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Androgen receptor (AR) is a ligand-dependent transcription factor and plays a key role in the development
of prostate cancer. Resveratrol, a polyphenolic compound, inhibits AR function and reduces the level of
prostate-specific antigen (PSA), a notable target gene of AR. Here, we investigated the mechanisms by
which resveratrol inhibits AR function. Although the protein levels of AR were decreased by resveratrol
treatment for 24 h, the decrease could not fully account for the suppression of AR function. The total
ndrogen receptor
rostate-specific antigen
esveratrol
cetylation
rostate cancer

and the nuclear AR levels were not affected after incubation with 10 �M resveratrol for 3 h, whereas
resveratrol inhibited the binding of AR to the enhancer region of PSA and decreased the acetylation of AR
even at this early phase. Inhibition of transcription by resveratrol was weaker in the AR acetylation site
mutant than in the wild-type. In later phase (24 h) after incubation with resveratrol, the ligand-induced
nuclear accumulation of AR was markedly decreased by resveratrol. These data show that resveratrol
inhibits DNA binding of AR, presumably by decreasing its level of acetylation and suggest that acetylation
of AR is involved in its accumulation in the nucleus.

© 2010 Elsevier Ltd. All rights reserved.
. Introduction

The actions of androgens such as testosterone and dihy-
rotestosterone (DHT) are mediated by the androgen receptor
AR), which is a member of the nuclear receptor superfamily
f ligand-dependent transcription factors [1]. Like other nuclear
eceptors, AR is composed of an N-terminal domain, a DNA-binding
omain, a hinge region, and a ligand-binding domain (LBD). Upon

igand binding, AR translocates from the cytoplasm to the nucleus
nd binds to the androgen response element (ARE) in the target
ene promoter to activate transcription. AR function is regulated
y post-translational modifications such as phosphorylation [2],
biquitination [3], and acetylation [4,5]. The AR-mediated DHT sig-
al plays a pivotal role in the development of prostate cancer,
he most diagnosed malignant carcinoma among men in west-
rn countries [6]. Prostate-specific antigen (PSA), which has some

REs, is the best characterized AR target gene. Serum PSA lev-
ls are commonly used for clinical diagnosis of prostate cancer
7,8].

∗ Corresponding author. Tel.: +81 72 254 9454; fax: +81 72 254 9454.
E-mail address: yamaji@biochem.osakafu-u.ac.jp (R. Yamaji).

960-0760/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
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A chemopreventive strategy that uses functional foods is attrac-
tive because the development of prostate cancer is considered
to be associated with dietary habit [9]. Resveratrol (3,4′,5-
trihydroxystilbene), a polyphenolic phytoalexin present in grapes
and red wines, has received considerable attention as an anti-
cancer nutrient over the years [10]. Resveratrol dose-dependently
decreased the expression of PSA in an LNCaP (androgen-sensitive
prostate cancer cell) xenograft in the nude mouse [11] and
decreased the expression of glandular kallikein 11 (a rat ortholog
of PSA) in a transgenic rat used as a model for adenocarcinoma
of the prostate [12]. In LNCaP cells, resveratrol down-regulates
approximately half of the genes induced by androgen (including
PSA) and inversely up-regulates almost all of the genes repressed
by androgen [13]. Thus, resveratrol inhibits AR-mediated androgen
signaling. It is speculated that resveratrol suppresses AR func-
tion by reducing its expression because resveratrol (50–150 �M)
decreased AR mRNA levels by suppressing promoter activity [14]
and shortened the half-life of AR at the post-translational stage
[15]. However, Hsieh and Wu reported that resveratrol decreased

PSA expression even though it did not affect the AR protein level
[16,17]. Therefore, the detailed mechanisms by which resveratrol
inhibits AR function are not clear.

Here we report that resveratrol reduces the PSA level more effi-
ciently than it reduces the AR level. Accordingly, to understand why

dx.doi.org/10.1016/j.jsbmb.2010.11.002
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
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esveratrol reduces the PSA level more efficiently than it reduces
he AR level, we examined the mechanism by which resveratrol
nhibits AR function.

. Materials and methods

.1. Cell culture

Human prostate cancer LNCaP (AR-positive) and PC-3 (AR-
egative) cells were obtained and cultured as described previously
18] unless otherwise indicated.

.2. Subcellular fractionation

LNCaP cells that had been cultured in phenol red-free RPMI 1640
edium supplemented with 10% dextran-coated charcoal-stripped

etal bovine serum (dFBS) were further incubated in the presence
f DHT and/or resveratrol. Subcellular components were fraction-
ted as described previously [18]. In brief, LNCaP and PC-3 cells
ere suspended in hypotonic buffer [18] and passed through a 23-

uage needle. The homogenate (total cell lysates) was separated
nto cytoplasmic, nuclear, and particulate fractions by differen-
ial centrifugation. The proteins in each fraction were analyzed by

estern blotting with anti-AR (N-20, Santa Cruz Biotechnology,
anta Cruz, CA, USA), anti-PSA (C-19, Santa Cruz Biotechnology),
nti-�-tubulin (DM1A, Sigma, St. Louis, MO, USA), and anti-lamin
1 (L-5, Zymed Laboratories, San Francisco, CA, USA) antibodies.
he band intensity was determined by densitometry using Image J
oftware version 1.41 (National Institutes of Health, Bethesda, USA).

.3. Chromatin immunoprecipitation (ChIP) assay

A ChIP assay was performed as described previously [19]. LNCaP
ells that had been cultured in medium supplemented with 10%
FBS were incubated in the presence of 10 �M resveratrol for
35 min. Cells were further incubated with 10 nM DHT for 45 min

n the presence of resveratrol, followed by fixation at a final con-
entration of 1% paraformaldehyde for 15 min. Cells were lysed in
hIP lysis buffer and sonicated for 10 s for 5 times (Handy Sonic,
R-20P, Tomy Seiko, Tokyo, Japan). The supernatant after centrifu-
ation was diluted with ChIP dilution buffer and precleared with
rotein A-Sepharose (GE Healthcare) for 1 h. The remaining extract
as incubated with 1 �g of control or anti-AR antibodies (N-20)

or 16 h and further incubated with protein A-Sepharose for 1 h.
roteins bound to the resin were sequentially washed with low
alt wash buffer, high salt wash buffer, and LiCl wash buffer, and
urther washed twice with TE buffer, followed by elution with ChIP
lution buffer containing 10 mM dithiothreitol. The eluted fractions
ere incubated at 65 ◦C for 6 h to dissolve cross-linking and further

ncubated with RNase A and proteinase K. After ethanol precipita-
ion, the PSA enhancer containing ARE (AREIII) was amplified by
CR using a sense primer (5′-TTGGATTGAAAACAGACCTA-3′) and an
ntisense primer (5′-GTAAAGCAGGCATCCTTGCA-3′) [20] accord-
ng to the following program: 1 cycle, 95 ◦C for 1 min; 40 cycle,
5 ◦C for 15 s, 60 ◦C for 30 s (for real-time PCR) or 1 cycle, 95 ◦C for
min; 34 cycle, 94 ◦C for 30 s, 57 ◦C for 30 s, 72 ◦C for 1 min; 1 cycle,
2 ◦C for 10 min (for semi-quantitative RT-PCR). Real-time quanti-

ative PCR was performed with a SYBR Premix Ex Taq (Takara, Shiga,
apan) on Thermal Cycler Dice, TP-800 (Takara). Ct values were
ransformed into relative quantification data by 2−��Ct method.
ignals obtained from the ChIP sample were divided by signals
btained from an input sample and expressed as relative values.
y & Molecular Biology 123 (2011) 65–70

2.4. Immunoprecipitation

Immunoprecipitation was performed as described previously
[18], with minor modifications. LNCaP cells grown in phenol red-
free RPMI 1640 medium supplemented with 10% dFBS were treated
with 10 nM DHT and/or 10 �M resveratrol for 3 h and sonicated in
IP buffer [18]. Cell lysates (3 mg) were incubated with monoclonal
mouse anti-AR IgG (0.5 �g, AR441, Santa Cruz Biotechnology) and
polyclonal anti-AR IgG (N-20, 0.5 �g) for 1 h, followed by addition of
protein G-Sepharose (50% slurry, GE Healthcare, Little Chalfont, UK)
preequilibrated with IP buffer. The mixture was further incubated
for 4 h, and the resin was washed twice with IP buffer. Proteins
bound to the resin were analyzed by Western blotting with anti-AR
(N-20) and anti-acetylated lysine (Ac-K-103, Cell Signaling Tech-
nology, Beverly, MA, USA) antibodies.

2.5. Reporter assay

A luciferase reporter assay was performed as described previ-
ously [21]. A mutant AR expression vector (pcDNA3.1-AR(K630T))
was constructed using a QuickChange II XL site-directed mutage-
nesis kit (Stratagene, La Jolla, CA, USA). PC-3 cells were transiently
co-transfected with AR expression vector (pcDNA3.1-AR [18] or
pcDNA3.1-AR(K630T)), pARE2-TATA-Luc [18], and pRL-TK for 24 h,
and further incubated in the presence or absence of DHT and resver-
atrol for an additional 24 h. Luciferase activities were determined
as described previously [18], and data were expressed as relative
light units (RLU).

2.6. Immunofluorescence microscopy

Immunofluorescent microscopy was carried out as described
previously [22]. PC-3 cells were transformed by electroporation
with pcDNA3.1-AR�C-Nuc [18], using a Gene Pulser at 950 �F
and 220 V (Bio-Rad Laboratories, Hercules, CA, USA). Anti-AR anti-
body (1/3000, N-20) was used as the primary antibody and was
immunoreacted with Alexa Fluor 488-conjugated secondary anti-
bodies (1/5000, Molecular Probes, Eugene, OR, USA). Cell nuclei
were stained with 4′,6-diamidino-2-phenylindole (DAPI, 1 �g/ml),
followed by observation using fluorescence microscopy (Nikon,
Tokyo, Japan).

3. Results

3.1. Comparison of the levels of AR and PSA

To elucidate whether resveratrol inhibits the transcriptional
activity of AR by decreasing the expression of AR, LNCaP prostate
cancer cells were incubated with or without DHT (10 nM) for 24 h
in the presence of various concentrations of resveratrol, and the
expression levels of AR and PSA were compared. The expression
level of PSA was increased by DHT and inversely decreased by
resveratrol in a dose-dependent manner (Fig. 1A). These results
show that resveratrol affects AR function. The band densities nor-
malized to the levels of �-tubulin are shown graphically in Fig. 1B.
Resveratrol caused a greater decrease in PSA than in AR. In the cells
treated with 10 �M resveratrol, the level of PSA was about 30% of
that in the control cells, whereas the level of AR was about 80% of

that in the control cells, indicating that there is a significant gap
between the decrease of the protein levels of AR and PSA. There-
fore, as has been proposed by Hsieh and Wu [16,17], the decrease
of the protein level of AR could not fully account for the decrease
of the AR function by resveratrol.
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Fig. 1. Expression patterns of AR and PSA in cells treated with various concentra-
tions of resveratrol. (A) LNCaP cells grown in medium supplemented with 10% dFBS
were incubated with 10 nM DHT in the presence 0–50 �M resveratrol for 24 h. Pro-
teins (10 �g) in whole cell lysate were subjected to SDS-PAGE, followed by Western
blot analysis with anti-AR, anti-PSA, and anti-�-tubulin antibodies. (B) Band inten-
sities were calculated by densitometry. AR and PSA levels that were normalized
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Fig. 2. Subcellular distribution of AR and DNA binding of AR to the PSA enhancer
at the early phase. (A) LNCaP cells were incubated in the presence or absence of
10 nM DHT and 10 �M resveratrol for 3 h. The whole cell lysate and nuclear fraction
were analyzed by Western blotting with anti-AR, anti-�-tubulin, and anti-lamin B1
antibodies. (B and C) LNCaP cells that had been pretreated with 10 �M resveratrol
for 135 min were stimulated by DHT for 45 min. A ChIP assay was performed as
described in Section 2. (B) Semi-quantitative PCR was performed and PCR products
were analyzed on a 2% agarose gel. (C) Quantitative PCR was performed and signals
o the levels of �-tubulin were expressed as a percentage of the intensity of the
ontrol (with DHT and without resveratrol). The data are representative of three
ndependent experiments.

.2. The binding of AR to PSA enhancer

To account for the decrease of AR function by resveratrol, we
nvestigated mechanisms other than a decrease of AR expression.
esveratrol had its strongest differential effect on the levels of
SA and AR at concentration of 10 �M (Fig. 1B). In the follow-
ng, we used a concentration of 10 �M. Because ligand-bound AR
ranslocates from the cytoplasm into the nucleus, we examined
he effect of resveratrol on the AR level in the nucleus. It was
eported that the nuclear AR level peaks after 3 h incubation with
igand [23]. LNCaP cells were incubated in the presence of DHT
nd 10 �M resveratrol for 3 h, and the AR levels in whole cell
ysate and nuclear fraction were analyzed by Western blotting
Fig. 2A). �-Tubulin and lamin B1 were used as internal con-
rols for the whole cell lysate and nuclear fraction, respectively,
nd AR in the whole cell lysate and nuclear fraction was esti-
ated by densitometry (data not shown). At this early phase, the
HT-induced increases of AR in the whole cell lysate and nuclear

raction were not affected by resveratrol. These results suggest
hat resveratrol (10 �M) did not affect the nuclear translocation
f AR.

Because the AR level was not affected in the presence of 10 �M
esveratrol for 3 h, we examined the amounts of AR bound to the
RE on the PSA enhancer with a ChIP assay after incubation with
esveratrol for 3 h. LNCaP cells were pre-incubated with resver-

trol in the absence of DHT for 135 min and then incubated with
esveratrol in the presence of DHT for 45 min. In LNCaP cells treated
ith 10 �M resveratrol for 3 h, DHT-induced binding of AR to the

SA enhancer was decreased, as shown by semi-quantitative and
of ChIP/input were expressed as relative values. Data are expressed as representative
of three-independent experiments.

quantitative PCR (Fig. 2B and C, respectively). Taken together, these
results show that resveratrol inhibited the binding of AR to the ARE
on the PSA enhancer without affecting the AR level, which resulted
in a reduction of PSA expression.

3.3. Acetylation state of AR

The acetylation of AR has been proposed to be important for
the DNA-binding of AR [24]. Hence, we examined the level of
acetylated AR in LNCaP cells stimulated with DHT for 3 h in the
presence or absence of 10 �M resveratrol. In LNCaP cells, using
antibodies against AR, equivalent amounts of AR were immunopre-
cipitated from cells treated with DHT alone or co-treated with DHT
and resveratrol for 3 h (Fig. 3, upper panel). The DHT-treatment

increased the amount of acetylated AR, but the increase was
reversed when the cells were co-incubated in the presence of
resveratrol (lower panel).
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Fig. 3. DHT-induced acetylation of AR. LNCaP cells in medium supplemented with
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Fig. 5. Accumulation of AR in the nucleus at the later phase. LNCaP cells grown in
medium supplemented with 10% dFBS were incubated in the presence or absence
of 10 nM DHT and 10 �M resveratrol for 24 h. Whole cell lysate was fractionated
into cytosolic and nuclear fractions by differential centrifugation. Proteins (10 �g)
in each fraction were subjected to SDS-PAGE, followed by Western blot analysis
0% dFBS were treated with 10 nM DHT and/or 10 �M resveratrol for 3 h. Cell lysates
ere immunoprecipitated with control or anti-AR antibodies and analyzed with
estern blotting using anti-AR and anti-acetyl lysine (Ac-K) antibodies. The data

re representative of three-independent experiments.

.4. Acetylation site of AR in resveratrol-decreased
ransactivation
To understand the biological meaning of the decrease of AR
cetylation by resveratrol, we examined the transcriptional activ-
ty of mutant AR(K630T), in which Lys is substituted for Thr at

ig. 4. Effect of resveratrol on transactivation of AR(K630T), an acetylation site
utant. PC-3 cells were co-transfected with AR expression vector (wild-type or

630T mutant), pARE2-TATA-Luc, and pRL-TK for 24 h. Cells were incubated in the
resence or absence of 10 nM DHT and 10 �M resveratrol for an additional 24 h, and

uciferase activities were measured and expressed as RLU. Protein levels of wild-type
R or AR(K630T) and �-tubulin were determined by Western blotting. Values indi-
ated the means ± SD of triplicate determinations, and the results are representative
f two independent experiments.
with anti-AR, anti-�-tubulin (a control for the cytosolic fraction), and anti-lamin B1
(a control for the nuclear fraction) antibodies. The data are representative of three
independent experiments.

position 630, and which is considered as an acetylation mimic
form of AR [5]. The expression level of AR(K630T) was lower
than that of wild-type AR. As shown in Fig. 4, AR(K630T) exerted
stronger transcriptional activity than the wild-type, consistent with
a previous study [5]. Resveratrol significantly suppressed the DHT-
induced transcriptional activity of wild-type AR, but not that of
AR(K630T).

3.5. Subcellular localization of AR

Resveratrol limited the DNA binding of AR at the early phase
after stimulation of DHT. We then examined whether the nuclear
AR, which was dissociated from DNA, could be consequently
excluded from the nucleus because AR shuttles between the
cytoplasm and the nucleus [1]. Because the re-export of AR
from the nucleus to the cytoplasm takes over 12 h [25], LNCaP
cells were incubated with DHT (10 nM) for 24 h in the pres-
ence or absence of resveratrol (10 �M). Cells were separated into
nuclear and cytosolic fractions by differential centrifugation, and
AR was analyzed by Western blotting. Nuclear-localized AR was
markedly increased by DHT, whereas the DHT-dependent increase
of nuclear AR was reduced by co-incubation with resveratrol for
24 h (Fig. 5).

3.6. Nuclear localization of AR�C-Nuc

Mutant AR (AR�C-Nuc) [18], which lacks the LBD and a par-
tial hinge region, constitutively locates in the nucleus and acts
as a constitutively active form of AR even in the absence of DHT
[26]. Because the transactivation of AR�C-Nuc was also down-
regulated by resveratrol [15], we examined the localization of
AR�C-Nuc after long-term incubation with resveratrol. AR�C-Nuc
was expressed in PC-3 (AR-negative) prostate cancer cells and incu-
bated with resveratrol (10 �M) for 24 h. Resveratrol decreased the
nuclear protein level of AR�C-Nuc, as shown by subcellular frac-
tionation and Western blotting (Fig. 6A). �-Tubulin and lamin B1
were used as internal controls for the whole cell lysate and nuclear
fraction, respectively. In the absence of resveratrol, AR�C-Nuc was
detected by immunofluorescent microscopy within the nucleus in
a punctate pattern (Fig. 6B, top left panel). However, in the presence

of resveratrol, AR�C-Nuc was not restricted to the nucleus but was
also distributed in the cytoplasm (Fig. 6B, green smear in top right
panel). In addition, resveratrol caused AR�C-Nuc to be localized on
the periphery of the nuclear membrane.
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Fig. 6. Subcellular localization of AR�C-Nuc. Transformed PC-3 cells overexpress-
ing AR�C-Nuc were incubated in the presence or absence of 10 �M resveratrol for
24 h. (A) After fractionation of the cells, proteins in the total cell lysate and nuclear
fraction (each 10 �g) were analyzed by Western blot with anti-AR, anti-�-tubulin,
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This work was supported by Grants-in-Aid (20580141 and
nd anti-lamin B1 antibodies. (B) Cells were fixed, permeated, and reacted with
nti-AR antibodies, followed by immunoreaction with Alexa Fluor 488-conjugated
econdary antibodies. Nuclei were stained with DAPI. The data are representative
f two-independent experiments.

. Discussion

Preventive strategies for prostate cancer have received consid-
rable attention in recent years [10]. Because androgen-dependent
R function plays a pivotal role in the development of prostate
ancer, AR is recognized as a preventative and therapeutic tar-
et for prostate cancer [9]. Resveratrol inhibits the prostate cancer
ells in vitro and suppresses the progression of prostate cancer in
n vivo mouse and rat adenocarcinoma models [12,16,27,28]. In the
resent study, we identified the mechanism by which resveratrol

nhibits the transcriptional activity of AR.
Resveratrol reduces the expression of PSA both in vitro and

n vivo, revealing its inhibitory effect on the androgen axis [11,14].
t also reduces the expression level of AR at both the transcriptional

nd post-translational stages [14,15]. However, until now, it has not
een clear whether resveratrol inhibits AR function by decreasing
R expression. Our results show that AR protein level is suppressed
nly in the presence of resveratrol at high concentrations (Fig. 1A
y & Molecular Biology 123 (2011) 65–70 69

and B). In contrast, the decrease of the PSA expression was observed
even in lower concentrations at which AR levels were not affected,
suggesting the existence of other possible mechanisms. These data
are consistent with previous studies [14–17]. Together, our results
suggest that measuring the levels of total AR protein is insufficient
to determine the effect of resveratrol on AR signaling.

After associating with the ligand, AR binds to the ARE on the
promoter region and acts as a transcription factor. In addition, AR
function is also modified with post-translational modification by
cofactor proteins. Resveratrol has little affinity for AR, suggesting
that resveratrol does not act as an antagonist of DHT [11]. More-
over, resveratrol dose-dependently decreased the transcriptional
activity of AR�C-Nuc, which lacks the LBD of AR, indicating that
resveratrol inhibits AR function even without direct binding to the
LBD of AR [15]. Here, we found that resveratrol inhibited the bind-
ing of AR to the ARE on the PSA promoter even at an early phase
after incubation with resveratrol, when the total and nuclear AR
levels were not affected. In addition, DHT-dependent acetylation
of AR was also decreased by resveratrol. These data are supported
by the findings that the acetylation of AR is important for the bind-
ing to DNA [24] and positively affects its transcriptional activity
[5].

A recent study suggested that AR acetylation affects the sub-
cellular localization of AR [29]. The nuclear-localized AR was
decreased after incubation with 10 �M resveratrol for 24 h, but
not for 3 h, suggesting that resveratrol does not inhibit the nuclear
import of AR. Because acetylated AR and DNA-bound AR were
decreased after only 3 h of exposure to resveratrol, they must have
occurred prior to the reduction of nuclear AR. In addition, exper-
iments with the acetylation site mutant AR(K630T) demonstrate
the importance of AR acetylation in transcriptional repression by
resveratrol (Fig. 4). Taken together, our results suggest that decreas-
ing the acetylation of AR suppresses the binding of AR to the
ARE and that non-acetylated AR preferentially translocates from
the nucleus to the cytoplasm. Thus, the resveratrol-dependent
decrease of nuclear AR might result from augmentation of the
nuclear export of AR and not from inhibiting the nuclear import
of AR.

Although resveratrol had been considered as an activator of
SIRT1, which is a NAD-dependent deacetylase of AR [30], recent
results cast doubt on the ability of resveratrol to affect SIRT1 activ-
ity [31,32]. In the presence of resveratrol, nicotinamide, a SIRT
inhibitor, did not specifically recover AR transactivation (data not
shown), suggesting that resveratrol down-regulates the acetyla-
tion of target proteins including AR by some mechanism other than
enhancement of SIRT1 activity. Because the acetylation site of AR is
responsible for the transcriptional up-regulation by PKA and AKT
signals [24], these signals may be involved in modulation of the
acetylation status of AR by resveratrol. Alternatively, our data may
indicate that acetylation of the receptor represents the status of
DNA-binding.

Our results demonstrate that resveratrol restricted the associa-
tion between AR and ARE on the PSA promoter and decreased the
acetylation of AR, which in turn suppressed the accumulation of
AR in the nucleus. Because these effects were more potent than the
decrease of AR protein, they represent a novel mechanism by which
resveratrol inhibits AR transactivation.
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