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Protein phosphorylation/dephosphorylation is an
important posttranslational modification that plays a
critical role in signal transduction. The androgen re-
ceptor (AR) is under such control. We demonstrate
that androgen receptor phosphorylation determines
whether or not AR ligands perform as agonists or an-
tagonists in LNCaP cells. Androgen receptor ligands
(such as dihydrotestosterone and B-estradiol) stimu-
late receptor expression and phosphorylation and, as
a result, they act as agonists or partial agonists. In
contrast, agents such as bicalutamide and estramus-
tine inhibit the receptor phosphorylation and act as
antagonists. This model is supported by gene expres-
sion and transactivation assays. Significant increases
in levels of both mRNA and protein of prostate-spe-
cific antigen (PSA), a natural AR target gene, occur
following the treatment of LNCaP cells with DHT,
B-estradiol, or hydroxyflutamide. In contrast, expo-
sure of LNCaP cells to bicalutamide or estramustine
results in a sharp decrease of PSA expression. Agonis-
tic or antagonistic effect of these compounds on PSA
expression parallels the level of phosphorylated, but
not dephosphorylated androgen receptors. These ago-
nistic or antagonistic effects are also observed in HeLa
cells transfected with wild-type AR expression plas-
mid (pARO) and AR-driven luciferase expression plas-
mid GRE-tk-LUC in the presence of different groups of
AR blockers. Our data indicate that the functional
status of androgen receptors is strongly correlated
with the phosphorylation status of the receptors, and
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that the phosphorylated androgen receptor is the form
of the receptor transcriptionally active in regula-
tion. Thus the androgen receptor phosphorylation/
dephosphorylation may serve as a new molecular tar-
get for screening androgen antagonists for the treat-
ment of prostate cancer. © 1999 Academic Press
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Hormone related therapy of prostate cancer includes
treatment with antiandrogens, such as estrone and
B-estradiol, and androgen receptor (AR) blockers, such
as flutamide, and bicalutamide [1-2]. These agents
exhibit their androgen antagonistic effect by binding to
wild-type androgen receptors, leading to interruption
of AR mediated signal transduction. A high frequency
of androgen receptor mutations occurs in advanced
prostate cancers [3-5], and recent studies indicate that
such mutation(s) may change the characteristics of
androgen receptor ligands from antagonists to agonists
[6—11]. Hydroxyflutamide, anandron, cyproterone ace-
tate, estradiol, and progesterone can compete with en-
dogenous androgen to bind to a mutated androgen
receptor. Under these conditions, they exhibit andro-
gen agonistic- instead of antagonistic- effects [6—11].

The androgen receptor, a member of the nuclear
receptor superfamily of ligand-regulated transcription
factors [12-16], is a phosphorylated protein [17-20],
Several phosphorylation sites in the AR molecule have
been identified, including Ser 81, 94, 503, 641, 650 and
653 [21-23]. The phosphorylation of the receptor pro-
tein has been found to be required for hormone bind-
ing, suggesting that there is a link between the phos-
phorylation status and the activation state of the
receptor [24]. In addition, stimulation of androgen-
regulated transactivation is modulated by protein
phosphorylation [25], and inhibition of AR phosphory-
lation by the protein kinase A (PKA) stimulator, fors-
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FIG. 1. Androgen receptors as phosphorylated- and dephos-
phorylated-proteins in LNCaP cells. LNCaP cells grown exponen-
tially were metabolitically labeled for 6 h with 500 wCi/ml of
[*S]-methionine or [**P] orthophosphate in methionine- or
phosphate-free RPMI 1640 medium. The cells were harvested,
washed, and total proteins extracted. One hundred ng of the
protein extracts were inmmunoprecipitated with AR specific an-
tibody for 1 h in the presence of proteinase inhibitors (1 mM
PSMF, 5 ung/ml leupeptin, 10 pwg/ml aprotinin, and 25 u/ml baci-
tracin) followed by addition of 15 ul of Protein agarose A + G, and
incubated at 4°C overnight in a Speci-Mix shaker. The immuno-
precipiates were washed, and separated by 4%/7% stack SDS-
PAGE. The AR dephosphorylation was performed by addition of
indicated amounts of protein phosphatase-2A to immunoprecipi-
tates from **S (panel A) or **P (panel B) proteins, and incubated
for 30 min at 37°C followed by SDS-PAGE. The protein bands
were obtained by exposure of the dried gel to ECL films at —70°C
overnight.
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kolin, results in a decrease in AR mediated transcrip-
tional regulation of two endogenous genes (PAS and
Bl-subunit of Na/K-ATPase) [23]. In this report, we
demonstrate that androgen receptor phosphorylation/
dephosphorylation plays a dominant role in the action
of androgen receptor ligands. This molecular switch is
a potential new molecular target to allow development
of pure androgen antagonists for the treatment of pros-
tate cancer, and to distinguish androgen antagonists
from agonists for the widely used anti-androgen ther-
apeutic drugs.

MATERIALS AND METHODS

Reagents. Antibodies against AR, corresponding to amino acids
900-919 (mapping at the carboxy terminus of the androgen receptor
of human origin), and anti-rabbit 1gG-HRP were purchased from
Santa Cruz Biotechnology, Inc., (Santa Cruz, CA). A Western blot-
ting detection kit was purchased from Amersham (Arlington
Heights, Illinois). Reagents for SDS—PAGE and protein determina-
tion were obtained from Bio-Rad, (Richmond, CA). RPMI-1640 me-
dium and fetal bovine serum (FBS) were purchased from Gibco BRL
Life Technologies, Inc., (Gaithersburg, MD), and [*S]-methionine
and [*P] orthophosphate from ICN Pharmaceuticals, Inc. (Costa
Mesa, CA) and Amersham Life Science Inc., (Arlington Heights,
Illinois), respecitively. Other chemicals including dihydrotestoster-
one (DHT) were purchased from Sigma Chemical Company, (St.
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FIG. 2. Stimulation of androgen receptor phosphorylation by androgen agonists in LNCaP cells. Synchronized LNCaP cells at G1 in
serum free RPMI 1640 medium were exposed to indicated concentrations of dihydrotestosterone (A, A’), or LNCaP cells at 65-75% confluence
in RPMI 1640 medium containing 10% fetal bovine serum were treated with various concentrations of B-estradiol (B, B'), and hydroxyflu-
tamide (C, C’) for 24 hours. The cells were harvested, washed once with cold PBS, and proteins extracted as described in the method section.
One hundred pg of the proteins were subjected to electrophoresis on 4%/7.5% stack SDS-ployarylamide for 4 hours. After electrophoresis, the
proteins on the gel were electro-transferred onto nitrocellulose membrane and the phosphorylated- (105 kDa) and dephosphorylated- (99

kDa) androgen receptor proteins were immuno-detected by AR-specific

antibody. The pAR/depAR (lower panels A’, B’ and C’) was calculated

from the density of the plots of AR determined from ECL films by an Imaging Densitometer Model GS-700. Data are the means = SD of three
separate experiments scored by the densitometer and normalized to Control.
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FIG. 3. Up-regulation of the expression of prostate specific antigen (PSA), a natural AR- target gene, by androgen agonists. Synchronized
LNCaP cell at G1 in serum free RPMI 1640 medium were exposed to indicated concentrations of dihydrotestosterone (panel A), or LNCaP
cells at 65-75% confluence in RPMI 1640 medium containing 10% fetal bovine serum were treated with various concentrations of B-estradiol
(panel B), or hydroxyflutamide (panel C) for 24 hours. The cells were harvested, washed with cold PBS and total RNA, and proteins extracted.
For Northern blotting assay, 20 ug of total RNA were separated on 1.2% agarose-formaldehyde gels and transferred to Zeta-Probe Blotting
Membranes (Bio-Rad, Richmond CA). The double-stranded PSA specific oligonucleotide probe, (5'-AGCCTAGAGAAGGCTGTGAGCCAAG-
GAGGGAGGGTCTTCCTTTGGCATGGGATGGGGATGAAGTAAGGAGAGGGACT-3'), 5'-end-labeled was used for hybridization. For West-
ern blotting assay, 100 ug cellular extracts cells were separated by 4%/7.5% stack SDS—-PAGE, electro-transferred to nitrocellulose

membrane, and immunoblotted with antibodies against PSA.

Louis, MO). Hydroxyflutamide, bicalutamide, B-estradiol, estramus-
tine, estromustine were provided by Schering, Zeneca Pharmaceuti-
cals, and Pharmacia Corporations, respectively.

Cell culture. The prostatic carcinoma cell lines LNCaP, PC-3, and
DU 145 were purchased from the American Type Culture Collection
(Rockville, Maryland). Cells were maintained under conditions as
described previously [26]. The cell lines used for the experiments
were transferred through less than 30 passages.

Cell treatment. LNCaP cells at 65—-75% confluence in RPMI 1640
medium containing 10% FBS were treated with indicated androgen
agonists or antagonists for 24 h. The cells were harvested and
washed with cold PBS. Total RNA and cellular proteins were ex-
tracted as described previously [27]. For stimulation studies with
dihydrotestosterone (DHT), the LNCaP cells at 65-75% confluence

23

were washed twice with pre-warmed serum free RPMI 1640 medium
and reincubated in serum free medium for 48 hr to synchronize the
cells at G, phase (over 80% of cells were in G, as examined by flow
cytometer). Upon synchronization, the cells were exposed for 24 hr to
the serum- free RPMI 1640 medium containing indicated concentra-
tions of DHT. The total proteins were then extracted as described
above.

Determination of androgen receptor phosphorylation. Androgen
receptor phosphorylation were determined by Western blotting
and immuno-precipitation using AR specific antibody. For the
Western blotting assay, 100 ug cellular extracts were separated
by stack 4%/7.5% SDS-PAGE, electro-transferred to nitrocellu-
lose filters, and probed with AR specific antibody using standard
techniques [28]. Quantitation by densitometry of the ECL films
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FIG. 4. Transactivation of androgen agonists on the wild-type
AR mediated luciferase reporter gene expression. 3 X 10° HelLa cells
in RPMI 1640 medium containing 10% FBS were sown in 10 cm
dishes and incubated at 37°C for 24 hrs. Ten ug w-pARO cDNA and
2 ng GRE-tk-LUC cDNA in 125 mM CaCl,—HEPES buffer (0.14 M
NaCl, 0.05 M, HEPES acid, 1.5 mM Na,HPO, pH 7.05) were added
to the culture and incubated for 16 hrs. The precipitates were
washed out with pre-warmed PBS and refed with fresh RPMI 1640
medium containing 10% FBS. After incubation of the transfected
cells for additional 32 hrs at 37°C in the presence of various concen-
trations of DHT, B-estradiol, hydroxyflutamide, the cells were har-
vested and the cell extracts used for luciferase activity assay as
described under Materials and Methods.

was done using an Imaging Densitometer Model GS-700 (Bio-Rad
Lab. Hercules, CA).

For immunoprecipitation, LNCaP cells grown exponentially were
metabolitically labeled for 6 h with 500 uCi/ml [*S]-methionine
[®*S]-methionine or [*P] orthophosphate in methionine- or
phosphate-free RPMI 1640 medium. The cells were harvested,
washed, and total proteins extracted. One hundred pg of the protein
extracts were incubated with AR specific antibody for 1 h in the
presence of proteinase inhibitors (1 mM PSMF, 5 png/ml leupeptin, 10
wrg/ml aprotinin, and 25 u/ml bacitracin) followed by addition of 15 ul
of Protein agarose A + G and incubated at 4°C overnight in a
Speci-Mix shaker. The immunoprecipiates were washed four times
with PBSTDS (0.58 M NaHPO,, 0.17 M NaHPO,, 0.68 M NaCl, 1%
Trition X-100, 0.5% sodium deoxycholate and 0.1% sodium dodecyl
sulfate), and separated by 4%/7% stack SDS—PAGE. For the protein
dephosphorylation assay, the indicated amount of protein
phosphatase-2A was added to immunoprecipitates from proteins la-
beled with **S or *P after the washes, and incubated for 30 min at
37°C followed by SDS-PAGE. The protein bands were obtained by
exposure of the dried gel to ECL films at —70°C overnight.
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Northern blotting assay. For the Northern blotting assay, 20 g
aliquots of the total RNA were fractionated on 1.2% agarose-
formaldehyde gels and transferred to Zeta-Probe Blotting Mem-
branes (Bio-Rad, Richmond CA). The double-strand PSA specific
oligonucleotide probe, (5'-AGCCTAGAGAAGGCTGTGAGCCAAGG-
AGGGAGGGTCTTCCTTTGGCATGGGATGGGGATGAAGTAAGG-
AGAGGGACT-3’) described by Young et al. [29], with 5’-end-label
was used for hybridization as described previously [28].

Gene transactivation assay. HelLa cells were co-transfected with
wild-type AR expression plasmid pARO and reporter-plasmid GRE-
tk-LUC using standard calcium phosphate precipitation methods
[30-31], and the efficiency of the transfection was monitored by the
luciferase activity (Promega Assay Systems) in the presence of 10 nM
DHT. Briefly, 3 X 10° HeLa cells in RPMI 1640 medium containing
10% FBS were sown in 10-cm dishes and incubated at 37°C for 24
hrs. Ten ug w-pARO cDNA and 2 pug GRE-tk-LUC ¢cDNA in 125 mM
CaCl,~HEPES buffer (0.14 M NacCl, 0.05 M, HEPES acid, 1.5 mM
Na,HPO, pH 7.05) were added to the culture and incubated for 16
hrs. The precipitates were washed out with pre-warmed PBS and
refed with fresh RPMI 1640 medium containing 10% FBS. After
incubation of the transfected cells for additional 32 hrs at 37°C in the
presence of various concentrations of DHT, p-estradiol, hydroxyflu-
tamide, estramustine, or bicalutamide or other test compounds, the
cells were harvested. The luciferase activity in cell extracts was
evaluated as described above.

RESULTS
Androgen Receptor Is a Phosphorylated Protein

Western blotting or immunoprecipitation of proteins
extracted from [*S] labeled LNCaP cells with AR specific
antibody produced two major protein bands with molec-
ular weight approximately 99 and 105 kDa (Fig. 1, A,
lane 1, and Fig. 2, upper panel). These protein bands
represent dephosphorylated (dep-AR, 99 kDa) and phos-
phorylated (pAR, 105 kDa) forms of the androgen recep-
tors as indicated by the antibody supplier. To confirm this
observation, immunoprecipitation assay was performed
using ¥P orthophosphate labeled protein from LNCaP
cells that produced only one protein band with a molec-
ular weight of approximately 105 kDa (Fig. 1, B, lane 1).
Treatment of the proteins labeled with *S-methionine or
*P orthophosphate with protein phosphatase-2A re-
sulted in the disapperance of the 105 kDa protein
band. These data demonstrate the presence of the
phosphorylated- and dephosphorylated-forms of andro-
gen receptors (Fig. 1, A and B, lanes 2-3).

Androgen Agonists

To determine the changes of phosphorylation status
of androgen receptors in response to dihydrotestoster-
one (DHT) stimulation, synchronized LNCaP cells
were exposed for 24 h or different periods of time to
varying concentrations of DHT (1.0 to 1000.0 nM), and
the phosphorylation status examined by Western blot-
ting. As shown in Fig. 2A, two major AR antibody-
reactive proteins with molecular weights of approxi-
mately 99 and 105 kDa were observed. The
dephosphorylated androgen receptor in the arrested
LNCaP cells was found to be the major form of the
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Inhibition of androgen receptor phosphorylation by androgen antagonists in LNCaP cells. LNCaP cells at 65-75% confluence in

RPMI 1640 medium containing 10% fetal bovine serum were treated with various concentrations of bicalutamide (A), and estramustine (B)
for 24 hours. The cells were harvested, washed once with cold PBS, and proteins extracted as described under Materials and Methods. One
hundred ng proteins were subjected for electrophoresis on 4%/7.5% stack SDS-polyarylamide for 4 hours. After electrophoresis, the proteins
on the gel were electro-transferred onto nitrocellulose membrane and the phosphorylated- (105 kDa) and dephosphorylated- (99 kDa)
androgen receptor proteins were immuno-detected by AR-specific antibody. The phosphorylated AR were significantly inhibited by both
bicalutamide (A) and estramustine (B) in a concentration-dependent manner. The pAR/depAR (lower panels) was calculated from the density
of the plots of AR determined from ECL films by an Imaging Densitometer Model GS-700. Data are the means = SD of three separate

experiments scored by the densitometer and normalized to Control.

receptor (lane 1 in Fig. 2A). The ratio of phosphory-
lated to dephosphorylated androgen receptors were ap-
proximately 1:4 in arrested LNCaP cells. The levels of
AR phosphorylation were found to be a function of the
androgen concentrations present in the medium and to
the time of that exposure. DHT was an efficient stimu-
lius for AR phosphorylation. A 1.5-fold increase in the
level of the phosphorylated protein resulted from expo-
sure to 1 nM of DHT and an 8.9-fold increase with 1.0
uM of the androgen. Interestingly, no significant in-
crease of dephosphorylated AR was observed as illus-
trated in Fig. 2, whereas total AR proteins were mod-
erately increased (1.5-fold). Thus, the pAR/depAR ratio
went up markedly with the increase of the androgen
concentrations (Fig. 2, panel A’). A dynamic study
showed that a significant increase of receptor phos-
phorylation in synchronized LNCaP cells occured at
4 h and reached maximal levels at 6 h. The maximal
level was maintained up to 48 h after exposure of the
cells to 50 nM of the DHT (data not shown).
B-Estradiol also showed a significant stimulation of
both AR expression and phosphorylation when LNCaP
cells grown exponentially (non-synchronized) were
treated with B-estradiol in normal culture conditions.

25

This effect is different from DHT stimulation in that
the increase of phosphorylated AR induced by
B-estradiol parallels the increase of dephosphorylated
form and the amount of total receptor proteins, even
though the increase of pAR/depAR ratio is a function of
the drug concentrations (Fig. 2, panel B’). The agonis-
tic effect of B-estradiol is less than that of DHT.
Hydroxyflutamide is generally considered as andro-
gen antagonist. However, as demonstrated in Fig. 2,
panel C, this agent showed the same pattern as
B-estradiol, moderately affecting both androgen recep-
tor expression and phosphorylation in LNCaP cells.
As shown in Fig. 3, strongly stimulated the expres-
sion of prostate specific antigen (PSA)—a native AR
target gene [32-34]. The levels of both mRNA and
protein were significantly increased in a concentration-
dependent manner when synchronized LNCaP cells
were exposed to DHT (P < 0.01). Both mRNA and
protein levels in arrested LNCaP cells were much
lower than regular grown cells (Fig. 3, lane 1 in A
compared to lane 1 in B or C). Moderate increases in
the amount of MRNA and protein of PSA were obtained
after treatment of LNCaP cells with different concen-
trations of B-estradiol or hydroxyflutamide. This find-



Vol. 259, No. 1, 1999

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Levels of PSA mRNA and Protein in LNCaP cells treated with

A: Bicalutamide
(concentrations, M)

= -
g g
= o o o o E o @9 2 ©
O 2 o n o o 8 . O wn O o
QO w — — & Vi — = &
e - :
mRNA - . & & e Protein
B: Estramustine
(concentrations, M)
3 g
b= 2 o o < £ S o 9 <
3 2 o w o o 8 2 o wn o o
&) i o= — A < U wn o~ - & T
mRNA | . "di‘.’-» Proten

FIG. 6. Down-regulation of the expression of prostate specific antigen (PSA), a natural AR- target gene, by androgen antagonists. LNCaP
cells at 65-75% confluence in RPMI 1640 medium containing 10% fetal bovine serum were treated with various concentrations of
bicalutamide (panel A), and estramustine (panel B) for 24 hours. The cells were harvested, washed with cold PBS and total RNA or proteins
extracted. For Northern assay, 20 ug of total RNA were separated on 1.2% agarose-formaldehyde gels and transferred to Zeta-Prpbe Blotting
Membranes (Bio-Rad, Richmond CA). The double-strand PSA specific oligonucleotide probe, (5'-AGCCTAGAGAAGGCTGTGAGCCAA-
GGAGGGAGGGTCTTCCTTTGGCATGGGATGGGGATGAAGTAAGGAGAGGGACT-3'), 5'-end-labeled was used for hybridization. For
Western blotting assay, 100 ug cellular extracts cells were separated by 4%/7.5% stack SDS—PAGE, electro-transferred to nitrocellulose

membrane, and immunoblotted with antibodies against PSA.

ing is also valid for wild type androgen receptors as
demonstrated by a gene transactivation assay system.
As shown in Fig. 4, a strong concentration-dependent
induction of luciferase activity was obtained in the
presence of various concentrations (1 nM to 1,000 nM)
of DHT. As partial agonists, both p-estradiol and hy-
droxyflutamide exhibited a moderate and significant
induction of the enzyme activities, respectively.

Androgen Antagonists

In contrast to androgen agonists, exposure of LNCaP
cells to androgen antagonists in RPMI 1640 medium
containing 10% FBS, would be expected to cause a
significant concentration-dependent decrease in levels
of phosphorylated androgen receptor. Figure 5 shows
that this prediction is borne out. Bicalutamide and estra-
mustine are typical androgen antagonists. After treat-
ment of LNCaP cells with bicalutamide at a concentra-
tion as low as 5.0 uM, the level of phosphorylated AR
decreased by approximately 3.5-fold (P < 0.01). The
decrease of the pAR/depAR ratio was found to be a
function of the concentration of bicalutamide. A similar
result was also obtained when cells were treated with

26

estramustine. Inhibition of AR phosphorylation result-
ing from the exposure to bicalutamide or to estramus-
tine was paralleled down-regulation of PSA expression
(Fig. 6). Substantial decreases in the levels of both PSA
MRNA and protein in a concentration-dependent man-
ner were obtained when the cells treated with either
bicalutamide or estramustine. The levels of PSA
MRNA decreased over 90% when LNCaP cells were
treated with 5 uM or 10 uM of bicalutamide or estra-
mustine (P < 0.001). Consistant with this finding,
when Hela cells were transfected with the wild type
expression plasmid pARO and the AR-driven expres-
sion reporter-plasmid GRE-tk-LUC in the presence of
various concentrations of either bicalutamide or estra-
mustine (Fig. 7), no induction of luciferase activities
were obtained. In contrast, a 98-fold increase of the
enzyme activity was obtained in the presence of 100
nM of DHT (P < 0.001).

DISCUSSION

In this study, we demonstrated that androgen recep-
tor phosphorylation/dephosphorylation plays a domi-
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FIG.7. Transactivation of androgen antagonists on the wild-type
AR mediated luciferase reporter gene expression. 3 X 10° HelLa cells
in RPMI 1640 medium containing 10% FBS were sown in 10 cm
dishes and incubated at 37°C for 24 hrs. Ten ug w-pARO cDNA and
2 ng GRE-tk-LUC cDNA in 125 mM CaCl,—HEPES buffer (0.14 M
NacCl, 0.05 M, HEPES acid, 1.5 mM Na,HPO, pH 7.05) were added
to the culture and incubated for 16 hrs. The precipitates were
washed out with pre-warmed PBS and refed with fresh RPMI 1640
medium containing 10% FBS. After incubation of the transfected
cells for additional 32 hrs at 37°C in the presence of various concen-
trations of bicalutamide and estramustine, the cells were harvested
and the cell extracts used for luciferase activity assay as described
under Materials and Methods.

nant role in determination of activity of androgen re-
ceptor ligands as agonists or antagonists. If an agent
can significantly stimulate AR phosphorylation, it will
act as an androgen agonist. If an agent stimulates AR
phosphorylation moderately or not at all, the drug will
act as a partial agonist or have minimal effect on
androgen receptors. In contrast, if an agent signifi-
cantly inhibits AR phosphorylation, it will exhibit pure
antagonistic effect. Thus the androgen receptor
phosphorylation/dephosphorylation may serve as new
molecular target for screening androgen antagonists
for the treatment of prostate cancer. Of importance,
although the LNCaP cell contained a mutated andro-
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gen receptor in codon 868 as assay system [35-36], this
model also appears to be valid for the wild type andro-
gen receptor as demonstrated in a gene transactivation
assay using wild type AR expression plasmid and AR
driven reporter GRE-tk-LUC.

Phosphorylation of proteins is a critical post-
translational modification in signal transduction. Many
steroid receptors have been shown to be phosphorylated
upon hormone binding, suggesting that there is a link
between the phosphorylation status and the activation
state of the receptor [24]. The androgen receptor is a
transcription factor whose function is androgen depen-
dent. Hormone binding initiates the process of receptor
transformation that eventually results in specific binding
of the steroid-receptor complex to hormone-responsive
elements of steroid-regulated genes and in transcrip-
tional regulation [37—39]. We and others recently demon-
strated that the binding of AR to the steroid receptor
binding consensus (SRBC) is essential for the activation
of AR mediated gene expression. [28, 34]. In this study,
we have shown that DHT, a typical agonist, stimulated
receptor protein phosphorylation (Fig. 2). Stimulation of
androgen receptor phosphorylation by androgen agonists
results in up-regulation of AR-mediated gene expression
in both LNCaP cells and wt-pAR cDNA transfected HelLa
cells (Figs. 2—4). In contrast, inhibition of AR phosphor-
ylation by androgen antagonists caused down-regulation
of AR target gene expression (Figs. 5-7). These data
indicate that the function of androgen receptors is
strongly correlated with the phosphorylation status of
the receptors, rather than the level of total AR proteins
(Fig. 2, panels B and C). Furthermore, the data suggests
that the phosphorylated androgen receptor is the form of
the receptor transcriptionally active in regulation.

Previous reports suggested a role of receptor phosphor-
ylation in receptor cycling between nucleus and cyto-
plasm [40—42]. The antiandrogens, cyproterone acetate,
estrogen and progesterone have been reported not only to
promote nuclear transport, but enhance transcriptional
activation by AR [34, 40]. Our studies indicate that these
antiandrogens, including B-estradiol, can stimulate AR
phosphorylation. Since we have shown that DHT facili-
tates the phosphorylated androgen receptor transport
from cytoplasm to nucleus, indicating that the phosphor-
ylation of the androgen receptor is necessary for the pro-
tein transport [42], this phenomenon may explain why
only the agents that inhibit AR phosphorylation show
true androgen antagonistic effects.

The mechanisms by which regulation of androgen re-
ceptor phosphorylation by androgen agonists and antag-
onists occurs are not well established. The effect of estra-
diol on the androgen receptor and prostate specific
antigen secretion have been reported recently and
parallels our findings [43]. The authors indicated that
this activation involves sex hormone-binding globulin
(SHBG) [43]. Because estradiol-SHBG stimulates
SHBG receptor to increase intracellular cAMP [44-45],
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and both cAMP and a cell- permeable analog of cAMP,
8-(4-chlorophenylthio)-cAMP can stimulate PSA secre-
tion, the protein kinase A (PKA) signal pathway may be
involved in the regulation. Our model is also consistent
with the recent report that down-regulation of two en-
dogenous PSA and B1-subunit of Na/K-ATPase were fol-
lowed by dephosphorylation of the androgen receptor in-
duced by forskolin, a PKA stimulator [23]. Whether or
not there is a link between estradiol-SHBG-cCAMP-PKA
and AR phosphorylation need to be defined. The effects of
androgen agonists and antagonists on the PKA pathway
are currently under investigation.

ACKNOWLEDGMENTS

We thank Dr. Leonard H. Augenlleht for valuable review of the
manuscript. Special thanks to Dr. A. O. Brinkmann for providing the
PARL-, pARO-, and GRE-tk-LUC reporter- plasmid DNA, and Dr. B.
Hartlety-Asp for providing pure estramustine, estromustine, and
B-estradiol.

REFERENCES

. Kozlowski, J. M. (1991) in Adult and Pediatric Urology (Gillen-
water, J. Y., Grayhack, J. T., Howards, S. S., and Duckett, J. W.,
Eds.), pp 1126-1219, Mosby Year Book Press, Chicago, IL.

. Kreis, W. (1995) Cancer Invest. 13(3), 296-312.

. Gaddipati, J. P., McLeod, D. G., Heidenberg, H. B., Sesterhenn,
1. A., Finger, M. J., Moul, J. W., and Srivastava, S. (1994) Cancer
Res. 54, 2861-2864.

. Klocker, H., Culig, Z., Hobisch, A., Cato, A. C., and Bartsch, G.
(1994) Prostate 25(5), 266—273.

. Suzuki, H., Akakura, K. Komiya, A., Aida, S., Akimoto, S., and
Shimazaki, J. (1996) Prostate 29(3), 153-158.

. Gunnarsson, O., and Forshell, G. P. (1984) Urology 23(Suppl. 6),
22-27.

. Truss, M., and Beato, M. (1993) Endocr. Rev. 14, 459-479.

. Veldscholte, J., Ris-Stalpers, C., Kuiper, G. G., Jenster, G., Ber-
revoets, C., Claassen, E., van Rooij, H. C., Trapman, J., Brink-
mann, A. O., and Mulder, E. Biochem. Biophys. Res. Commun.
173, 534-540.

. Berrevoets, C. A., Veldscholte, J., and Mulder, E. (1983) Steroid
Biochem. Mol. Biol. 46, 731-736.

Taplin, M. E., Bubley, G., Shuster, T. D., Frantz, M. E., Spooner,
A. E., Ogata, G. K., Keer, H. N., and Balk, S. P. (1995) N. Engl.
J. Med. 332, 1393-1398.

Yeh, S., Miyamoto, H., and Chang, C. (1997) Lancet 349, 852—
853.

Quigley, C. A., DeBellis, A., Marschke, K. B., ElI-Awady, M. K.,
Wilson, E. M., and French, F. S. (1995) Endocr. Rev. 16, 271-321.
Mangelsdorf, D. J., Thummel. C., Beato, M., Herrlich, P., Schutz,
G., Umesono, K., Blumberg B., Kastner, P. M., Mark, M., Cham-
bon, P., and Evans, RM. (1995) Cell 83, 835-839.

Beato, M., Herrlich, P., and Schutz, G. (1995) Cell 83, 851-875.
Zechel, C. Shen, X-Q., Chambon, P., and Gronemeyer, H. (1994)
EMBO J. 13, 1414-1424.

Karvonen, U., Kallio, P. J., Janne, O. J., and Palvimo, J. J. (1997)
J. Biol. Chem. 272, 15973-15979.

Van Laar, J. H, Berrevoets, C. A., Trapman, J., Zegers, N. D.,
and Brinkmann, A. D. (1991) J. Biol. Chem. 266(6), 3734-3738.
Van Laar, J. H., Bolt-de Vries, J., Zegers, N. D., Trapman J., and

10.

11.

12.

13.

14.

15.

16.

17.

18.

28

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.
39.

40.

41.

42.

43.

44,

45.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Brinkmann, A. O. Biochem. Biophys. Res. Commun. 166, 193—
200.

Kuiper, G. G., Ruiter, P. E., and Brinkann, A. O. (1993) Ann. NY
Acad. Sci. 684, 224-226.

Wilson, E. M., Simental, J. A, French, F. S., and Sar, M. (1992)
Ann. NY Acad Sci. 683, 56—63.

Zhou, Z. X., Kemppainen, J. A., and Wilson, E. M. (1995) Mol.
Endor. 9(5), 605-615.

Jenster, G., de Ruiter, P. E., van der Korput, H. A. G. M., Kuiper,
G. G.J. M., Trapman, J., and Brinkmann, A. O. (1994) Biochem-
istry 33, 14064 -14072.

Blok, L. J., de Ruiter, P. E., and Brinkmann, A. O. (1998) Bio-
chemistry 37, 3850-3857.

Orti, E., Bodwell, J. E., and Munck, A. (1992) Endocr. Rev. 13,
105-128.

Ikonen, T., Palvimo, J. J., Kallio, P. J., Reinikainen, P., and
Janne, O. A. (1994) Endocr. 135(4), 1359-1366.

Wang, L. G., Liu, X. M., Kreis, W., and Budman, D. R. (1996)
Oncol. Report 3, 911-917.

Wang, L. G., Liu, X. M, Li, Z. R., Denstman, S., and Bloch, A.
(1994) Cell Growth Differ. 5, 1243-1251.

Wang, L. G., Liu, X. M., Kreis, W., and Budman, D. R. (1997)
Cancer Res. 57, 714-719.

Young, CY-F., Montgomery, B. T., Andrews, P. E., Qui, S. D.,
Bilhartz, D. L., and Tindall, D. J. (1991) Cancer Res. 51, 3748—
3752.

Sambrook, J., Fritsch, E. F., and Maniatis, F. (1989) in Molecu-
lar Cloning: A Laboratory Manual, 2nd ed., pp 16.39, Cold
Spring Harbor Lab Press, Cold Spring Harbor, New York.
Wang, L. G., Liu, X. M., Kreis, W., and Budman, D. R. (1998)
Biochem. Pharmacol. 55, 1427-1433.

Zhang, J., Zhang, S., Murtha, P. E., Zhu, W., Hou, S. S., and
Young, C. Y. (1997) Nucleic Acids Res. 25(15), 3143-3150.
Young, C. Y., Seay, T., Hogen, K., Charlesworth, M. C., Roche,
P. C., Klee, G. G., and Tindall, D. J. (1996) Prostate Suppl. 7,
17-24.

Riegman, P. H., Vlietstra, R. J., van der Korput, J. A., Brink-
mann, A. O., and Trapman, J. (1991) Mol. Endocrinol. 5, 1921—
1930.

Veldscholte, J., Berrevoets, C. A., Brinkmann, A. O., Grootegoed,
J. A., and Mulder, E. (1992) Biochemistry 31, 2393—-2399.
Veldscholte, J., Ris-Stalpers, C., Kuiper, G. G., Jenster, G., Ber-
revoets, C., Claassen, E., van Rooij, H. C., Trapman, J., Brink-
mann, A. O., and Mulder, E. (1990) Biochem. Biophys. Res.
Commun. 173, 534-540.

Evans, R. M. (1988) Science 240, 889—895.

Truss, M., and Beato, M. (1993) Endocr. Rev. 14, 459—-479.
Zhou, Z. X., Wong, C. I., Sar, M., and Wilson, E. M. (1994) Rec.
Prog. Horm. Res. 49, 249-274.

Kemppainen, J. A. Lane, M. V., Sar, M., and Wilson, E. M. (1992)
J. Biol. Chem. 267(2), 968-974.

Mendel, D. B., Orti, E. Smity, L. I., Bodwell, J., and Munck, A.
(1990) in Mol. Endocr. and Steroid Hormone Action (Sato, G. H.,
and Stevens, J. L., Eds.), pp. 97-117, A. R. Liss Press, New York.
Wang, L. G., Liu, X. M., Kreis, W., and Budman, D. R. (1997)
Proc. AACR A38, 575.

Nakhla, A. M., Romas, N. A., and Rosner, W. (1997) J. Biol.
Chem. 272(11), 6838-6841.

Nakhla, A. M., Khan, M. S., Romas, N. A., and Rosner, W. (1994)
Proc. Natl. Acad. Sci. USA 91, 5402-5405

Nakhla, A. M., Ding, V. D. H., Khan, M. S., Romas, N. A,
Rhodes, L., Smith, R. G., and Rosner, W. J. (1995) Clin. Endo-
crinol Metab. 80, 2259-2262.



	MATERIALS AND METHODS
	FIG. 1
	FIG. 2
	FIG.3
	FIG. 4

	RESULTS
	FIG. 5
	FIG.6

	DISCUSSION
	FIG.7

	ACKNOWLEDGMENTS
	REFERENCES

