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Despite the specificity inferred by its name, glycogen syn-
thase kinase (GSK)-3� is an important kinase with a plethora
of significant cellular targets, including cytoskeletal proteins
and transcription factors, and its activity is regulated by phos-
phorylation on tyrosine/serine residues. As part of our efforts
to dissect the molecular basis responsible for androgen-inde-
pendent progression of prostate cancer, we investigated the
role of GSK-3� in androgen-stimulated gene expression in hu-
man prostate cancer cells. Pretreatment of prostate cancer
cells harboring wild-type or mutant androgen receptor with
the GSK-3� inhibitors, lithium chloride (LiCl), RO318220, or
GF109203X, inhibited R1881-stimulated androgen-responsive
reporter activity in a dose- and time-dependent manner. In
addition, the expression of two endogenous androgen-stimu-
lated gene products, prostate-specific antigen and matrix
metalloproteinase-2, was suppressed by the GSK-3� inhibitors
in those cells. Most importantly, knocking down GSK-3� ex-

pression via a small interference RNA-mediated gene silenc-
ing approach also reduced R1881-stimulated gene expression,
demonstrating the specificity of GSK-3� involvement. More-
over, R1881 treatment of the cells increased phosphorylation
status of GSK-3� on tyrosine residue Y216 but not on serine
residue S9. Pretreatment of the cells with phosphatidylinosi-
tol 3-kinase inhibitor LY294002 or wortmannin, which blocks
androgen action in cells, abolished R1881-induced GSK-3�
Y216 phosphorylation. However, the phosphatidylinositol 3-
kinase or GSK-3� inhibitors did not block R1881-induced nu-
clear translocation of androgen receptor. Finally, knocking
down the expression of Akt or �-catenin, the two GSK-3�-
related signaling molecules, via siRNA-mediated gene silenc-
ing did not significant affect R1881-stimulated gene expres-
sion. These findings suggest that GSK-3� activity is required
for androgen-stimulated gene expression in prostate cancer
cells. (Endocrinology 145: 2941–2949, 2004)

PROSTATE CANCER IS the second leading cause of can-
cer death among American men (1). Whereas digital

rectal exams and early prostate-specific antigen (PSA)
screening have led to earlier detection and diagnosis, the
number of new cases continues to rise and presents a major
worldwide health threat (1). Medical treatment for advanced
prostate cancer has mainly relied on androgen ablation.
However, there has been a growing appreciation that most
patients treated by androgen ablation ultimately relapse to
more aggressive androgen-independent prostate cancer (re-
viewed in Ref. 2). The mechanism(s) involved in androgen-
independent progression of prostate cancer is (are) not fully
known.

Originally, glycogen synthase kinase (GSK)-3 was named
as a kinase for glycogen synthase (3). Currently studies have
demonstrated that GSK-3 is a multifunctional kinase in-
volved in cellular metabolism, signaling transduction,
growth, differentiation, and cell fate determination (re-
viewed in Ref. 4, 5). Two GSK-3 isoforms (� and �) were

cloned in mammals (6). GSK-3� has been shown to phos-
phorylate numerous substrates, including several transcrip-
tion factors such as c-jun, c-myc, cAMP response element
binding protein, and heat shock factor-1, cytoskeletal pro-
teins such as the microtubule-associated protein �, and the
multifunctional protein �-catenin (reviewed in Ref. 5) as well
as the glucocorticoid receptor (7). GSK-3� can be both acti-
vated and inhibited, in which activation is usually associated
with phosphorylation of Y216 (8), or inhibited by phosphor-
ylation of S9 (9). Transient increases in intracellular calcium
result in GSK-3� activation (10). Activation of the Wnt (11)
or PI3K-Akt (12, 13) pathways induces GSK-3� inhibition
(also see Refs. 4, 5 for detailed review).

It is believed that the androgen receptor (AR) resides pri-
marily in the cytoplasm and associates with heat shock pro-
teins in an inactive state before androgen binding (14, 15).
Binding of androgen to AR triggers a conformational change,
subsequent nuclear translocation, and eventually binding to
specific promoter response elements, leading to transcription
initiation or repression of its target genes (16–18). However,
the exact mechanisms involved in this cascade are not fully
understood. Previous reports have shown that the phospha-
tidylinositol 3-kinase (PI3K) pathway is involved in andro-
gen-stimulated gene expression (19–22). To understand the
mechanisms involved in androgen-independent progression
of prostate cancer, it is important first to determine the reg-
ulatory kinases involved in androgen-stimulated gene ex-
pression. In this report, we screened several kinase-specific
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inhibitors for their effect on androgen action in human pros-
tate cancer cells. We determined that GSK-3� activity is re-
quired for androgen-stimulated gene expression but not for
AR nuclear translocation.

Materials and Methods
Cell culture and reagents

The human prostate cancer LNCaP, LAPC-4, PC-3, and DU145 cells
were grown as described previously (22, 23). The androgen-insensitive
cell line C4–2 was obtained from UroCor Inc. (Oklahoma City, OK),
and 22Rv1 cell line was purchased from American Type Culture Collec-
tion (Manassas, VA). The inhibitors LY294002, rapamycin, PD98059,
RO318220, GF109203X, GO6976, SB203580, H89, and PP2 were pur-
chased from Calbiochem (San Diego, CA). R1881 was obtained from
Perkin-Elmer (Wellesley, MA). Bicalutamide was a gift from AstraZen-
eca (London, UK). Where indicated, the inhibitor was added from a
1000-fold concentrated stock in the solvent, dimethylsulfoxide, or eth-
anol. Control cultures received similar amounts of the solvent only. Final
concentrations of the solvent did not exceed 0.1%. Type-1 rat-tail col-
lagen and wortmannin were purchased from Sigma (St. Louis, MO). The
antibodies against phospho-specific GSK-3� S9 and Y216 and phospho-
specific Akt S473 were purchased from Cell Signaling (Beverly, MA). The
antibodies against GSK-3�/�, AR, PSA, �-catenin, actin, and secondary
antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). Charcoal-stripped fetal bovine serum (cFBS) was obtained from
Atlanta Biologicals (Norcross, GA). Fluorescein isothiocyanate- or Alexa
Fluor 568-conjugated goat antimouse IgG was purchased from Molec-
ular Probes (Eugene, OR).

Immunoblot analysis

Cell lysates were prepared and Western blot was conducted as de-
scribed previously (22, 23). Briefly, proteins were resolved in sodium
dodecyl sulfate-polyacrylamide gels, transferred to polyvinyl difluoride
membrane, and incubated with antibodies at 4 C overnight with gentle
agitation. Immunoblots were developed using horseradish peroxidase-
conjugated goat antimouse or goat antirabbit IgG, followed by chemi-
luminescent detection (SuperSignal West Dura Substrate kit, Pierce Bio-
technology Inc., Rockford, IL). The density of protein bands were
quantitatively measured with a densitometer.

Immunofluorescence

Cells were cultured on poly-d-lysine-coated glass coverslips and sub-
jected to treatments as indicated. The cells were washed twice with PBS
and then fixed and permeabilized in ice-cold methanol-acetone (1:1) for
10 min at �20 C. The coverslips were washed twice with PBS and
incubated overnight at 4 C with 10 �g/ml of mouse monoclonal anti-AR
antibody diluted in PBS containing 2% BSA. The coverslips were washed
three times with PBS and incubated for 1 h at room temperature with
10 �g/ml fluorescein isothiocyanate- or Alexa Fluor 568-conjugated
antimouse antibody diluted in PBS containing 2% BSA. The coverslips
were then washed with deionized water and mounted onto glass slides
using VECTASHIELD mounting medium with 4�,6�-diamino-2-
phenylindole (Vector Laboratories, Burlingame, CA), and examined
by a fluorescence microscope (Nikon, Tokyo, Japan) set at �400
magnification.

Small interference (si)RNA synthesis and transfection

Sequence information regarding human GSK-3� gene (GenBank ac-
cession no. NM_002093) was extracted from the NCBI Entrez nucleotide
database. Several siRNAs with different targeting sequences were se-
lected, and each targeting segment was searched with NCBI Blast to
confirm specificity only to the targeted gene. The siRNAs were synthe-
sized as described previously (23) using a transcription-based method
with the Silencer siRNA construction kit (Ambion, Austin, TX) according
to the manufacturer’s instructions. The 29-mer sense and antisense DNA
oligonucleotide templates (21 nucleotides specific to the targets and
eight nucleotides specific to T7 promoter primer sequence 5�-CCT-
GTCTC-3�) were synthesized by Integrated DNA Technologies (Coral-

ville, IA). The quality of the synthesized siRNA was estimated by aga-
rose gel analysis and found to be very clean (data not shown). In
addition, a pooled siRNA mixture containing four siRNA duplexes
against human GSK-3b, akt, �-catenin, or AR gene was purchased from
Dharmacon (Lafayette, CO). The siRNA transfection was carried out
with Oligofectamine transfection agent as described previously (23)
obtained from Invitrogen (Carlsbad, CA) according to the manufactur-
er’s protocol. Three days after transfection with the siRNA duplexes,
cells were subjected to a reporter gene assay as described below.

Reporter gene assay and gelatinolytic zymography

The luciferase reporter controlled by the human matrix metallopro-
teinase (MMP)-2 promoter (pMMP2-LUC) and the pCMV-secreted al-
kaline phosphatase (SEAP) reporter were described previously (22).
Two androgen-responsive SEAP reporter constructs, pSH1.PSA-SEAP
(PSA-SEAP) and pSH1.ARR2PB-SEAP (PB-SEAP) were described else-
where (24). Luciferase and SEAP assays were performed as described
(22–24). Briefly, cells were plated in six-well tissue culture plates and
transfected the following day with the reporter constructs by using the
Cytofectene reagent (Bio-Rad Laboratories, Hercules, CA) in serum-free
media overnight. Cells were then treated as indicated for 24 h and
culture supernatants were collected for SEAP activity. Cell lysates were
assayed for luciferase activity. Unconcentrated media from the cell cul-
tures were analyzed for MMP-2 gelatinolytic activities by gelatin zy-
mography as described previously (22).

Statistical analysis

All experiments were repeated two or three times. Western blot
results are presented from a representative experiment. The mean and
sd from two experiments for reporter gene assay are shown. The sig-
nificant differences between groups were analyzed using the SPSS com-
puter software (SPSS Inc., Chicago, IL).

Results
GSK-3 inhibitor blocks androgen-stimulated
gene expression

To gain insights into the signaling molecules involved in
androgen-stimulated gene expression, we screened several
commonly used kinase-specific inhibitors in a cell-based
androgen-responsive gene reporter assay. These inhibitors
include LiCl for GSK-3�, PD98059 for MAPK kinase-1,
LY294002 for PI3K, rapamycin for mammalian target of rapa-
mycin, H89 for protein kinase A, SB203580 for p38 MAPK,
and PP2 for Src kinase. A previous described reporter con-
struct PSA-SEAP (24) was used in this study. After trans-
fection with the reporter constructs and serum starvation for
24 h, LNCaP cells were pretreated for 45 min with the in-
hibitors at the indicated concentrations in culture media con-
taining 2% charcoal-stripped serum. After the addition of
synthetic androgen R1881, SEAP activity was measured 24 h
later. As shown in Fig. 1A, LiCl completely abolished
androgen-stimulated PSA-SEAP reporter activity. The same
is true for the PI3K inhibitor LY294002, which is consistent
with previous reports in terms of androgen-responsive gene
expression (19–22). In contrast, LiCl or LY294002 had no
effect on a universal promoter CMV-mediated gene expres-
sion (CMV-SEAP) in LNCaP cells (data not shown), ruling
out an interference of the inhibitors with the basic transcrip-
tion/translation machinery. Other inhibitors for MAPK
kinase-1 (PD98059), mammalian target of rapamycin (rapa-
mycin), protein kinase A (H89), p38/MAPK (SB203580), and
Src kinase (PP2) had no effect on androgen-stimulated PSA-
SEAP activity.
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LNCaP cell harbors a mutant AR (25) and a mutant phos-
phatase and tensin homolog deleted from chromosome 10
(PTEN) (26), and a mutant AR may have an altered trans-
activation capacity. PTEN is also involved in androgen-stim-
ulated gene expression (20). Therefore, we examined LiCl’s
effect on a newly developed human prostate cancer LAPC-4
cell line, which has a wild-type AR and PTEN, and expresses
PSA (27). Cells were serum starved for 24 h after transfection
with PSA-SEAP constructs. After pretreatment with different
doses of the androgen antagonist bicalutamide, LiCl, and a
salt control KCl for 45 min, cells were treated with R1881 in
2% cFBS-containing medium, and SEAP activity was mea-
sured 24 h later. As shown in Fig. 1B, LiCl inhibited andro-
gen-stimulated PSA promoter activity in a dose-dependent
manner, which is similar to the effect of the androgen an-
tagonist bicalutamide. As expected, the control salt KCl had

not effect on androgen-stimulated gene expression at similar
concentrations, compared with LiCl pretreatment, indicating
the Li� specificity.

To understand the prevalence of the involvement of
GSK-3� in androgen-responsive gene expression, we next
investigated whether GSK-3� inhibitor blocks androgen-
stimulated endogenous gene expression. Recently we dem-
onstrated that MMP-2 is regulated by androgen in prostate
cancer cells (22). In addition to PSA protein expression, we
also examined the secretion of the latent form of MMP-2
(pro-MMP-2) protein. Besides LiCl, we used two other
GSK-3� inhibitors, RO318220 and GF109203X (28, 29), which
were originally developed as protein kinase C (PKC) inhib-
itors (30, 31). As a control, another PKC inhibitor GO6976 (32)
was included in this experiment. Serum-starved LAPC-4
cells were pretreated for 45 min with various inhibitors be-
fore addition of R1881. PSA protein level was determined
24 h later by Western blot, and pro-MMP-2 secretion was
assessed by gelatin zymography as described previously
(22). As shown in Fig. 2, R1881-induced PSA expression or
pro-MMP-2 secretion was dramatically suppressed by LiCl,
RO318220, and GF109203X but not by GO6976. These data
demonstrate that inhibition of GSK-3� activity suppresses
androgen-stimulated gene expression.

siRNA-mediated GSK-3 gene silencing suppresses
androgen-stimulated gene expression

It has been shown that LiCl has multiple noncompetitive
targets in addition to GSK-3� (29), and RO318220 and
GF109203X can inhibit nonclassical PKC isoforms in addition
to classical isoforms (30–32). To confirm that GSK-3� inhi-
bition leads to disruption of androgen-stimulated gene ex-

FIG. 1. Involvement of GSK-3� activity in androgen-stimulated re-
porter activity. A, After transfection with PSA-SEAP reporter,
LNCaP cells were serum starved for 24 h and then pretreated with
various kinase inhibitors for 45 min. Thereafter, cells were treated
with R1881 (1.0 nM) or vehicle control in 5% cFBS-containing medium
and SEAP activity was measured 24 h later. Data represent three
experiments. B, After pretreatment with half-log increasing doses of
the drugs indicated for 45 min, LAPC-4 cells were treated with R1881
in 5% cFBS-containing medium and SEAP activity was measured 24 h
later. The concentration of potassium and lithium chloride (milli-
moles) was three times higher than the value as shown on the x-axes.

FIG. 2. Suppression of endogenous androgen target gene expression
by GSK-3� inhibitors. A, LAPC-4 cells were serum starved for 24 h
and then pretreated with various kinase inhibitors for 45 min in
serum-free medium. Thereafter, R1881 (1.0 nM) or vehicle control
were added to the media, and PSA expression was measured 24 h later
by Western blot. Actin blot served as loading control. B, After serum
starvation for 24 h, LAPC-4 cells were pretreated with the kinase
inhibitors at the concentration as indicated for 45 min followed by
addition of R1881. Twenty-four hours later, MMP-2 secretion was
measured by a gelatinolytic zymography assay as described in the
text. The results were reproduced in two different experiments.
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pression, we next evaluated the effect of GSK-3� gene si-
lencing mediated by a siRNA duplex on androgen-stimulated
probasin promoter activity (pSH1.ARR2.PB-SEAP, described in
Ref. 24). Two siRNA duplexes against human GSK-3� mRNA
at different regions were previously described (23). A nonspe-
cific siRNA duplex with scrambled sequence (Ambion) was
used as a negative control. After 48 h of transfection with the
siRNA duplexes, LAPC-4 cells were cotransfected again with
the PB-SEAP reporter for another 24 h. After R1881 addition,
SEAP activity was determined 24 h later and the cellular levels
of targeted GSK-3� gene products were determined by Western
blot. As shown in Fig. 3A, transfection with the no. 4 or no. 16
siRNA duplexes significantly knocked down the protein level
of GSK-3�, whereas the negative control siRNA had no effect.
In parallel, the GSK-3� siRNA duplexes caused a significant
decrease of R1881-stimulated probasin promoter activity. Sim-
ilar results were also obtained when LNCaP cells were used
(data not shown). In addition, a pooled siRNA mixture
against human GSK-3� or AR gene was used in a separate
experiment. As shown in Fig. 3B, transfection of the pooled
siRNA mixture significantly reduced the expression of the
targeted protein, which was similar to the effect of the no. 16
siRNA duplex. In parallel, androgen-stimulated MMP2-LUC

reporter activity was significant reduced by the siRNAs for
either GSK-3� or AR gene. As expected, the control siRNA
had no effect. These results further demonstrate that GSK-3�
is required for androgen-stimulated gene expression.

Androgen treatment increases GSK-3
tyrosine phosphorylation

Although GSK-3� is a constitutively active enzyme, its
activity is associated with the phosphorylation status of the
tyrosine residue Y216 (8) and serine residue S9 (9). Increased
Y216 phosphorylation usually correlates with GSK-3� enzy-
matic activity, in contrast, induction of S9 phosphorylation
will result in inactivation of the kinase (reviewed in Refs. 4,
5, and 33–36). Because GSK-3� activity is required for an-
drogen-stimulated gene expression, we asked whether there
were any changes with regard to GSK-3� phosphorylation
status after androgen treatment. To address this issue,
LNCaP cells were serum starved for 24 h and then treated
with R1881 in serum-free media. GSK-3� tyrosine phosphor-
ylation status was examined using a phospho-specific anti-
body against GSK-3� Y216. In addition, a phospho-specific
antibody against Akt S473 was used to determine Akt phos-

FIG. 3. Knocking down GSK-3� expression suppresses androgen-stimulated gene expression. After transfection with a single siRNA prepa-
ration (10 nM) or a pooled siRNA mixture (100 nM) as indicated for 48 h, LAPC-4 cells were transfected again with PB-SEAP (A) or MMP2-LUC
(B) reporters for 24 h and then treated with R1881 (1.0 nM) or vehicle control in serum-free medium. SEAP or luciferase activity was measured
24 h later as described in the text. The protein levels of targeted genes were determined by Western blot. Actin blot served as loading control.
Data represent three experiments.
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phorylation status. As shown in Fig. 4A, R1881 treatment
increased GSK-3� Y216 phosphorylation level as early as 15
min. However, Akt S473 phosphorylation was not altered by
R1881 stimulation, which is consistent with a previous report
(21) but not with a recent report (37). To address this issue
again in a longer period time, LAPC-4 cells were serum
starved for 24 h and then treated with R1881 in serum-free
media for 24 h after pretreatment (45 min) with various
inhibitors as indicated. As shown in Fig. 4B, R1881 treatment
considerably augmented Y216 phosphorylation of GSK-3�,
but it was totally blocked by pretreatment with bicalutamide
or LY294002, which is consistent with the observation of
those inhibitors on R1881-stimulated gene expression. In ad-
dition, pretreatment with LY294002 resulted in a decline of
the basal level of Y216 phosphorylation, indicating that a
PI3K-dependent pathway is required for androgen-induced
GSK-3� Y216 phosphorylation. On the other hand, R1881
treatment did not cause significant alteration on the S9 phos-
phorylation level, compared with the control. Consistent
with a previous report (21), LY294002 eliminated the S9 phos-
phorylation in both the control and R1881-treated cells. The
relative induction of GSK-3� Y216 and S9 phosphorylation is
quantitatively presented in Fig. 4C. These data suggest that
androgen increases GSK-3� Y216 phosphorylation, which is
associated with androgen-stimulated gene expression. How-

ever, LY294002-mediated alternation of GSK-3� S9 phos-
phorylation might be a nonrelated event to androgen-stim-
ulated gene expression.

Because androgen-independent progression is the major
concern in prostate cancer management and we found that
GSK-3� activity is involved in androgen-stimulated gene
expression, it is of interest to know whether there is any
correlation between androgen sensitivity and GSK-3� status.
Thus, we compared the status of GSK-3 protein expression
in a total of six commonly used prostate cancer cell lines
including androgen-insensitive cells C4–2 and 22RV1 as well
as AR-null cell lines DU145 and PC-3 in addition to the
LAPC-4 and LNCaP cells mentioned above. Exponentially
growing cells were harvested, and equal amount of protein
from each cell preparation was used for Western blot as
described above. For most of the cell lines tested, there is no
significant variation with regard to GSK-3� protein expres-
sion and phosphorylation status (Fig. 4D). However, GSK-3�
protein was found higher in two androgen-insensitive cells
C4–2 and 22Rv1 than that in other cell lines. Most interest-
ingly, GSK-3� Y216 is highly phosphorylated in C4–2 cells,
compared with others. These data suggest that GSK-3� or its
Y216 phosphorylation might be involved in prostate cancer
progression in some extent, which needs to be defined in the
future.

FIG. 4. A–C, R1881 treatment increases GSK-3� phosphorylation at Y216. A, After serum starvation, LNCaP cells were left untreated or treated
with R1881 (1.0 nM). At each time point as indicated, cells were harvested, and phosphorylation status of GSK-3� or Akt was determined by
Western blot using phospho-specific antibody as indicated. Immunoblot for plain GSK-3� or Akt served as loading control. B, After serum
starvation, LAPC-4 cells were pretreated with LY294002 or bicalutamide for 45 min followed by addition of R1881 for another 24 h. Phos-
phorylation status of GSK-3� was determined by Western blot using phospho-specific antibodies. The expression of GSK-3� and �-catenin were
also evaluated. Action immunoblot served as loading control. C, The quantitative data of the band density for GSK-3� phosphorylation at Y216

or S9 are shown. D, GSK-3 status in multiple prostate cancer cell lines. Exponentially growing cells were harvested, and an equal amount of
cellular protein was used for Western blot as described above.
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GSK-3 inhibitor does not block androgen-induced AR
nuclear translocation

The AR is a member of the steroid hormone receptor super
family and is translocated into the nucleus after androgen
binding to mediate androgenic effects of male secondary
sexual differentiation and prostate development (14–18). Be-
cause we observed that the inhibitors of GSK-3� or PI3K
blocked androgen-stimulated gene expression, we were in-
terested in whether these inhibitors blocked androgen-in-
duced AR nuclear translocation. To answer this question, we
examined AR distribution by immunofluorescence staining
after androgen stimulation in the presence or absence of the
inhibitors. LAPC-4 (Fig. 5, A–D) and LNCaP (Fig. 5, E–I) cells
were serum starved for 24 h, pretreated with the inhibitors
as indicated for 30 min, and then stimulated with androgen
for 6 h (Fig. 5). In both cell lines, AR is mainly localized in
the cytoplasmic compartment before R1881 stimulation (Fig.
5E), and AR nuclear translocation was accomplished after
androgen addition (Fig. 5, B and F). Interestingly, none of the
inhibitors blocked androgen-induced AR nuclear transloca-
tion in both cell lines, indicating that the PI3K or GSK-3�
activity is not required for AR nuclear translocation.

The role of �-catenin or Akt in androgen-stimulated
gene expression

Recently inconsistent results were reported from different
groups regarding the relationship between TCF4/�-catenin
pathway and AR transactivation (21, 38–45). Because the
abundance of �-catenin level is regulated by GSK-3�-related
pathways after cellular stimulation (reviewed in Ref. 46) and
we found that GSK-3� activity is required for androgen-
stimulated gene expression, we were interested in whether

there is any alteration regarding the protein level of �-catenin
after R1881 treatment or whether the change is related to
androgen-stimulated gene expression. As shown in Fig. 4B,
R1881 treatment did not result in any significant alteration of
�-catenin protein level, compared with the control, indicat-
ing that �-catenin might not participate in androgen-stimu-
lated gene expression. To clarify that �-catenin is not in-
volved in androgen-stimulated gene expression, we knocked
down �-catenin expression by using a pooled siRNA duplex
preparation against human �-catenin in LAPC-4 cells and
tested the effect of �-catenin knockdown on R1881-stimu-
lated PB-SEAP reporter activity. Cells were transfected with
the �-catenin siRNA duplexes for 3 d in full culture media
followed by a PB-SEAP reporter transfection in 2% cFBS
overnight. After 24 h stimulation with R1881, SEAP activity
was measured as mentioned earlier and cellular protein lev-
els of �-catenin were determined by Western blot. As shown
in Fig. 6A, transfection of the cells with the pooled siRNAs
largely reduced the protein level of �-catenin in a dose-
dependent manner. However, R1881-stimulated PB-SEAP
reporter activity was not significantly affected in �-catenin
knockdown cells, compared with the control (Fig. 6B). These
data are in contrast to previous reports showing �-catenin’s
enhancement on AR transactivation (21, 39, 42, 44) but is in
agreement with others (41, 45) under the condition of �-cate-
nin overexpression.

As a downstream target of PI3K, Akt is rapidly activated
via phosphorylation on two key sites of T308 and S473. Akt was
previously reported to phosphorylate AR and subsequently

FIG. 5. Inhibition of GSK-3� or PI3K did not block R1881-induced AR
nuclear translocation. After 24 h serum starvation, LAPC-4 (A–D) or
LNCaP (E–I) cells were left untreated as control or pretreated with
inhibitors (LiCl 10 mM, RO318220 1.0 �M, or LY294002 50 �M) as
indicated for 45 min. Thereafter, vehicle control or R1881 (1.0 nM) was
added for an additional 16 h. Localization of androgen receptor (red
in B–D, green in E–I) was carried out by immunofluorescent staining,
and the nuclei were counterstained with 4�,6�-diamino-2-phenylin-
dole (blue in A–D) as described in the text.

FIG. 6. Akt or �-catenin is not involved in androgen-stimulated gene
expression. After transfection with a pooled siRNA mixture as indi-
cated for 48 h, LAPC-4 cells were transfected again with the PB-SEAP
reporter for 24 h and then treated with R1881 (1.0 nM) or vehicle
control in serum-free medium. SEAP or luciferase activity was mea-
sured 24 h later as described in the text. The expression of targeted
genes was determined by Western blot. Actin blot served as loading
control. Data represent two experiments.
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enhance transactivation once overexpressed in cells (47),
but other groups (48) later did not confirm it using a proteo-
mic approach. Because PI3K inhibitor LY29402 suppressed
androgen-stimulated gene expression, we asked whether
Akt is participating in PI3K-dependnet androgen-stimulated
gene expression. We knocked down Akt protein by the
siRNA-mediated gene silencing approach and examined the
effect of Akt knockdown on R1881-induced PB-SEAP activ-
ity. As mentioned earlier, a pooled siRNA preparation
against human akt gene was transfected into LAPC-4 cells for
3 d followed by transfection of PB-SEAP reporter. As shown
in Fig. 6A, the protein level of endogenous Akt gene was
knocked down dramatically by the pooled siRNA duplexes
in a dose-dependent manner. However, R1881-stimulated
PB-SEAP reporter activity remained unchanged (Fig. 6B),
indicating that Akt is not involved in androgen-induced gene
expression, which is consistent with a previous report (20).

Discussion

The nature of androgen-stimulated AR transactivation is
not clear. Our data demonstrated for the first time that
GSK-3� activity is required for androgen-stimulated gene
expression. We showed that: 1) inhibition of GSK-3� activity
by its inhibitors blocks androgen-stimulated gene expres-
sion; 2) siRNA-mediated GSK-3� gene silencing results in
reduction of androgen-stimulated gene expression, confirm-
ing the specificity of GSK-3� inhibition; and 3) androgen
increases GSK-3� Y216 phosphorylation that is suppressed by
PI3K inhibitors. These results suggest a pathway involving
PI3K-dependnent GSK-3� activation in androgen-stimulated
gene expression.

To determine the kinases and/or their related pathways
involved in androgen-stimulated gene expression, we sur-
veyed a group of kinase-specific inhibitors for multiple path-
ways in an androgen-responsive gene reporter assay. Among
those inhibitors, we found that LiCl blocked androgen-
stimulated PSA promoter activity. Because LiCl can inhibit

multiple enzymes in addition to GSK-3�, we verified the
involvement of GSK-3� by two approaches. One was to
use different type of GSK-3� inhibitors, RO318220 and
GF109203X; the other was to use siRNA-mediated gene si-
lencing against GSK-3�. Both approaches demonstrated the
requirement of GSK-3� for androgen-stimulated gene ex-
pression. Because RO318220 and GF109203X also inhibit
PKC isoforms (classic and novel groups), we used another
inhibitor G06976 (for classic PKCs) as control and found that
GO6976 had no effect on androgen-stimulated gene expres-
sion. Most interestingly, we found that androgen treatment
enhanced GSK-3� Y216 phosphorylation, which is dependent
on PI3K activity. These data provide a direct evidence of
GSK-3� involvement in androgen-stimulated gene expression.

In this study, we observed a PI3K-dependent GSK-3� Y216

phosphorylation after androgen stimulation; however, the
mechanism is not clear. Although it was reported that
GSK-3� kinase activity is associated with Y216 phosphory-
lation, the responsive tyrosine kinase is still unknown in
mammals. It has been reported that the tyrosine kinase Pyk2
and the Src family member Fyn are able to phosphorylate
GSK-3�, in which Fyn might be not responsible for andro-
gen-induced GSK-3� Y216 phosphorylation because Src ki-
nase inhibitor PP2 did not suppress androgen-stimulated
PSA promoter activity in this study. Further investigation is
being undertaken by our group to determine whether Pyk2
or other tyrosine kinases are responsive for androgen-
induced GSK-3� activation (Fig. 7).

PI3K has been implicated in androgen signaling in prostate
cancer cells. Previous studies including ours (20–22) showed
that PI3K inhibitors LY294002 and wortmannin block
androgen-stimulated gene expression and overexpression of
PTEN, an inhibitory protein phosphatase for PI3K path-
way, suppresses androgen-stimulated AR transactivation. In
androgen-independent prostate cancer cells, increased PI3K
activity was observed, compared with androgen-dependent
ones, and consistently LY294002 blocked progression to the

FIG. 7. Schematic illustration of the proposed
mechanism of PI3K/GSK-3� involvement in
androgen-stimulated gene expression. Upon
androgen binding, the AR is dissociated from the
chaperon heat shock proteins (HSP) and then
translocated into the nuclear as an antiparallel
homodimer after a conformational change. In
addition, androgen treatment also results in
PI3K activation, which in turn leads to GSK-3�
tyrosine phosphorylation through unknown
mechanism (Pyk2?). Finally, activated GSK-3�
regulates the assembly of AR-mediated tran-
scriptional complex in the nuclear.
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androgen-independent state of androgen-dependent pros-
tate cancer LNCaP cells (49, 50). Furthermore, a functional
genomic analysis revealed that increased expression of genes
that converge on the PI3K pathway is observed in androgen-
independent prostate cancers (51). Consistent with previous
reports, we found in this study that PI3K inhibitor LY294002
suppressed androgen-stimulated gene expression, both en-
dogenous targets (PSA and MMP-2), and exogenous andro-
gen-responding reporters. In contrast to PI3K, some contro-
versy exists regarding whether Akt is playing a role in AR
transactivation. Akt is one of the downstream targets in PI3K
signaling cascade. Overexpression of active Akt enhances
androgen-stimulated gene expression in some systems (47)
but not in others, although it can protect cell death induced
by PTEN overexpression (20). Recently a proteomic analysis
showed that previously proposed Akt phosphorylation sites
on AR are not phosphorylated after androgen stimulation
(48). Consistent with previous reports (20, 21) but not with
a recent report (37), we did not observe an androgen-induced
Akt activation (S473 phosphorylation) in all prostate cancer
cells tested. Most interestingly, knocking down Akt protein
by siRNA-mediated gene silencing did not change androgen-
stimulated PSA promoter activity. These data suggest that
the possibility of Akt’s involvement in androgen-stimulated
gene expression is very low. The differences regarding Akt
in AR transactivation may come from different experimental
conditions and strategies, i.e. overexpression vs. gene silenc-
ing, as well as different promoter-driven reporters.

A recently report proposed that PI3K/Akt activates AR
transactivation by inhibiting GSK-3�-mediated �-catenin
degradation (21). However, a direct cause-effect correlation
among androgen stimulation, Akt phosphorylation, GSK-3�
activity, and �-catenin degradation was not established in
their study. In addition, LiCl-enhanced PSA promoter ac-
tivity was seen only after �-catenin is overexpressed. Fur-
thermore, whether �-catenin can interact directly with AR or
enhance AR transactivation ubiquitously remains controver-
sial (38–45). In contrast to previous studies using ectopic
overexpression approach to evaluate �-catenin’s role in
androgen-stimulated gene expression, we took the advan-
tage of the newest technique of siRNA-mediated gene si-
lencing approach in which the artificial effect due to an
aberrant protein presence is avoided in cells and the result
is more relevant to biological condition. We found that
knocking down endogenous �-catenin protein did not re-
duce but slightly enhance androgen-stimulated PSA pro-
moter activity, although the difference is not significant. Con-
sistent with this finding, a �-catenin-induced reduction of
AR transactivation or vice versa was seen in neuronal cells
(40), suggesting that a dynamic modulation between these
two transcription factors exists the same as that reported
between AR and activator protein-1 (52).

In conclusion, we demonstrated for the first time that
GSK-3� activity is required for androgen-stimulated gene
expression. The phosphorylation of the regulatory site ty-
rosine 216 on GSK-3� is increased after androgen stimula-
tion, which is dependent on PI3K activity. However, neither
GSK-3� nor PI3K is involved in androgen-stimulated AR
nuclear translocation. The mechanism of GSK-3� regulation
on androgen action needs further investigation.

Acknowledgments

We thank Dr. Michael Soares for valuable discussion and Mrs. Donna
Barnes and Shontell Banks for excellent secretarial assistance.

Received November 10, 2003. Accepted February 18, 2004.
Address all correspondence and requests for reprints to: Benyi Li,

M.D., Ph.D., Department of Urology, University of Kansas Medical
Center, 3901 Rainbow Boulevard, Kansas City, Kansas 66160. E-mail:
bli@kumc.edu.

This work was supported by the William L. Valk Endowment and
grants from Mason’s Foundation and Lied Foundation (to B.L.).

Part of this study was presented at the 2003 Annual Meeting of the
American Urological Association, Chicago, Illinois.

References

1. Jemal A, Murray T, Samuels A, Ghafoor A, Ward E, Thun MJ 2003 Cancer
Statistics. CA Cancer J Clin 53:5–26

2. Grossmann ME, Huang H, Tindall DJ 2001 Androgen receptor signaling in
androgen-refractory prostate cancer. J Natl Cancer Inst 93:1687–1697

3. Embi N, Rylatt DB, Cohen P 1980 Glycogen synthase kinase-3 from rabbit
skeletal muscle. Separation from cyclic-AMP-dependent protein kinase and
phosphorylase kinase. Eur J Biochem 107:519–527

4. Woodgett JR 2001 Judging a protein by more than its name: GSK-3. Sci STKE
100:RE12

5. Frame S, Cohen P 2001 GSK3 takes centre stage more than 20 years after its
discovery. Biochem J 359:1–16

6. Woodgett JR 1990 Molecular cloning and expression of glycogen synthase
kinase-3/factor A. EMBO J 9:2431–2438

7. Rogatsky I, Waase CL, Garabedian MJ 1998 Phosphorylation and inhibition
of rat glucocorticoid receptor transcriptional activation by glycogen synthase
kinase-3 (GSK-3). Species-specific differences between human and rat glu-
cocorticoid receptor signaling as revealed through GSK-3 phosphorylation.
J Biol Chem 273:14315–14321

8. Hughes K, Nikolakaki E, Plyte SE, Totty NF, Woodgett JR 1993 Modulation
of the glycogen synthase kinase-3 family by tyrosine phosphorylation. EMBO
J 12:803–808

9. Sutherland C, Leighton IA, Cohen P 1993 Inactivation of glycogen synthase
kinase-3� by phosphorylation: new kinase connections in insulin and growth
factor signaling. Biochem J 296:15–19

10. Hartigan JA, Johnson GV 1999 Transient increases in intracellular calcium
result in prolonged site-selective increases in � phosphorylation through a
glycogen synthase kinase 3�-dependent pathway. J Biol Chem 274:21395–
21401

11. Siegfried E, Chou TB, Perrimon N 1992 Wingless signaling acts through
zeste-white 3, the Drosophila homolog of glycogen synthase kinase-3, to reg-
ulate engrailed and establish cell fate. Cell 71:1167–1179

12. Moule SK, Edgell NJ, Welsh GI, Diggle TA, Foulstone EJ, Heesom KJ, Proud
CG, Denton RM 1995 Multiple signaling pathways involved in the stimulation
of fatty acid and glycogen synthesis by insulin in rat epididymal fat cells.
Biochem J 311:595–601

13. Ueki K, Yamamoto-Honda R, Kaburagi Y, Yamauchi T, Tobe K, Burgering
BM, Coffer PJ, Komuro I, Akanuma Y, Yazaki Y, Kadowaki T 1998 Potential
role of protein kinase B in insulin-induced glucose transport, glycogen syn-
thesis, and protein synthesis. J Biol Chem 273:5315–5322

14. Simental JA, Sar M, Lane MV, French FS, Wilson EM 1991 Transcriptional
activation and nuclear targeting signals of the human androgen receptor. J Biol
Chem 266:510–518

15. Jenster G, Trapman J, Brinkmann AO 1993 Nuclear import of the human
androgen receptor. Biochem J 293:761–768

16. Tsai MJ, O’Malley BW 1994 Molecular mechanisms of action of steroid/
thyroid receptor superfamily members. Annu Rev Biochem 63:451–486

17. Chang C, Saltzman A, Yeh S, Young W, Keller E, Lee HJ, Wang C, Mizokami
A 1995 Androgen receptor: an overview. Crit Rev Eukaryot Gene Expr 5:97–125

18. Gelmann EP 2002 Molecular biology of the androgen receptor. J Clin Oncol
20:3001–3015

19. Manin M, Baron S, Goossens K, Beaudoin C, Jean C, Veyssiere G, Verhoeven
G, Morel L 2002 Androgen receptor expression is regulated by the phospho-
inositide 3-kinase/Akt pathway in normal and tumoral epithelial cells. Bio-
chem J 366:729–736

20. Li P, Nicosia SV, Bai W 2001 Antagonism between PTEN/MMAC1/TEP-1
and androgen receptor in growth and apoptosis of prostatic cancer cells. J Biol
Chem 276:20444–20450

21. Sharma M, Chuang WW, Sun Z 2002 Phosphatidylinositol 3-kinase/Akt stim-
ulates androgen pathway through GSK3� inhibition and nuclear �-catenin
accumulation. J Biol Chem 277:30935–30941

22. Liao X, Thrasher JB, Pelling J, Holzbeierlein J, Sang QX, Li B 2003 Androgen
stimulates matrix metalloproteinase-2 expression in human prostate cancer.
Endocrinology 144:1656–1663

2948 Endocrinology, June 2004, 145(6):2941–2949 Liao et al. • Androgen Signaling Requires GSK-3� Activity

 by on November 28, 2009 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org


23. Liao X, Zhang L, Thrasher JB, Du J, Li B 2003 GSK-3� suppression eliminates
TRAIL-resistance in prostate cancer. Mol Cancer Ther 2:1215–1222

24. Xie X, Zhao X, Liu Y, Zhang J, Matusik RJ, Slawin KM, Spencer DM 2001
Adenovirus-mediated tissue-targeted expression of a caspase-9-based artificial
death switch for the treatment of prostate cancer. Cancer Res 61:6795–6804

25. van Steenbrugge GJ, van Uffelen CJ, Bolt J, Schroder FH 1991 The human
prostatic cancer cell line LNCaP and its derived sublines: an in vitro model for
the study of androgen sensitivity. J Steroid Biochem Mol Biol 40:207–214

26. Vlietstra RJ, van Alewijk DC, Hermans KG, van Steenbrugge GJ, Trapman
J 1998 Frequent inactivation of PTEN in prostate cancer cell lines and xeno-
grafts. Cancer Res 58:2720–2723

27. Klein KA, Reiter RE, Redula J, Moradi H, Zhu XL, Brothman AR, Lamb DJ,
Marcelli M, Belldegrun A, Witte ON, Sawyers CL 1997 Progression of met-
astatic human prostate cancer to androgen independence in immunodeficient
SCID mice. Nat Med 3:402–408

28. Hers I, Tavare JM, Denton RM 1999 The protein kinase C inhibitors bisin-
dolylmaleimide I (GF 109203x) and IX (Ro 31–8220) are potent inhibitors of
glycogen synthase kinase-3 activity. FEBS Lett 460:433–436

29. Davies SP, Reddy H, Caivano M, Cohen P 2000 Specificity and mechanism
of action of some commonly used protein kinase inhibitors. Biochem J 351:
95–105

30. Bacon KB, Camp RD 1990 Interleukin (IL)-8-induced in vitro human lym-
phocyte migration is inhibited by cholera and pertussis toxins and inhibitors
of protein kinase C. Biochem Biophys Res Commun 169:1099–1104

31. Toullec D, Pianetti P, Coste H, Bellevergue P, Grand-Perret T, Ajakane M,
Baudet V, Boissin P, Boursier E, Loriolle F 1991 The bisindolylmaleimide GF
109203X is a potent and selective inhibitor of protein kinase C. J Biol Chem
266:15771–15781

32. Thorp KM, Verschueren H, De Baetselier P, Southern C, Matthews N 1996
Protein kinase C isotype expression and regulation of lymphoid cell motility.
Immunology 87:434–438

33. Murai H, Okazaki M, Kikuchi A 1996 Tyrosine dephosphorylation of gly-
cogen synthase kinase-3 is involved in its extracellular signal-dependent in-
activation. FEBS Lett 392:153–160

34. Bhat RV, Shanley J, Correll MP, Fieles WE, Keith RA, Scott CW, Lee CM 2000
Regulation and localization of tyrosine216 phosphorylation of glycogen syn-
thase kinase-3� in cellular and animal models of neuronal degeneration. Proc
Natl Acad Sci USA 97:11074–11079

35. Ali A, Hoeflich KP, Woodgett JR 2001 Glycogen synthase kinase-3: properties,
functions, and regulation. Chem Rev 101:2527–2540

36. Harwood AJ 2001 Regulation of GSK-3: a cellular multiprocessor. Cell 105:
821–824

37. Sun M, Yang L, Feldman RI, Sun XM, Bhalla KN, Jove R, Nicosia SV, Cheng
JQ 2003 Activation of phosphatidylinositol 3-kinase/Akt pathway by andro-
gen through interaction of p85�, androgen receptor, and Src. J Biol Chem
278:42992–43000

38. Amir AL, Barua M, McKnight NC, Cheng S, Yuan X, Balk SP 2003 A direct

�-catenin independent interaction between androgen receptor and T cell factor
4. J Biol Chem 278:30828–30834

39. Song LN, Herrell R, Byers S, Shah S, Wilson EM, Gelmann EP 2003 �-Catenin
binds to the activation function 2 region of the androgen receptor and mod-
ulates the effects of the N-terminal domain and TIF2 on ligand-dependent
transcription. Mol Cell Biol 23:1674–1687

40. Chesire DR, Isaacs WB 2002 Ligand-dependent inhibition of �-catenin/TCF
signaling by androgen receptor. Oncogene 21:8453–8469

41. Pawlowski JE, Ertel JR, Allen MP, Xu M, Butler C, Wilson EM, Wierman ME
2002 Liganded androgen receptor interacts with �-catenin: nuclear colocal-
ization and modulation of transcriptional activity in neuronal cells. J Biol Chem
277:20702–20710

42. Mulholland DJ, Cheng H, Reid K, Rennie PS, Nelson CC 2002 The androgen
receptor can promote �-catenin nuclear translocation independently of ad-
enomatous polyposis coli. J Biol Chem 277:17933–17943

43. Yang F, Li X, Sharma M, Sasaki CY, Longo DL, Lim B, Sun Z 2002 Linking
�-catenin to androgen-signaling pathway. J Biol Chem 277:11336–11344

44. Truica CI, Byers S, Gelmann EP 2000 �-Catenin affects androgen receptor
transcriptional activity and ligand specificity. Cancer Res 60:4709–4713

45. Chesire DR, Ewing CM, Gage WR, Isaacs WB 2002 In vitro evidence for
complex modes of nuclear �-catenin signaling during prostate growth and
tumorigenesis. Oncogene 21:2679–2694

46. Giles RH, van Es JH, Clevers H 2003 Caught up in a Wnt storm: Wnt signaling
in cancer. Biochim Biophys Acta 1653:1–24

47. Wen Y, Hu MC, Makino K, Spohn B, Bartholomeusz G, Yan DH, Hung MC
2000 HER-2/neu promotes androgen-independent survival and growth of
prostate cancer cells through the Akt pathway. Cancer Res 60:6841–6845

48. Gioeli D, Ficarro SB, Kwiek JJ, Aaronson D, Hancock M, Catling AD, White
FM, Christian RE, Settlage RE, Shabanowitz J, Hunt DF, Weber MJ 2002
Androgen receptor phosphorylation. Regulation and identification of the
phosphorylation sites. J Biol Chem 277:29304–29314

49. Graff JR, Konicek BW, McNulty AM, Wang Z, Houck K, Allen S, Paul JD,
Hbaiu A, Goode RG, Sandusky GE, Vessella RL, Neubauer BL 2000 In-
creased AKT activity contributes to prostate cancer progression by dramati-
cally accelerating prostate tumor growth and diminishing p27Kip1 expression.
J Biol Chem 275:24500–24505

50. Murillo H, Huang H, Schmidt LJ, Smith DI, Tindall DJ 2001 Role of PI3K
signaling in survival and progression of LNCaP prostate cancer cells to the
androgen refractory state. Endocrinology 142:4795–4805

51. Mousses S, Wagner U, Chen Y, Kim JW, Bubendorf L, Bittner M, Pretlow T,
Elkahloun AG, Trepel JB, Kallioniemi OP 2001 Failure of hormone therapy
in prostate cancer involves systematic restoration of androgen responsive
genes and activation of rapamycin sensitive signaling. Oncogene 20:6718–6723

52. Sato N, Sadar MD, Bruchovsky N, Saatcioglu F, Rennie PS, Sato S, Lange
PH, Gleave ME 1997 Androgenic induction of prostate-specific antigen gene
is repressed by protein-protein interaction between the androgen receptor and
AP-1/c-Jun in the human prostate cancer cell line LNCaP. J Biol Chem
272:17485–17494

Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

Liao et al. • Androgen Signaling Requires GSK-3� Activity Endocrinology, June 2004, 145(6):2941–2949 2949

 by on November 28, 2009 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org

