PBS and centrifuged at ~300g for 5 min. The pellet
was re-suspended and incubated for 10 min in 5 ml of cell
lysis buffer containing DTT and protease and phosphatase
inhibitors. The cross-linked chromatin from each sample
was apportioned into three equal parts. One-third of the
cross-linked chromatin was set aside as “input.” One-third
of the cross-linked chromatin from each sample was
incubated with 5 pg of AR rabbit antibody (Active Motif),
while the remaining one-third of the cross-linked chro-
matin from each sample was incubated with 5 pg of normal
rabbit IgG to serve as negative control. The cross-linked
chromatin samples were incubated overnight at 4 °C with
their respective antibodies. The DNA—protein complexes
were collected using Protein G agarose beads. The samples
were incubated with 2 pl of proteinase K for 2 h at 65 °C.
The crude DNA extract was eluted and then washed several
times with wash buffer containing ethanol followed by
purification with the DNA spin columns. The pure DNA
was eluted out of the DNA spin columns using DNA elu-
tion buffer. The relative abundance of the AR antibody-
precipitated chromatin containing the AR binding site in
the ARE region was determined by qPCR using an
SYBR Green Mastermix kit following the manufacturer’s
instructions (Invitrogen; Carlsbad, CA). ARE sequence on
the PSA promoter F: 5'-TCTGCCTTTGTCCCCTAGAT-3’
and R: 5-AACCTTCATTCCCCAGGACT-3' [17]. The
amplification was performed using Step ONE plus PCR
Detection System (Invitrogen; Carlsbad, CA). The fold
enrichment was calculated using the AAC; method which
normalizes ChIP C, values of each sample to the % input
and background.

Western blot analysis

Treated cells were washed with PBS, trypsinized, and
centrifuged at 5000g. The pellet was washed with PBS and
homogenized in M-PER tissue protein extraction reagent
(Thermo Scientific; Waltham, MA) supplemented with
protease and phosphatase inhibitors. Denatured proteins
(5 ng) were separated in 10 or 12.5 % SDS-PAGE gels,
transferred to a PVDF membrane (Millipore), and incu-
bated with antibodies to PSA (1:1000, Santa Cruz; Dallas,
TX), or AR (1:1000, Santa Cruz; Dallas, TX). f-actin was
used as a gel-loading control. The blots were developed
with enhanced chemiluminescence (ECL Clarity kit, Bio-

Rad). Bands were visualized on a polyvinylidene difluoride
membrane and analyzed by LabWorks 4.5 software on a
UVP Bioimaging System. Quantification of results was
performed by densitometry and the results analyzed as total
integrated densitometric values (arbitrary units).

Small interfering RNA

The cells were transfected with AR siRNA using Lipo-
fectamine 2000 (Invitrogen; Carlsbad, CA) and incubated
for 24 h, followed by their respective treatments. siRNA to
AR sense and antisense strands were: 5'-CGGGAAGUU
UAGAGAGCUATT-3’, 5UAGCUCUCUAAACUUCCC
GTG-3' (Hs_AR_5, SA Biosciences; Valencia, CA).

TUNEL assay

The TUNEL assay was performed using DeadEnd Fluo-
rometric TUNEL assay (Promega; Valencia, CA) for
detection of apoptosis. The TUNEL staining was per-
formed according to manufacturer’s instructions. Cells
were permeabilized with Triton-X, washed with PBS, and
incubated with terminal deoxynucleotidyl transferase, flu-
orescein-12-dUTP. The fluorescein-12-dUTP-labeled DNA
was then visualized directly by fluorescence microscopy.
DAPI was used as counter-stain for staining the nucleus.
Slides were visualized using DMI 6000 (Leica Microsys-
tems; Buffalo Grove, IL).

Statistical analysis

The significance of differences was assessed by unpaired
t test and one-way analysis of variance (one-way ANOVA)
followed by Tukey’s post hoc test. Statistical analysis was
performed with GraphPad Prism software 4.01. Quantita-
tive data for experimental analysis are presented as mean
values = SEM with unit value assigned to control and the
magnitude of differences among the samples being
expressed relative to the unit value of control.

Results
The oxysterol 27-OHC increases cell proliferation

We found that 27-OHC increases proliferation by ~60 %
at 0.1 uM and ~40 % at 1.0 uM (Fig. 1a). To confirm our
results, we performed MTS assay to assess the mitochon-
drial activity of cells. We found that 27-OHC (0.1 and
1 uM) also increased the metabolic activity of the cells
(Fig. 1b). These data suggest that 27-OHC induces cell
proliferation in prostate epithelial cells.
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Fig. 1 27-OHC induces proliferation in prostate cells. Cell prolifer-
ation assay in RWPE-1 (a) cells demonstrates a significant increase in
proliferation in the presence of 27-OHC (0.1 and 1 uM). MTS assay
shows a significant increase in cell metabolic activity in the presence
of 27-OHC in RWPE-1 (b). Readings were recorded 48 h after
treatment with 27-OHC. Data are expressed as mean £ SEM
##kp < 0,001 and **p < 0.01 versus controls, *p < 0.01 and
###p < 0.001 versus 0.1 uM 27-OHC treatment

The oxysterol 27-OHC increases AR transcriptional
activity

We treated cells with 27-OHC and measured the transcrip-
tional activity of AR via ARE-tagged luciferase reporter. We
found that AR transcriptional activity was significantly
increased after 27-OHC treatment (Fig. 2). This suggests
that 27-OHC regulates AR transcriptional activity.

The oxysterol 27-OHC increases PSA expression
and AR binding to the PSA promoter

Using western blot analyses, we showed elevated levels of
PSA in 27-OHC-treated cells. PSA levels significantly
increased with 0.1 and 1.0 uM of 27-OHC (Fig. 3a, b). To
determine whether the elevated levels of PSA were due to
the increase in AR transcriptional activity, we performed a
ChIP assay to analyze AR binding to the androgen receptor
element (ARE) on the PSA promoter. We found an
increase in AR binding to the ARE of the PSA promoter by
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Fig. 2 27-OHC increases AR transcriptional activity; luciferase
reporter assay shows an increase in AR transcriptional activity in
the presence of 27-OHC (0.1 and 1 pM) in RWPE-1 cells. Readings
were recorded 24 h after treatment. Data are expressed as mean
+ SEM **p < 0.01 versus controls

~17-fold when treated with 0.1 uM of 27-OHC and
~ 11-fold when treated with 1 uM of 27-OHC (Fig. 3c).
These data suggest that 27-OHC enhances AR-mediated
PSA expression.

The oxysterol 27-OHC-induced cell proliferation is
dependent on AR

We found that siRNA to AR reduced the protein levels of
AR in untreated cells (Fig. 4a) and diminished cell pro-
liferation in 27-OHC-treated cells (Fig. 4b). This result
suggests that 27-OHC-induced cell proliferation involves
AR. As 27-OHC does not directly bind to AR (data not
shown) and is an ER modulator [12, 16, 18], it was
important to determine the role of ER in prostate cell
proliferation. We found that fulvestrant, an ER inhibitor,
when concomitantly treated with 27-OHC, attenuated
27-OHC-induced cell proliferation (Fig. 4c). This result
suggests that ER may function in concert with AR to
induce 27-OHC-induced cell proliferation.

27-OHC suppressed docetaxel-induced apoptosis

We found that docetaxel induced apoptosis and 27-OHC
(0.1 or 1.0 pM) markedly diminished docetaxel-induced
apoptosis (Fig. 5). These data suggest that 27-OHC inhibits
docetaxel-induced apoptosis.

Discussion
This study was designed to determine the effects of

27-OHC on prostate cell proliferation and apoptosis. We
also determined the involvement of AR in cell proliferation
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Fig. 3 27-OHC increases PSA protein levels via AR representative
western blot (a) and densitometric analysis (b) showing a significant
increase in PSA protein levels in RWPE-1 cells treated with 27-OHC
(0.1 and 1 pM) for 48 h. ChIP analysis of AR binding to the ARE on
the PSA promoter shows an increase in AR binding in the presence of
27-OHC that is higher with 0.1 than 1.0 pM concentrations (c). Data
are expressed as mean £ SEM ***p < (0.001 and **p < 0.01 versus
controls, *p < 0.01, and *p < 0.05 versus 1 uM 27-OHC treatment

induced by 27-OHC. We demonstrate that 27-OHC
increases proliferation and activates AR transcriptional
activity in the normal prostate cells RWPE-1. We further
demonstrate that 27-OHC-induced cell proliferation is AR-
dependent. Additionally, we show that 27-OHC opposes
apoptotic cell death induced by docetaxel. Our data suggest
that 27-OHC increases proliferation in normal epithelial
prostate cells in an AR-dependent manner.

27-OHC, the most abundant cholesterol metabolite in
the circulatory system, is synthesized by the cytochrome
P-450 enzyme, sterol 27 hydroxylase (CYP27A1), in the
inner mitochondrial membrane of the liver and is metab-
olized by CYP7B1 enzyme [14, 19]. The main source of
27-OHC levels in the human body emanates from oxida-
tion of cholesterol. As cholesterol levels increase following
intake of diets rich in cholesterol or overproduction of

endogenous cholesterol, production of 27-OHC increases.
Patients with hypercholesterolemia were reported to have
high levels of 27-OHC in their blood [10, 11, 18]. Addi-
tionally, 27-OHC levels in the plasma have been shown to
increase with age in males but not in females [20]. Also,
males are known to have higher basal levels of 27-OHC in
plasma than females [20, 21]. 27-OHC is also known to
activate or inhibit nuclear receptors depending on the target
tissue. For instance, 27-OHC inhibits ER signaling in the
vasculature [22] and bone [23]; however, it activates ER
signaling in breast [10, 15, 16].

To the best of our knowledge, there has been no
established link between 27-OHC, PCa, and BPH. In this
study, we report an increase in cell proliferation in prostate
cells in the presence of 27-OHC at concentrations below
(0.1 uM) or above (1.0 uM) the physiological concentra-
tions [24, 25]. Total 27-OHC (esterified + non-esterified)
is found in the human blood plasma ranging from 0.2 to
0.6 UM in a healthy individual [11, 26]. Also, it has been
shown that the levels of non-esterified 27-OHC, which is
the most biologically active form of 27-OHC [27, 28], is
reported to be less than 20 % of total 27-OHC in the human
body [20, 29, 30]. In disease conditions, such as cancer
and neurodegenerative diseases, macrophages migrate to
affected areas releasing excess 27-OHC in the surrounding
tissue [10, 30, 31]. We also found that fulvestrant, an ER
inhibitor, attenuated 27-OHC-induced cell proliferation in
both concentrations to statistically same levels. Overall,
our data suggest that 27-OHC may play an important role
in prostate cell proliferation, which may result in the pro-
gression of BPH and/or PCa.

Androgen receptor (AR) plays an important role in
prostate growth and development. There is a positive
relationship between AR transcriptional activity and PCa
progression [32, 33]. Over 80 % of PCa patients respond to
anti-androgens or androgen deprivation therapy that targets
and inhibits the AR activity [32, 34]. Additionally,
androgens are also involved in BPH pathogenesis via AR
[35, 36]. However, the effects of cholesterol metabolites
including the oxysterol 27-OHC on the AR signaling
pathway remain to be determined.

The AR signaling pathway plays a critical role in the
development and progression of PCa [32, 33, 36]. AR
signaling is chiefly targeted in the context of PCa using
androgen ablation therapies [32, 33]. As we found that AR
transcriptional activity was increased with 27-OHC treat-
ment, we determined the expression levels of PSA, a well-
known downstream target of AR, in these cells [37]. PSA is
a serine protease which is produced by prostate epithelial
cells and PCa cells. It is used as a serum biomarker to
monitor PCa progression in patients [38]. Subsequently, we
found that levels of PSA were increased. Also, using ChIP
assay, we demonstrate that the binding of AR to the PSA
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promoter in the presence of 27-OHC is increased. We also
show that 27-OHC-induced proliferation is AR-dependent.
When AR gene expression was silenced, 27-OHC was
unable to induce an increase in proliferation. As there was
no additive effect in proliferation when cells were treated
simultaneously with 27-OHC and E2 and because the ER
selective inhibitor (Fulvestrant) prevented the 27-OHC-
induced cell proliferation in RWPE-1 cells, we suggest the
existence of an ER-AR crosstalk in the presence of
27-OHC since we show that the AR knockdown also
reduces 27-OHC-induced proliferation.

Since 27-OHC induces AR transcriptional activity and
27-OHC levels increase with age [20], 27-OHC may play a
role in castrate-resistant prostate cancer. However, further
studies are needed to evaluate the role of 27-OHC in cas-
trate-resistant PCa.
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Apoptosis is an important process that keeps the number
of cells dividing under tight control [39]. To assess the role
of 27-OHC in regulating apoptosis, we utilized a pro-
apoptotic drug, docetaxel [40], a current chemotherapeutic
drug of choice for advanced PCa [41, 42]. To further
understand whether 27-OHC plays a potential role in
chemotherapeutic resistance, we treated cells with doc-
etaxel and 27-OHC. We found that 27-OHC attenuated the
pro-apoptotic effects of docetaxel. Docetaxel is clinically
used to battle metastatic PCa [43] and is also known
experimentally to have pro-apoptotic properties in non-tu-
morigenic RWPE-1 cells [44]. To better understand the
role of 27-OHC in PCa, further in vivo studies are
warranted. These results warrant further investigation
to understand the anti-apoptotic role of 27-OHC in
chemotherapeutic resistance to PCa and BPH.
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«Fig. 5 27-OHC opposes docetaxel-induced apoptosis. Confocal
images panels (a) and quantitation (b) for TUNEL assay in RWPE-
1 cells treated with 27-OHC and/or docetaxel for 24 h. Docetaxel
(0.1 uM) induced a marked increase in the apoptotic cells (green) and
treatment with 27-OHC at both 0.1 and 1.0 pM diminished apoptosis
induced by docetaxel. Data are expressed as mean + SEM
***p < 0.001, **p <0.01 and *p <0.05 versus controls,
###p < 0.001 versus docetaxel only treatment. Bar 100 pM

In summary, we demonstrate that 27-OHC induces an
increase in proliferation in normal prostatic epithelial cells
in an AR-dependent manner. We also report for the first
time the docetaxel-resistant role of 27-OHC in epithelial
cells. Our study provides a novel insight into the molecular
mechanisms of 27-OHC and its role in modulating AR
signaling pathway that is tightly linked to cell proliferation
which is associated with PCa and BPH. Further studies are
warranted to delineate the 27-OHC activated AR signaling
pathway which may lead to unraveling novel therapeutic
avenues for PCa and BPH.
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