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Abstract

INTRODUCTION—Treatment of primary prostate cancer (CaP) is the withdrawal of androgens.
However, CaP eventually progresses to grow in a castration-resistant state due to aberrant
activation of androgen receptor (AR). Understanding the mechanisms leading to the aberrant
activation of AR is critical to develop effective therapy. We have previously identified Rho GDP
Dissaciation Inhibitor alpha (GDIa) as a novel suppressor in prostate cancer. In this study, we
examine the effect of GDIla on AR signaling in prostate cancer cells.

METHODS—GDIa was transiently or stably transfected into several prostate cancer cell lines
including LNCaP, C4-2, CWR22Rv1, and DU145. The regulation of AR expression by GDla was
analyzed by gRT-PCR and Western blot. AR activity was measured by luciferase reporter assays
and electrophoretic mobility shift analysis (EMSA). Immunofluorescence assay was performed to
study AR nuclear translocation. The interaction between GDIla and AR was examined by co-
immunoprecipitation assays.

RESULTS—In this study, we have identified GDla as a negative regulator of AR signaling
pathway. Overexpression of GDla downregulates AR expression at both mRNA and protein
levels. Overexpression of GDla is able to prevent AR nuclear translocation and inhibit trans-
activation of AR target genes. Co-immunoprecipitation assays showed that GDIa physically
interacts with the N-terminal domain of AR.

CONCLUSIONS—GDIa suppresses AR signaling through inhibition of AR expression, nuclear
translocation, and recruitment to androgen-responsive genes. GDla regulatory pathway may play
a critical role in regulating AR signaling and prostate cancer growth and progression.

Keywords
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INTRODUCTION

Prostate cancer is the most diagnosed cancer among men in the United States. A very large
portion of men with prostate cancer are treated successfully with androgen deprivation
therapy (ADT). However, eventually most prostate cancer patients will relapse due to the
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progression of castration-resistant prostate cancer (CRPC) [1]. Understanding the molecular
mechanisms leading to CRPC is critical to develop successful therapies to combat this lethal
response [1-3]. Although circulating androgens remain very low or undetectable in the
castrate environment in CRPC, androgen receptor (AR) is expressed at high levels and AR-
regulated genes such as prostate-specific antigen (PSA) are also expressed [4], indicating
AR signaling pathway is aberrantly activated in CRPC [5].

Rho GDP dissociation inhibitor (RhoGDI) is a cellular regulatory protein that acts primarily
by controlling the cellular distribution and activity of Rho GTPases [6]. RhoGDlalpha
(GDla) is one of the GDI family mammalian members, which binds to most of the Rho
GTPases including RhoA, Cdc42, and Racl [7,8]. GDla binds to and negatively regulates
Rho GTPases by shielding their membrane-anchoring domains and restricting them to a
cytosolic non-active localization [9,10]. Overexpression of GDla in various cell lines
induces disruption of the cytoskeleton and inhibits cell motility, while downregulation of
GDla expression is associated with progression of bladder cancer and breast cancer [11-14].

We previously demonstrated that loss of GDIla expression is associated with prostate cancer
progression [15]. Overexpression of GDla inhibits prostate cancer cell growth both in vitro
and in vivo [15]. In this study, we examined the effects of GDla on AR signaling in prostate
cancer cells and demonstrated that GDla interacts with AR and suppresses AR signaling in
prostate cancer cells.

MATERIALS AND METHODS

Cell Culture and Reagents

LNCaP, C4-2, and CWR22Rv1 prostate cancer cells were cultured in RPMI-1640 medium
containing either 10% complete fetal bovine serum (FBS) or 10% charcoal-dextran-stripped
FBS and 100 units/ml penicillin and 0.1 mg/ml streptomycin as described previously [16].
Cells were maintained at 378C in a humidified incubator with 5% CO,. LNCaP passage
numbers <30 were used throughout the study. GDla overexpressing C4-2 cells (C2 and C4)
and DU145 cells (DU1B3 and DU3B1) were grown in RPMI 1640 media with 10% FBS
containing G418 (300 pg/ml) [17]. For transfection studies, cells were transiently transfected
with expression plasmids using Attractene transfection reagent (QIAGEN).

Preparation of Whole Cell Extracts

Cells were harvested, washed with PBS twice, and lysed in high-salt buffer (10 mM HEPES
[pH 7.9], 0.25 M NaCl, 0.1% NP-40) supplemented with protease inhibitors (Roche, Basel,
Switzerland). Protein concentration was determined with Coomassie Plus protein assay kit
(Pierce, Pockford, IL).

Cytosolic and Nuclear Protein Preparation

Cell were harvested, washed with PBS twice, and resuspended in low-salt buffer (10 mM
HEPES, 1.5 mM MgCl,, 10 mM KCI, and 0.1% NP40) supplemented with protease
inhibitors (Roche) and incubated on ice for 30 min. The cytosolic lysate was cleared by
centrifugation at 5 x 103 rpm for 5 min at 4°C. The pellets were collected as nuclear
fraction. After washing twice with the low-salt buffer, nuclei were lysed in high-salt lysis
buffer followed by mechanical disruption at 4°C for 1 hr. The nuclear fractions were cleared
by centrifugation at 10,000 rpm for 15 min at 4°C. Protein concentration was determined
using the Coomassie Plus protein assay kit (Pierce).
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Western Blot Analysis

Equal amounts of cell protein extracts were loaded on 10 or 12% SDS-PAGE, and proteins
were transferred to nitrocellulose membranes. After blocking in 5% non-fat milk in 1x PBS/
0.1% Tween-20 at room temperature, membranes were washed with 1x PBS/0.1%
Tween-20. The membranes were incubated over-night with primary antibodies at 4°C.
Proteins were visualized by enhanced chemiluminescence kit (Millipore) after incubation
with the appropriate horseradish peroxidase-conjugated secondary antibodies.

Real-Time PCR Analysis

Total RNA was extracted by TRIzol (Invitrogen, Carlsbad, CA) reagent. One microgram
RNA was digested by RQ1 DNase (Promega, Madison, WI). The resulting product was
reverse transcribed with random primers by Im-Prom!! Reverse transcriptase (Promega). The
newly synthesized cDNA was used to perform real-time PCR. The reaction mixture
contained 4 pl cDNA template and 0.5 1M specific primers for AR and PSA as described
previously. b-Actin primer was used as an internal control. The expression levels of AR and
PSA were normalized to -actin. The experiments were repeated three times with triplicates.

Co-Immunoprecipitation

LNCaP cells were lysed with high salt buffer. Equal amounts of whole cell protein extracts
(100 ng) were immunoprecipitated by 1 mg anti-GDla antibody or control anti-1gG
antibody in 30 pl A/G agarose with constant rotation overnight. The immunoprecipitants
were washed with washing buffer (10 mM HEPES [pH 7.9], 1 mM EDTA, 150 mM NacCl,
and 1% NP-40) twice. The immunoprecipitants were then eluted and the eluates were
electrophoresed on 8% SDS-PAGE, transferred to nitrocellulose membranes, and probed
with anti-AR antibodies.

Luciferase Assays

C4-2 and CWR22Rv1 cells were transfected with pGL3-PSA6.0-Luc and pGL4-AR-prom-
Luc reporters, using Attractene (QIAGEN). Cell lysates were subjected to luciferase assays
using the Luciferase Assay System (Promega).

Electrophoretic Mobility Shift Analysis (EMSA)

RESULTS

Nuclear extracts from C4-2 and LNCaP cells transfected with vector control or GDla
plasmid were prepared. EMSA were performed by incubating nuclear extracts (5-10 pg)
with AR consensus binding motif 5-GGACAGGGTGTTCT-3’ (Santa Cruz Biotechnology,
Santa Cruz, CA) in incubation buffer containing 10 mM HEPES pH 7.9, 80 mM NaCl, 10%
glycerol, 1 mM DTT, 1 mM EDTA, 100 pug/ml poly(dI-dC). The protein-DNA complexes
were resolved on a 4.5% native polyacrylamide gel at room temperature, and the results
were autoradiographed using Storm 840 Imaging system (Molecular Dynamics, Sunnyvale,
CA).

Overexpression of GDla Inhibits AR Transactivation

In our previous study, we showed that overexpression of GDIla in LNCaP-IL-6+ cells
inhibits tumor growth accompanied by a significant decrease of PSA in the mouse sera
bearing tumors, suggesting that GDIa inhibits AR signaling in prostate cancer cells [15]. To
further characterize the effect of GDIa on AR signaling, we measured the levels of PSA by
ELISA in C4-2 cells overexpressing GDIla compared to their parental cells. As shown in
Figure 1, the levels of PSA protein expression in GDIla overexpressing C4-2 cells are
significantly lower compared to their parental cells.

Prostate. Author manuscript; available in PMC 2014 March 04.
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PSA is a typical androgen-regulated gene. To determine if GDIla also alters the expression
of other androgen-regulated genes, we used PSA promoter, one of the best characterized
androgen-responsive promoters as a model to examine the effects of GDla on AR signaling.
CWR22Rv1 cells and C4-2 cells were cotransfected with PSA-promoter luciferase reporter
plasmid and different concentrations of GDla or vector control. Overexpression of GDla
inhibited transactivation ability of AR in a dose-dependent manner in both CWR22Rv1 and
C4-2 cells (Fig. 2A and B). GDIa overexpression also reduced DHT induced PSA promoter
activity in C4-2 cells (Fig. 2C). We also knocked down GDla expression using ShRNA in
LNCaP cells which express endogenous GDla to test whether knock down of GDla
increases AR activity in LNCaP cells. LNCaP cells were co-transfected with PSA-luc and
shRNA specific for GDIla while GFP shRNA was used as a control. Cells were cultured in
the presence or absence of androgen and luciferase activities were determined. PSA
luciferase activity was increased in LNCaP cells transfected with shRNA specific for GDla
compared to cells transfected with GFP shRNA control (Fig. 2D). Consistent with PSA-luc
activity, knock down of GDla expression by GDla shRNA increased PSA protein
expression in LNCaP cells (Fig. 2E).

To determine whether GDla modulates the binding of AR to the ARE DNA motif, EMSA
analysis was performed. Overexpression of GDIla in C4-2 cells decreased the AR/ARE
complex (Fig. 2F), whereas downregulation of GDIla in LNCaP cells using specific ShRNA,
increased the AR/ARE complex (Fig. 2F). These results suggested that GDIla decreased AR
activation through inhibiting AR binding to androgen response element. Collectively, these
results suggest that GDla inhibits AR activity and AR-mediated PSA expression in prostate
cancer cells.

Overexpression of GDla Downregulates AR Expression

Since PSA is a typical AR-regulated gene, we next examined whether GDIa affects AR
expression. GDla was overexpressed in CWR22Rv1 cells that express low levels of
endogenous GDla protein [15]. The effect of GDIla overexpression on AR expression was
analyzed. Total RNAs were isolated and AR mRNA levels were analyzed by gRT-PCR.
Ectopic expression of GDIla in CWR22Rv1 cells decreased AR mRNA level (Fig. 3A).
Consistent with the reduction in mMRNA level, overexpression of GDla downregulates AR
protein level in CWR22Rv1 cells in a dose-dependent manner (Fig. 3B). Similar to
CWR22Rv1 cells, overexpression of GDla in C4-2 cells also downregulates AR expression
(Fig. 3C). Since GDla decreases AR steady state mMRNA levels, we tested whether GDla
inhibits AR transcription. We transiently transfected CWR22Rv1 cells with a luciferase
reporter containing the full-length promoter of AR and different concentrations of GDIa or
vector control. Over-expression of GDIa inhibited AR transcription in CWR22Rv1 cells
(Fig. 3D). Collectively, these data suggested that overexpression of GDIa inhibits AR
expression, possibly at the transcriptional level.

GDla Inhibits AR Nuclear Translocation

Activated AR translocates into nucleus where it binds to androgen-responsive elements in
the promoters of AR target genes. To examine whether GDIa downregulates AR activity
through inhibition of AR nuclear translocalization, Western Blot analysis was performed
using cell extracts from cytosolic and nuclear extracts of C4-2 cells transfected with vector
control or GDla plasmids. Nuclear levels of AR were decreased when GDla was expressed
compared to the controls (Fig. 4A). To further confirm these results, immunoflurescence
was performed. In C4-2 cells, AR is mainly localized in cytoplasm in androgen-deprived
conditions. AR nuclear translocation was significantly induced by 1 nM DHT. However,
nuclear translocation of AR was partially blocked by over-expression of GDla (Fig. 4B). To
further examine whether GDla inhibits AR nuclear localization in a dynamic manner, GDla
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overexpressing stable clones from DU145 (neo, 1B3, and 3B1) were cultured in CSFBS
condition and transfected with wt-AR in the presence or absence of 1 nM DHT for 6 hr.
Cytoplasmic and nuclear proteins were isolated and analyzed by Western blot. The induction
of AR nuclear translocation by DHT was reduced by overexpression of GDIa in 1B3 and
3B1 compared to the Neo control (Fig. 4C). Collectively, these results suggest that GDla
inhibits the nuclear translocation of AR.

GDla Interacts With AR

To determine whether GDla interacts with AR, whole cell protein extracts from LNCaP
cells were immunoprecipitated with anti-GDIa antibody or control rabbit 1gG antibody. The
resulting eluates were analyzed by Western blotting. Isotype-matched normal 1gG was used
as a control and the membranes were probed with anti-AR antibody. We observed that
GDla was able to co-immunoprecipitate with AR (Fig. 5A). These results suggest that
GDla may physically interact with AR.

The AR protein contains an N-terminal transactivation domain (NTD), a DNA-binding
domain (DBD) followed by a hinge region and a C-terminal ligand-binding domain (LBD)
[18]. To test which domain of the AR protein interacts with GDla, we cloned the three
domains of the AR protein into Flag-tagged expression vectors by PCR amplification. We
transfected Flag-tagged NTD/DBD/LBD-expressing plasmids (Fig. 5B) into LNCaP cells,
immunoprecipitated with anti-Flag antibody and immunablotted with anti-GDla antibody
(Fig. 5C). These experiments revealed that the NTD of AR co-precipitates with GDla,
suggesting that GDla interacts with the NTD of AR.

DISCUSSION

AR activation in the absence of endocrine androgens is hypothesized to occur via multiple
processes including: mutations or amplification of AR to induce hypersensitivity to low
levels of intracrine androgens [19-23]; increased androgen biosynthesis [24-30]; the
activation of alternate signal transduction pathways involving growth factor- and cytokine-
mediated AR activation and downstream receptor tyrosine kinases [31-39]; the increased
expression of AR coactivators [40-42]; the alteration of AR mRNA splicing to a
constitutively activated form [19,21]; expression of TMPRSS2-ERG prostate cancer-specific
gene fusion [43,44]; and the downregulation of specific micro-RNAs (miRNAS) [45,46].
Thus, the aberrant activation of AR plays a central role in CRPC, and understanding the
molecular mechanisms leading to the aberrant activation of AR is critical to develop
effective therapy. We have previously identified that downregulation of GDIla expression is
associated with the progression to CRPC. In this study, we found that overexpression of
GDla inhibits AR expression and downregulates AR activity. The inhibition of AR activity
correlates with induction of apoptosis and growth arrest by GDIla shown previously [15].

The emerging role of Rho GDI family members in cancer progression has been
demonstrated in various cancer types including bladder cancer [13]. Lower levels of Rho
GDI family members are often associated with breast cancer metastasis [14]. EI Marzouk et
al. [47] reported the direct interaction between GDla and estrogen receptor a (ERa)
influenced estrogen responsiveness in breast cancer. GDla has also been shown to be
involved in chemoresistance in breast cancer through its effects on ERa [48], indicating the
potential roles of nuclear receptors in GDla-mediated cellular functions. We demonstrated
that GDla interacts with AR and suppresses AR activity. We showed that overexpression of
GDla disrupts androgen signaling by inhibiting AR mRNA and protein expression and
reducing the expression of AR target genes such as PSA. The inhibition of AR signaling
pathway by GDla has been demonstrated at three different levels: that GDla (1)
downregulates AR expression both at mMRNA and protein level, (2) inhibits AR
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transactivation and prevents AR recruitment to the promoters of androgen-responsive genes,
and (3) inhibits AR nuclear translocation.

GDla is a central regulatory molecule of Rho GTPases. GDla binds to most of the Rho
GTPases and negatively regulates cellular distribution and activity of Rho proteins [49].
Several studies demonstrated that Rho GTPase signaling activates AR independent of ligand
in prostate cancer cells [36,50]. Vav3, a Rho GTPase guanine nucleotide exchange factor,
has been shown to be an AR coactivator that is up-regulated in human prostate cancer
compared with benign tissue and in preclinical models of CRPC [50]. A recent study
showed that Vav3 enhances the transcriptional activity of AR3 and another clinically
relevant AR splice variant, ARv567es [51]. It has also been demonstrated that one major
effector of RhoA, PRK1 associates with AR-NTD in vitro and in vivo, and androgen
treatment causes its concomitant recruitment to both the PSA promoter and enhancer [52].
Recent study showed that RhoA activates AR signaling and increases the androgen
responsiveness of select serum response factor target genes [53]. These studies demonstrate
that Rho GTPases activate AR signaling and possibly promote prostate cancer cell growth
and CRPC progression, supporting our data that GDIla suppresses AR signaling and inhibits
prostate cancer cell growth. The inhibition of AR signaling by GDla may also be explained
by the reduction of activity of RhoA GTPases activity by GDIla and subsequent inhibition of
androgen responsiveness by inhibiting the interaction between its downstream effectors and
AR. Since GDla interacts with RhoA GTPases and reduces RhoA GTPase activity in
prostate cancer cells, and reports show that RhoA GTPases promote androgen
hypersensitivity in prostate cancer cells [54], it is possible that GDla-induced AR
suppression may be mediated through reduction of RhoA GTPase activity by GDla.

In summary, we demonstrate that GDla suppresses AR signaling through inhibition of AR
expression, nuclear translocation, and recruitment to androgen-responsive genes. GDIla
regulatory pathway may play a critical role in regulating AR signaling and prostate cancer
growth and progression.
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Overexpression of RhoGDla downregulates prostate-specific antigen (PSA) protein

%
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expression. C4-2, C4-2 neo, and C4-2 GDI-C2 cells overexpressing RhoGDIla were cultured
in FBS or charcoal-stripped FBS in the presence or absence of 1 nM DHT. Supernatants
were collected and subjected to enzyme-linked immunosorbent assay (ELISA) for PSA
proteins. Bottom panel shows immunoblot of whole cell extracts with RhoGDla and tubulin

antibodies.
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Overexpression of RhoGDla inhibits transactivation activity of the androgen receptor (AR).
A,B: RhoGDIa inhibits transcriptional activation of PSA in CWR22Rv1 (A) and C4-2 (B)
cells. CWR22Rv1 and C4-2 cells were co-transfected with PSA-6.0-Luc and RhoGDla
plasmids. Luciferase activity was measured. C: RhoGDla inhibits DHT-induced PSA
promoter activity. C4-2 cells were cultured in charcoal-stripped FBS condition and
transfected with PSA-6.0-Luc plasmids and RhoGDla plasmidin thepresence or absence of
1 nMDHT. Luciferase activity was measured. D: Knockdown of RhoGDla expression
increases PSA promoter activity. LNCaP cells were cultured in charcoal-stripped FBS
condition and transfectedwith PSA-6.0-Luc plasmids and shRNA against RhoGDla in
thepresence or absence of 1 nM DHT. Luciferase activity was measured. E: Knockdown of
RhoGDla increases PSA protein expression. LNCaP cells were cultured in charcoal-stripped
FBS in the presence or absence of 1 nMDHT. Supernatants were used for measurementof
protein level of PSA by ELISA.Whole cell extracts were isolated and immunoblotted with
RhoGDla and tubulin antibodies. Inset Western blots show the expression of GDla incells
transfected with either GDIla or shRNA against GDIla. F: RhoGDla decreases AR-ARE
complex formation. EMSA was performed using radiolabeled ARE oligonucleotides with
nuclear extracts isolated from C4-2 cells (left) transfected with vector control or RhoGDla
plasmid and LNCaP cells (right) transfected with shGFP or shRNA against RhoGDla (Left:
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Lane 1, unbound probe; Lane 2, vector control; Lane 3, RhoGDla. Right: Lane 1, unbound
probe; Lane 2, control; Lane 3, shGDla).
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Fig. 3.

RhoGDla downregulates AR expression. A: Overexpression of RhoGDIla downregulates
androgen receptor (AR) mRNA level in CWR22Rv1 cells in a dose-dependent manner.
CWR22Rv1 cells were transfected with different amounts of RhoGDIa plasmids in FBS.
Total RNAs were isolated for qRT-PCR analysis of AR mRNA expression. B,C:
Overexpression of RhoGDla inhibits AR protein expression in a dose-
dependentmanner.CWR22Rv1 (B) or C4-2 (C) cells were transfected with different amounts
of RhoGDla in FBS condition. Total protein extracts were collected and subjected to
Westernblot analysis. D: Overexpression of RhoGDla inhibits AR promoter luciferase
activity. CWR22Rv1 cells were co-transfected with AR promoter-driven luciferase reporter
and RhoGDla plasmids. Luciferase activity was measured.
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RhoGDla inhibits AR nuclear translocation. A: C4-2 cells were transfected with RhoGDla
plasmid in charcoal-stripped FBS in the presence or absence of1 nMDHT for 6 hr.
Cytoplasmic and nuclear proteins were isolated and immunoblotted with AR, Polll,
RhoGDla, and tubulin antibodies. B: C4-2 cells were transfected with RhoGDla plasmids
and treated with control orl nM DHT for 6 hr in charcoal-stripped FBS. Cells were
processed for immunofluorescent staining with AR-FITC, andnuclei were stained with
DAPI. C: DU145 stable clones overexpressing RhoGDIa (DUneo, DU1B3, and DU3B1)
were cultured in charcoal-stripped FBS and transfected with wildtype-AR in the presence or
absence ofl nMDHT for 6 hr. Cytoplasmic and nuclear proteins were isolated
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andimmunoblotted with AR, Polll, RhoGDla, and tubulin antibodies. Polll and tubulin were
used as loading controls for nuclear and cytoplasmic proteins, respectively.
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RhoGDla interacts with AR. A: Endogeneous RhoGDla interacts with AR. Whole cell

protein extracts from LNCaP cells were immunoprecipitated with antibodies against

RhoGDla or control 1gG and probed for the presence of AR. B: Schematic representation of
the functional domains of AR [919 amino acids (AA)]. C: Extracts from LNCaP cells

expressing either the empty vector or flag-tagged NTD, DBD, and LBD of AR were

immunoprecipitated with anti-Flag antibody and probed for the presence of RhoGDla with

anti-Rho GDla antibody.
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