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Abstract
BACKGROUND—The androgen receptor (AR) is a ligand-dependent transcription factor that
mediates androgenic hormone action in cells. We recently demonstrated the involvement of
phosphoinositide 3-OH kinase (PI3K) p110beta in AR transactivation and gene expression. In this
study, we determined the upstream signals that lead to PI3K/p110beta activation and AR
transactivation after androgen stimulation.

METHODS—Human prostate cancer LAPC-4 and 22Rv1 cell lines were used for the
experiments. AR transactivation was assessed using an androgen responsive element-driven
luciferase (ARE-LUC) assay. Cell proliferation was examined using BrdU incorporation and MTT
assays. Target genes were silenced using small interfering RNA (siRNA) approach. Gene
expression was evaluated at the mRNA level (real-time RT-PCR) and protein level (Western blot).
PI3K kinase activities were measured using immunoprecipitation-based in vitro kinase assay. The
AR-DNA binding activity was determined using Chromatin-immunoprecipitation (ChIP) assay.

RESULTS—First, at the cellular plasma membrane, disrupting the integrity of caveolae
microdomain with methyl-β- cyclodextrin (M-β-CD) abolished androgen-induced AR
transactivation and gene expression. Then, knocking down caveolae structural proteins caveolin-1
or -2 with the gene-specific siRNAs significantly reduced androgen-induced AR transactivation.
Next, silencing Gαs and Gα12 genes but not other G-proteins blocked androgen-induced AR
transactivation and cell proliferation. Consistently, overexpression of Gαs or Gα12 active mutants
enhanced androgen-induced AR transactivation, of which Gαs active mutant sensitized the AR to
castration-level of androgen (R1881). Most interestingly, knocking down Gαs but not Gα12
subunit significantly suppressed androgen-stimulated PI3K p110beta activation. However,
chromatin-immunoprecipitation (ChIP) analysis revealed that both Gαs or Gα12 subunits are
involved in androgen-induced AR interaction with the AR target gene PSA promoter region.

CONCLUSION—These data suggest that caveolae-associated G-protein alpha subunits are
involved in AR transactivation by modulating the activities of different PI3K isoforms.
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INTRODUCTION
Androgens play a critical role not only in the physiological development of male sexual
phenotype but also in the genesis of prostate cancer (reviewed in ref. 1–5). Upon its entry
into target cells, the androgenic hormone transmits its regulatory signal to the nucleus
through the cognate androgen receptor (AR), which is a ligand-activated transcription factor
and a member of the nuclear receptor super-family.

The conventional activation model of nuclear receptor family describes that before hormone
binding the AR is sequestered in the cytoplasm with heat shock proteins and immunophilins
(2). After hormone binding, the AR is released from the multi-protein complex and
undergoes a conformational change, homo-dimerization, and then is translocated into the
nucleus. There, the transcriptionally active AR accumulates within a sub-nuclear
compartment where the receptor binds to the specific hormone responsive DNA sequence in
the target gene. Thereafter, the AR recruits a number of co-regulatory activating proteins
(co-activators/co-repressors) to form a mega-protein complex, which is then poised to
interact with the basal transcriptional machinery to modulate target gene transcription
(reviewed in ref. 2).

In addition to the conventional working model for hormonal nuclear receptors (2), recent
studies have added more details in AR modulations. For example, after androgen stimulation
the AR itself and its cofactors are modified by post-transcriptional mechanisms (i.e.
phosphorylation, acetylation, etc), indicating that cellular signaling pathways are involved in
androgen-stimulated AR transactivation (4). Many groups have described various androgen-
initiated intracellular signaling cascades under different experimental conditions and in
different cell types, however; only few of them were shown to participate directly in
androgen-stimulated genomic effect, AR transactivation (reviewed in ref. 4).

G-protein family consists of three non-identical subunits, α, β and γ. There are four Gα
subfamilies; Gαs, Gαi/o, Gαq/11, and Gα12/13. Each of them has multiple members with
different expression specificity. Gβγ complex are formed from 5 β-subunits and 13 γ-
subunits, and once formed, the dimers will not separate from each other. In an inactive form,
a Gα subunit is GDP-bound and interacts with a Gβγ dimer. Once activated, Gα binds to
GTP, dissociates from Gβγ dimer, and then both subunits of Gα and Gβγ are free to
modulate downstream effectors. Because of their modular architecture, specific expression
patterns and numerous diversity of subtypes, G-protein-regulated signaling pathways are
very complicated. Recently, heterotrimeric and small G-proteins, as well as their modulators
have been shown to enhance AR transactivation by trace-level androgens or cytokines
(reviewed in ref. 5).

In attempt to understand the mechanisms involved in androgen-induced AR transactivation,
we recently demonstrated the involvement of phosphoinositide 3-OH kinase (PI3K) p110β
isoform, the major membrane-associated signaling molecule, in androgen-mediated AR
transactivation (6–7). In this study, we examined the signal cascades upstream of PI3K
p110β, which are required for androgen-induced genomic effect, AR transactivation and
gene expression. We identified membrane caveolae-associated G-protein αs and α12 as
essential signaling components for androgen-stimulated AR transactivation. We also
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demonstrated that G-protein αs or α12 uses different PI3K isoforms to modulate AR
transactivation.

MATERIALS AND METHODS
Cell Culture and Reagents

The human prostate cancer cell lines LAPC-4 and 22Rv1 was described previously (6–7).
R1881 was obtained from ICN (Aurora, OH). Methyl-β-cyclodextrin (M-β-CD) was
purchased from Sigma (St. Louis, MO). Antibodies for caveolins, G-protein subunits, PI3K
isoforms and β-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-AR antibodies were obtained from Upstate (Charlottesville, VA). Charcoal-stripped
FBS (cFBS, steroid-free condition) was obtained from Atlanta Biologicals (Norcross, GA).
The expressing constructs for active mutants of G α subunits were obtained from Dr Min Pi,
as described previously (8).

Immunoprecipitation and Western blot analysis
Protein G immunoprecipitation kit (Sigma, St. Louis) was used according to the
manufacturer’s recommendation. Briefly, cell lysates were prepared from 100 mm dishes,
and lysed with the cell lysate buffer containing protease inhibitors from the kit. A total of
100 µg proteins and 2.0 µg purified antibody were mixed for 4 hours at 4°C with rotation
followed by incubation with protein G beads overnight at 4°C, mixing by inversion.
Immuno-complexes were washed three times and collected by centrifugation.

For Western blot analysis, cells were washed in PBS and lysed in a radio-
immunoprecipitation assay (RIPA) buffer supplied with protease inhibitors (CytoSignal,
Irvine, CA). Equal amount of protein was separated on an 8–15% sodium dodecyl sulfate-
polyacrylamide (SDS-PAGE) gel and blotted onto a polyvinyl difluoride membrane (PVDF,
Bio-Rad Laboratories, Hercules, CA). Membranes were blocked in a Tris-buffered saline
solution with 5% nonfat dry milk containing 0.1% TWEEN-20 and incubated with
antibodies overnight at 4°C. Immunoreactive signals were detected by incubation with
horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology)
followed by chemi-luminescent detection using SuperSignal substrate kit (Pierce Chemical
Co., Rockford, IL).

Small interference RNA transfection
The control siRNAs with scrambled sequences were purchased from Ambion (Austin, TX)
and the predefined siRNAs for G-proteins and PI3K isoforms were purchased from Santa
Cruz (Santa Cruz, CA). Transfection was carried out with OligoFectamine agent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. For reporter gene
assay, three days after transfection with the siRNAs, cells were transfected with reporter
genes as described below. To determine the efficiency of the siRNAs, preliminary
experiments were conducted by transfection of the siRNAs at various concentrations (1–100
nM), and a dramatic reduction was observed in 100 nM concentration. A scrambled negative
siRNA duplex was used as the control.

Luciferase and SEAP reporter assay
A luciferase reporter construct controlled by synthetic androgen response elements was
obtained from Dr. Allen Gao, as described previously (9). The reporter construct pCMV-
SEAP, expressing secreted alkaline phosphatase (SEAP) under the control of the
cytomegalovirus (CMV) promoter, was described previously in our publication (6–7). It was
used as an internal reference control for the luciferase assays. For G-protein overexpression
experiments, cells were plated in 6-well tissue culture plates and co-transfected on the
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following day with 1.0 µg pARE-LUC, 0.5 µg pCMV-SEAP and the constructs for G-
protein overexpression (as indicated in the figure legend) using the LipoFectamine reagent
(Invitrogen, Carlsbed, CA). After 24 h, cells were serum-starved for another 24 h and then
treated with the solvent (ethanol) or R1881 in 2% cFBS. After 24 h, culture supernatants
were collected and assayed for SEAP activity, as described previously (6–7). Cells were
lysed with a lysis buffer supplied by a luciferase assay system (Promega Corp., Madison,
WI). Protein concentration in the cell lysates was measured by a protein assay kit (Bio-Rad
Laboratories, Hercules, CA). Equal amount of protein from each cell lysate was assayed in
triplicate for luciferase enzyme activity by using the Luciferase assay system (Promega
Corp., Madison, WI) and Lumat LB9501 reader (Berthold, Oak Ridge, TN). The luciferase
activity of each sample was normalized against the corresponding SEAP activity before the
fold induction value relative to control cells was calculated.

Real-Time Reverse Transcription (RT)-PCR
Total RNA was prepared using Trizol reagent (Invitrogen). The real-time PCR was
performed using Applied Biosystems 7500 PCR systems under following conditions;
reaction mixture consisted of diluted sample cDNA solution (5 µl for PSA, 1 µl for β-actin),
10 µl of Taqman Universal PCR Master mix (catalog # 4324018), 1 µl of Taqman Gene
expression Assays for FAM conjugated primer mixtures (catalog # 4331182 for PSA,
catalog # 433762T for β-actin) and add water to make 20 µl. Denaturation at 95°C for 15
sec, and annealing and extension at 60°C for 1 min was then performed. The denaturation/
anealing cycle was repeated 40 cycles. The amplification value of PSA gene was normalized
against β-actin genes before relative ratios were calculated. The values for control samples
were set as 1.

Cell Proliferation Assay
Cells were seeded in 96-well microtiter plate overnight. Thereafter, cells were transfected
with pooled siRNAs and then incubated for additional 24 and 48 h in the presence or
absence of 1.0 nM R1881. The proliferation rates of the cell lines were analyzed by
measuring 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay
using the Cell Proliferation kit I (Roche Molecular Biochemicals, Indianapolis, IN).
Formazan crystals were solubilized overnight, and the product was quantified
spectrophotometrically by measuring absorbance at 570 nm.

For BrdU incorporation assay, cells were incubated with BrdUrd (BrdUrd labeling and
detection kit III; Roche Molecular Biochemicals) for the last 18 h of the experiments. Cells
were subsequently fixed with 0.5 M ethanol/HCl and were then incubated with nucleases to
partially digest DNA. Monoclonal anti-BrdUrd antibodies conjugated to peroxidase were
subsequently added and detected by using 2, 2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic
acid) substrate. Quantization was performed colorimetrically at 405–490 nm according to
the manufacutrer’s protocol.

PI3K in vitro Kinase Assay
The radio-immunoprecipitation-based in vitro kinase assay was performed as described
previously (10). Briefly, cells were scraped into an ice-cold solubilization buffer. After
removal of insoluble material by centrifugation, proteins were immunoprecipitated from
aliquots of the supernatants with anti-p85 α. Immunoprecipitates were washed extensively.
The reaction mixtures were incubated with agitation at room temperature for 10 min before
being stopped with 8 M HCl and a 1:1 mix of CHCl3:MeOH. The products were separated
by silica gel thin-layer chromatography that used a developing solution of
CHCl3:CH3OH:H2O:NH4Cl (60:47:11.6:2). Results were visualized by autoradiography,
and the band density of the products co-migrating with a phosphatidylinositol 3-phosphate
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standard was quantitatively measured with a Gel Logic 100 system (Kodak, New Haven,
CT).

The ELISA-based p110 β in vitro kinase assay was carried out using a pre-assembled kit
from Echelon Bioscience Inc (Salt Lake City, UT). LAPC-4 cells were transfected with Gα
subunit siRNAs as indicated in the figure for 3 days. After serum starvation for 24 h, cells
were treated with R1881 (1.0 nM) for 15 min. Cells were then harvested, and equal amount
of protein extracts were subjected to the in vitro kinase assay following the protocol
provided by the manufacturer.

Chromatin immunoprecipitation (ChIP) assay
Cells were maintained in 10-cm dishes in medium without serum for at least 16 h and
treated with or without 1.0 nM R1881 for 12 h. The ChIP assay was performed using a ChIP
assay kit and the polyclonal antibody against AR were obtained from Upstate according to
the manual (Charlottesville, VA). Normal rabbit serum was used as a negative control and
an anti-RNA polymerase II antibody (Santa Cruz Biotechnology) was used in the pilot
experiment for kit testing. The primers for PSA in the PCR reactions were listed as follow:
5’-tctgcctttgtcccctagat-3’ and 5’-aaccttcattccccaggact-3’, which amplify a 210-bp fragment
corresponding to human PSA gene promoter sequence (–250/–39 from the transcription start
site). The GAPDH primers were obtained from the ChIP assay kit. The PCR products were
run on 1% agarose gel and stained with ethidium bromide for visualization.

Statistical analysis
All experiments were repeated two or three times. Western blot results are presented from a
representative experiment. The mean and standard error of the mean from three experiments
for reporter gene assay and cell proliferation assay are shown. The significance of the
differences between treatment and control groups was analyzed using the SPSS computer
software (SPSS, Inc., Chicago, IL).

RESULTS
Caveolae integrity is essential for androgen-induced AR transactivation

Caveolae is one of plasma membrane microdomains located at or near the cell surface. It
exists in most cell types and is involved in regulation of various cell functions, especially the
fine-tuning of signaling machinery components on the cell surface including G-proteins and
membrane-associated kinases (reviewed in ref. 11). To determine if membrane caveolae is
involved in androgen-induced AR transactivation, we tested the effect of a caveolae
disruptor, methyl-β-cyclodextrin (M-β-CD, 12), on androgen-induced AR transactivation in
a reporter gene assay with a synthetic androgen responsive elements (ARE)-driven
luciferase reporter (ARE-LUC). Following serum starvation, LAPC-4 cells were treated
with different doses of M-β-CD with or without the synthetic androgen R1881. As shown in
Fig 1A, pre-treatment with M-β-CD significantly inhibited R1881-induced ARE-LUC
reporter activity. Then, we examined if AR-mediated expression of endogenous AR target
gene is suppressed by this disruptor. Real-time PCR analysis revealed that R1881-stimulated
PSA expression (the primary AR target gene) was dramatically reduced by M-β-CD pre-
treatment (Fig 1B).

Caveolins (Cav-1, -2 and -3) are the major structural and regulatory components of
membrane caveolae and were shown to promote prostate cancer progression (13–14). Cav-1
expression is decreased after castration in the prostate (15), and Cav-2 has been shown to
form the caveolae together with Cav-1 (16). Cav-3 is a muscle specific isoform (11).
Recently, Cav-1 has been shown to interact with the AR in an androgen-dependent manner
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and reducing Cav-1 expression by an antisense-based approach suppressed AR
transactivation in LNCaP cells (17). To further examine the role of caveolins in AR
transactivation, we utilized the small interference RNA (siRNA) approach to knock down
the expression of Cav-1 and -2 genes and then tested if caveolins are required for AR
transactivation. As shown in Fig 1C, the siRNA-mediated knocking down of the protein
levels for Cav-1 and -2 was successfully achieved. Then, these siRNAs were used in ARE-
LUC reporter assay. Knocking down either Cav-1 or -2 proteins abolished androgen-induced
AR transactivation (Fig 1D). Altogether, these data clearly indicate that the integrity of
membrane caveolae is essential for androgen-induced AR transactivation and gene
expression, which is supported by a previous report (17).

Gαs and Gα12 subunits are required for AR transactivation
G-proteins are the major signal molecules located on membrane caveolae and have been
shown to modulate AR transactivation (18). To understand the specificity of G-protein
subunits in AR transactivation, we silenced the representative Gα subunits from each of the
four subtypes (s, i/o, q/11 and 12/13). The efficiency of individual siRNAs was confirmed in
LAPC-4 cells (Fig 2A). LAPC-4 cells were transfected with the control siRNA or the
targeting siRNAs for individual Gα subunits. Two days later, cells were transfected with the
ARE-LUC and pCMV-SEAP reporters as described in our recent publication (6–7). As
shown in Fig 2B, siRNAs against Gαs and Gα12 but not Gαq and Gαi2 abolished R1881-
induced ARE-LUC reporter activity. These data indicate that Gαs and Gα12 subunits are
required for androgen-induced AR transactivation.

To further confirm the involvement of G-proteins in androgen action, we determined if Gα
activation leads to AR transactivation in the presence of various levels of androgens. We
used the constant active mutants of Gα subunits in the ARE-LUC reporter assay. As shown
in Fig 2C & 2D, with a trace level of the synthetic androgen R1881 (0.1 nM),
overexpression of active Gαs mutant but not other subunits significantly enhanced R1881-
induced ARE-LUC reporter activation in both LAPC-4 and 22Rv1 cells . Interestingly, in
the presence of the physiological level of androgen (R1881, 1.0 nM), only Gα12 active
mutant but not Gαs mutant dramatically increased R1881-induced ARE-LUC activity (Fig
2E) in LAPC-4 cells, while both Gα12 and Gαs active mutants significantly enhanced
R1881-stimulated ARE-LUC activities in 22Rv1 cells (Fig 2F), reflecting a cell specific
difference due to distinct androgen responsiveness.

Next, we tested the effect of Gα subunit siRNAs on androgen-induced cell proliferation in
LAPC-4 cells. After transfection with the siRNAs, cells were stimulated with androgen for
24–48 h, and cell proliferation was assessed by MTT and BrdU incorporation assays.
Consistent with the ARE-LUC reporter assay, the siRNAs against Gαs and Gα12 but not Gαq
abolished androgen-induced cell proliferation (Fig 3 A & B).

In collection, these results indicate that both Gαs and Gα12 are required for androgen-
induced AR transactivation and gene expression; however, Gαs activation sensitizes AR
response to low level of androgens. Therefore, Gαs and Gα12 may mediate distinct
downstream signaling events that act in concert to facilitate AR activation.

Gαs subunit modulates androgen-stimulated PI3K/p110β activation
PI3K is activated through interaction with membrane-associated receptors that are
modulated by G-proteins (19–20). Since we found both G-proteins (Fig 2) and PI3K p85α /
p110β (7) are required for AR transactivation, we next determined if PI3K p85α/p110β are
working downstream of G-proteins following androgen stimulation. Using the siRNA-based
screening approach, we found that knocking down the protein levels of Gα12 dramatically
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reduced p85α-based PI3K activity stimulated by R1881 (Fig 4A). These data indicate that
p85α is a downstream component of Gα12-mediated signal cascade.

Next, we examined the effect of Gα siRNAs on type IB p110β activation in an IP-ELISA-
based in vitro lipid kinase assay. As shown in Fig 4B, as expected, R1881 treatment
significantly increased p110β activity in LAPC-4 cells. Gαs but not Gα12 siRNA transfection
remarkably suppressed R1881-induced p110β activity. These data strongly suggest that Gαs
is involved in androgen-stimulated p110β activation.

Lastly, we examined if G-protein alpha subunits were associated with PI3K p110b in
response to androgen stimulation using co-immunoprecipitation assay. 22Rv1 cells were
transiently transfected with either HA-tagged p110β expression vector or the Gαs active
mutant GαsQL for 24 h. After serum starvation for 24 h, cells were stimulated with R1881
for 10–60 before harvested for protein extraction. As shown in Fig 4C, after R1881
stimulation, HA-tagged p110β was transiently associated only with Gαs but not with Gαs12.
Consistently, overexpressed GαsQL mutants were transiently associated with p110β but not
p110α after R1881 stimulation (Fig 4D), which is supported by our previous report that only
p110β is involved in androgen-induced AR transactivation. Taken together, our data indicate
that G-proteins modulate PI3K activities in an isoform-specific manner in response to
androgen stimulation.

G-protein signal pathway plays a key role in AR-DNA interaction
We previous demonstrated that inhibition of PI3K/p110β activity suppressed androgen-
induced AR-DNA interaction (7), suggesting that PI3K signaling is involved in the process
of AR-DNA interaction or assembly of the AR-mediated transcription complex. In this
study, therefore, we examined if G-proteins are involved in AR-DNA interaction using an in
vivo AR-DNA interaction assay (also known as ChIP assay). We first tested the commercial
ChIP assay kit with normal rabbit IgG and anti-RNA polymerase II antibodies. A primer
pair for GAPDH gene promoter was used in the PCR reaction. As shown in Fig 5A, normal
IgG did not pull down any chromatin DNA while anti-RNA polymerase II antibody
precipitated GAPDH promoter. The input DNA was used as chromatin loading control.
These control experiments indicated that the kit can produce clean results.

Then, we conducted the anti-AR ChIP assay with a primer pair for PSA promoter sequences.
As shown in Fig 5B & 5C, either Gαs or Gα12 siRNAs but not the control siRNA abolished
androgen-induced AR interaction with PSA promoter region in both LAPC-4 and 22Rv1
cells, indicating that G-protein-derived signaling is needed for androgen-induced AR-DNA
binding.

DISCUSSION
Membrane caveolae integrates multiple signal components including G-proteins and
receptor tyrosine kinases (11). It interacts with steroid nuclear receptors such as the AR and
estrogen receptor (ER) after hormone stimulation (17, 21). Previous studies have shown the
involvement of plasma membrane-derived signaling events in androgen-induced genomic
and non-genomic effects in various cell types or under different experimental conditions.
However, only few of these signaling events were shown to participate directly in androgen-
induced AR-mediated gene expression (22, reviewed in ref. 4, 23–24). As such, early studies
showed that androgens activated protein kinase A (PKA) via a heterokimeric GTP-binding
protein (G-protein)-dependent mechanism in prostate cancer cells (25–27), and activation of
Gαs-PKA pathway led to AR transactivation (18, 28–30). In addition, after androgen
stimulation, the AR was transiently translocated onto membrane caveolae, which is the site
for initiating membrane-associated signaling events, such as the engagement of G-proteins
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and activation of various tyrosine kinases (17, 31). In this report, we demonstrated that the
integrity of caveolae structure is essential for androgen-induced AR transactivation and gene
expression, which is supported by a previous report (17). It is plausible that the interaction
of AR and Cav-1 following androgen stimulation might be an indirect association through
cytoskeleton molecules since both the AR and Cav-1 have been shown to interact with
cellular skeleton molecules (32–33).

In this study, we provided the first evidence that Gαs and Gα12 subunits are required for
androgen-induced PI3K (p85α and p110β) activation and AR transactivation. Usually, type
IA PI3K is activated by tyrosine kinase-based mechanisms through p85 regulatory isoforms,
while type IB PI3K p110γ is mainly activated by Gβγ subunits. However, Gα subunits were
also reported to activate p110β (20). As discussed earlier, we recently demonstrated that
PI3K/p110β activity is required for androgen-induced AR transactivation and gene
expression in prostate cancer cells (6–7). However, it is not clear how androgen stimulates
PI3K/p110β activation that subsequently regulates AR-DNA interaction and transactivation.
Recent report showed that androgen induces PI3K activation via AR interaction with p85α
and Src kinase in prostate cancer cells (34), and Src kinase-mediated AR tyrosine
phosphorylation after growth factor stimulation is involved in regulation of AR activity (35).
However, our study (6) and another report (36) showed that Src kinase inhibitor did not
suppress androgen-induced gene expression, indicating that additional cellular signal
pathways are involved in androgen-induced genomic effect, AR transactivation. In this
study, we determined that androgen-induced PI3K activation is through G-protein α subunit
engagement, and different G-protein subunits modulate the activities of distinct PI3K
isoforms in response to androgen-stimulation. Most interestingly, our data indicates that
aberrant activation of Gαs-p110β pathway might sensitize the AR to castration levels of
androgens.

There are two major steps for hormone-bound AR to exert its genomic effect as a
transcription factor; nuclear translocation and DNA (promoter region) binding. Currently, it
is not clear how precisely androgen induces AR nuclear translocation, although F-actin-
binding protein filamin has been found to be required for AR translocation (32) and both
p21-activated kinase PAK6 and a Chinese herb extract Emodin inhibit this process (37–38).
Once the AR is in the nucleus, it will assemble a mega-protein transcription complex, which
is a dynamic process including transient recruitment and then dissociation of co-factors,
chromatin remodeling molecules, proteasome subunits and general transcription machinery
(24). We recently showed that PI3K inhibitors do not block AR nuclear translocation but
inhibit AR-DNA binding and subsequent gene expression (6–7). Indeed, in this study,
knocking down the protein levels of Gαs and Gα12 also suppressed AR-DNA binding. A
similar effect was also reported by another group using Her2 inhibitor (36). These data
indicate that G-protein/PI3K signaling is involved in regulation of AR-DNA interaction or
assembly of AR transcription complex.

Because of their important roles in cell signaling, elevated activities of PI3K pathway due to
PTEN inactive mutation has long been considered as a key player in cancer pathogenesis (5,
39). Recent emerging evidences indicate that PI3K isoforms themselves (i.e. p110α and
p85α) have oncogenic potential through gain-of-function mutations or gene amplification
(39). Similarly, Gαs also showed an oncogenic potential to induce cellular transformation
and tumor development in some endocrine-related tissue types, including pituitary
adenomas, thyroid tumors and testes Leydig cell tumors (reviewed in ref. 40). Currently, no
information is available about genetic phenotype and expression pattern of G-protein
subunits in human prostate cancers. Interestingly, in this study, we found that
overexpression of an active Gαs mutant sensitized AR activation in response to very low
level of androgens, suggesting that over-expressed or over-activated G-protein-PI3K
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(p110β) pathway might be a key factor in castration-resistant progression of prostate
cancers.

In conclusion, we identified the signaling components that are essential for androgen-
induced AR transactivation. These signaling molecules include membrane caveolins, Gαs
and Gα12 subunits, as well as PI3K p85α/p110β. Based on this study and previous reports
(6–7, 17–18, 31), we hypothesize that androgen stimulation triggers a signaling cascade at
membrane caveolae where the AR interacts with G-proteins and other yet-to-define
signaling molecules (likely Her2 kinases, 36). G-protein engagement subsequently activates
type IA PI3Ks and other signaling molecules. It is plausible that these G-protein/PI3K
isoforms are working towards different downstream effectors, which ultimately regulate
AR-DNA interaction or assembly of AR-based transcriptional complex on the promoter
region of target genes, as illustrated in Fig 6. Further investigation is desirable for dissecting
this complicated process in detail.

Abbreviations

AR androgen receptor

ARE androgen responsive element

BrdU 5-bromo-2′-deoxyuridine

ChIP chromatin- immunoprecipitation

CMV cytomegalovirus

FBS fetal bovine serum

LUC luciferase

M-β-CD methyl-β-cyclodextrin

PBS phosphate- buffered saline

PCR polymerase chain reaction

PI3K phosphoinositide 3-OH kinase

RIPA radio-immunoprecipitation assay

RT reverse transcription

SEAP secreted alkaline phosphatase

SEM standard error of mean

siRNA small interferencing RNA
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Fig. 1. Caveolae integrity is essential for androgen-induced AR transactivation
(A) LAPC-4 cells were cotransfected with ARE-LUC and pCMV-SEAP reporter constructs
overnight. Following serum starvation for 24 h, cells were pretreated with M-β-CD at
indicated doses for 45 min followed by the solvent or R1881 (1.0 nM) addition for 16 h.
(B) After serum starvation, LAPC-4 cells were pretreated with M-β-CD at indicated doses
for 45 min followed by the solvent or R1881 addition for 16 hrs. Total RNA was extracted
for RT-PCR with the primers as indicated on the right side.
(C) LAPC-4 cells were transfected with the control siRNA or siRNAs for Cav-1 or -2 at the
final concentration of 100 nM for 3 days and cells were harvested and equal amount of
proteins were used for Western blot with antibodies against Cav-1 or -2. Anti-actin blot
served as protein loading control.
(D) After transfection with the siRNAs as indicated for 2 days, LAPC-4 cells were
transfected again with the reporter constructs (ARE-LUC and CMV-SEAP) overnight.
Following serum starvation, cells were treated with the solvent or R1881 (1.0 nM) for 24 h,
the media were collected for SEAP assay and cell lysates were subjected for luciferase
assay. Average fold induction against mock transfection was calculated after normalized
against the internal control SEAP activity and protein concentration, as described in our
previous publications (19, 22).
All quantitative data were shown as mean and error bars represent standard error (SEM)
from three independent experiments. The asterisk indicates a significant different compared
to the control (ANOVA analysis, p < 0.05).
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Fig. 2. Gαs and Gα12 subunits are involved in androgen-induced AR transactivation
(A) LAPC-4 cells were transfected with the siRNAs against G α subunit genes for 3 days as
indicated. Cells were harvested and the target gene proteins were evaluated described in
figure 1 legend.
(B) After transfected with the siRNAs as indicated, LAPC-4 cells were co-transfected with
ARE-LUC and CMV-SEAP reporter constructs. Cells were treated with the solvent or
R1881 (1.0 nM) for overnight. SEAP and luciferase assays were carried out and data were
presented as described earlier in figure 1 legend.
(C-F) Cells, LAPC-4 (penal C & E) or 22Rv1 (penal D & F), were co-transfected with
ARE-LUC and CMV-SEAP reporters, as well as different Gα active mutants, which were
used with increasing amount of plasmid DNA (0.5, 1.0, 1.5 µg) for LAPC-4 cell or a single
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dose of 1.5 µg DNA for 22Rv1 cells, as indicated. Control cells (the first column in each
panel) received empty vector (pcDNA3.1, 1.5 µg) as the control. After serum starvation,
cells were treated with the solvent (C & E) or R1881 (D & F) for 24 h. Luciferase and
SEAP activities were assessed and data were presented as described earlier.
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Fig. 3. Gαs and Gα12 subunits are involved in androgen-induced cell proliferation
(A) After transfection with the siRNAs as indicated for 2 days, LAPC-4 cells were serum-
starved overnight and then treated with the solvent or R1881 for up to 24–48 h. Cell
proliferation rate was determined everyday with BrdU incorporation (A) and MTT (B)
assays as described in the text. Data represent the average percentage of day 2 and day 3
over day 1 from two independent experiments. Day 1 indicates the starting date of R1881
treatment and the value was set as 100%. Error bars indicate SEM. and the asterisk
represents a significant difference (p < 0.05, ANOVA analysis) compared to the control.
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Fig. 4. Gαs but not Gα12 subunit is involved in androgen-stimulated PI3K p110β activation
(A) LAPC-4 cells were transfected with the siRNAs as indicated for 3 days, and mock
transfection was included as negative control. After serum starvation, cells were left
untreated or treated with R1881 (1.0 nM) for 15 min. Cells were harvested and cellular
protein extracts were used for anti-p85α immunoprecipitation followed by in vitro kinase
assay as described in the text. The left panel shows a representative autoradiography and the
right panel represents the relative band density after quantification. Data represents two
separate experiments.
(B) LAPC-4 cells were transfected with the siRNA as described above. After serum
starvation, cells were treated with R1881 (1.0 nM) for 15 min and then harvested for p110 β
kinase assay activity with an immunoprecipitation (IP)-ELISA-based in vitro lipid kinase
assay with a pre-assembled kit from Echelon Bioscience Inc (Salt Lake City, UT). Data
shown are the average relative values of the ELISA readings compared to the negative
control (control siRNA without R1881 treatment) from two independent experiments. Error
bars indicate SEM. and the asterisk represents a significant difference (p < 0.05, ANOVA
analysis) compared to the control.
(C & D) 22Rv1 cells were transiently transfected with the HA-tagged p110β expression
vector (penal C), as described (7), or with the active Gas mutant (panel D), as described (8),
for 24 h. After serum starvation, cells were treated with the solvent or R1881 (1.0 nM) for
10–60 min before harvested for protein extraction. A co-immunoprecipitation assay with
either anti-HA (p110β) antibodies (panel C) or anti-Gas antibodies (panel D) were carried
out to detect their association with G-proteins (C) or PI3K proteins (B). Data shown are
representative results from two independent experiments.
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Fig. 5. Gαs and Gα12 subunit are essential for androgen-stimulated AR-DNA binding
(A) Exponential grown LAPC-4 cells were fixed and harvested for a pilot ChIP assay with
normal IgG and anti-RNA polymerase II antibodies as described in the text. The PCR
reaction was performed with a primer pair for GAPDH gene promoter.
(B & C) Cells, LAPC-4 (panel B) or 22Rv1 (panel C), were transfected with the siRNAs as
indicated for 3 days and mock transfection was included as a control. After R1881 treatment
as indicated for 12 h, cells were fixed and harvested for anti-AR ChIP assay with primer
pairs for PSA gene promoter region (PSA primer) as described in the text. For all the panels,
1% of the input chromatin was used as PCR templates (positive control of the primers used).
Data represent two independent experiments.
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Fig. 6. A scheme for G-protein/PI3K regulation of androgen-induced AR transactivation
Before androgen stimulation, the AR is sequenced inside cytosol and is associated with
cytoskeleton proteins. After androgen binding, the AR interacts with G-proteins and other
signal molecules on membrane caveolae through caveolin-dependent mechanism.
Engagement of different Gαs and Gα12 subunits induces activation of PI3K isoforms that
transduce signals to regulate AR-DNA binding or assembly of AR-dependent transcription
complex.
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