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Although the progression of prostate cancer initially
is dependent on androgens, tumor progression to an
androgen-independent growth eventually occurs in
most of patients treated with androgen ablation and/or
antiandrogen therapy. After the initial response, antian-
drogens lose their efficacy and eventually act as ago-
nists to promote androgen receptor (AR)-mediated
growth of prostate cancer cells. An aberrant regulation
of AR activity, presumably by AR coregulators, may con-
tribute to this acquired agonist activity of antiandro-
gens. Using an in vitro mutagenesis and a double-nega-
tive selection in yeast two-hybrid screening, we have
identified a dominant-negative AR coregulator ARA70
(dARA70N), which can inhibit AR transcriptional activ-
ity by inactivating the normal function of ARA70 in the
LNCaP cells. Whereas ARA70 in oligomeric form inter-
acts with AR and enhances its transcriptional activity,
dARA70N lacks AR interaction and might retain the
ability to form a non-functional heteromer with ARA70
and interrupt AR transcriptional activity without a
change in AR protein itself. The addition of dARA70N
reduces the agonist activity and rescues the normal
function of antiandrogens in prostate cancer cells. RNA-
interference-mediated silencing of ARA70 gene further
confirms these observations. Taken together, these find-
ings indicate that ARA70 may contribute to the acquired
agonist activity of antiandrogens and plays an impor-
tant role in making prostate cancer cells resistant to
androgen ablation and/or antiandrogen therapy. ARA70
may, thus, be a critical target for developing therapeutic
agents against AR-mediated progression of prostate
cancer.

Prostate cancer still remains the most frequently diagnosed
malignancy in aging men, and each year about 31,500 men in
the United States lose their lives to this malignancy (1). An-
drogens and the androgen receptor (AR)1 play key roles in this
malignancy, and since 1941 androgen ablation has been the

cornerstone of treatment in patients with locally advanced or
metastatic prostate cancer. Androgen deprivation, as achieved
by surgical or chemical castration, usually results in a favor-
able clinical response and a dramatic regression of prostate
tumor (2–3). Although 80–90% of patients initially respond to
this therapy, tumors gradually become resistant, and eventu-
ally most of the patients develop androgen-independent pro-
gression of the disease. Although castration alone causes a 95%
reduction in serum testosterone levels, the concentration of
5�-dihydrotestosterone (DHT) does not fall below 60%, because
of the presence of circulating adrenal androgens, which are
effectively converted to DHT in the prostate tissue (4–5). Thus,
prostate DHT levels still remain relatively high even after
castration. To overcome this effect, ablation therapy has been
supplemented with antiandrogens that can block remaining
androgen action. This is called maximal ablation therapy (6–7),
and recently it has become the predominant form of treatment
for advanced prostate cancer patients. Although originally de-
signed to produce a complete blockade of AR-mediated growth,
this therapy also failed to deliver a significant improvement in
5-year survival (8). After an initial clinical response, most often
cancer progression relapses and continues in the presence of
androgen ablation and/or antiandrogens. It has been postu-
lated that during advanced stages, antiandrogens lose their
efficacy as antagonists and instead function as agonists to
promote AR-mediated growth of prostate cancer cells (9–11). In
some cases, patients treated with antiandrogens ultimately
suffer from withdrawal syndrome whereby antiandrogens be-
come androgenic. This results in an agonist effect with an
increase of prostate-specific antigen (PSA), a marker for mon-
itoring the progress of prostate cancer (12). However, the mech-
anism of this transition, which promotes AR function, is largely
unknown. Because the majority of androgen-independent tu-
mors and metastases retain a functional AR signaling pathway
(13–14), molecules or proteins other than AR itself have been
postulated to play some roles in this transition stage. AR co-
regulators that are able to enhance AR activity could be one
such candidate.

One of the AR coregulators, ARA70, has been characterized
as having the capacity to enhance AR transcriptional activity
in response not only to testicular or normally weak adrenal
androgens but also to the antiandrogens hydroxyflutamide
(HF) and 17�-estradiol (E2) in prostate cancer cells (15–21).
Using CV-1 cells, Zhou et al. (22) also show that ARA70 could
induce E2-mediated AR transactivation. In contrast, Gao et al.
(23) report that E2 has little induction on AR transactivation in
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the absence or presence of ARA70 in CV-1 cells. The reasons for
these discrepancies using the same CV-1 cells yet having dif-
ferent results remain unclear. However, using HeLa, PC3, and
TSU-Pr1 cells, other laboratories also demonstrate that ARA70
could induce E2-mediated AR activity (24–26).

HER2/Neu, a member of the epidermal growth factor family
of receptor tyrosine kinases, has been reported to activate the
AR-signaling pathway in the absence of androgens and to “su-
peractivate” AR signaling in the presence of low levels of an-
drogens (27–28). The mechanisms of this modulation of AR
signaling by HER2/Neu could involve the phosphorylation of
AR, which could then enhance the interaction between AR and
ARA70. All these results suggested that the interaction be-
tween AR and ARA70 could play important roles for the proper
or maximal AR activity as well as modulation of AR specificity
toward agonists and antagonists. In this study, using a domi-
nant-negative approach, we investigated whether interruption
or modulation of AR-ARA70 interaction could lead to down-
regulation of AR functional activity in response to both ago-
nists and antagonists, which may have critical implications in
the AR-mediated growth of prostate cancer. Our findings pro-
vide more direct evidence for the contribution of ARA70 in the
acquired agonist activity of antiandrogens and in making pros-
tate cancer cells resistant to ablation and/or antiandrogen
therapy.

EXPERIMENTAL PROCEDURES

Chemicals and Plasmids—E2, DHT, and hydroxylamine were pur-
chased from Sigma, and HF was a gift from Schering. pGAD10-ARA70N
fused with GAL4 activation domain (AD) was the clone originally iden-
tified from the cDNA library. pAS2-AR containing the C terminus of the
AR ligand binding domain from wild-type (wt) AR fused to GAL4 DNA
binding domain, pGAL0-AR containing AR ligand binding domain fused
with GAL4 DNA binding domain, and pCMX-VP16-ARA70 or
dARA70N fused to the AD of VP16 were constructed as previously
described (16). pSG5-AR, pSG5-ARA55, pSG5-ARA70, pSG5-ARA54,
and pSG5-SRC-1 were constructed as previously described (10, 15, 18).
pSG5-dARA70N was constructed by subcloning EcoRI fragment from
yeast vector pGAD10-ARA70N (N-terminal ARA70, amino acids 1–401)
into pSG5 expression vector. AR antibody NH27 was from Dr.
Mizokami, ARA70 antibody was from Pharmingen, and the PSA anti-
body was obtained from DAKO.

Generation of Mutant ARA70N Library—The ARA70N mutant li-
brary was made by hydroxylamine-mediated mutagenesis (29). About
100 �g of the plasmid DNA, pGAD10-ARA70N, was incubated in 5 ml
of 1 M hydroxylamine for 1 h at 70 °C. The plasmid DNA was extracted
with phenol-chloroform (1:1) and recovered with ethanol precipitation.

Yeast Two-hybrid System—The hydroxylamine-mutated pGAD10-
ARA70N library was transformed into Y190 yeast cells expressing AR
(previously transformed with pAS2-AR). The transformants were
plated on synthetic dropout medium lacking tryptophan and leucine in
the presence of 100 nM DHT. A pool of white colonies indicating no
interaction between AR and ARA70N mutants was selected by the
�-galactosidase colony-lift filter assay. The plasmid DNA expressing
ARA70 mutants was isolated from yeast cells that spontaneously lost
the cycloheximide-sensitive pAS2-derived AR construct upon plating
the white colonies on synthetic dropout medium lacking leucine in the
presence of 10 �g/ml cycloheximide (Sigma). This pool of non-interact-
ing mutants was further transformed into yeast strain Y190 expressing
both AR and ARA70N (previously generated by a sequential transfor-
mation). A number of mutants that generated more than 90% white
colonies on �-galactosidase assay were selected as potential dominant-
negative mutants.

Site-directed Mutagenesis—The dominant-negative mutant
dARA70N was recreated by site-directed mutagenesis of the pSG5-
ARA70N construct, using the QuikChange mutagenesis kit (Invitro-
gen). The full-length ARA70 mutant (dARA70fl) and alanine- and as-
partate-substituted ARA70N (Ala-308 and Asp-308, respectively) were
also constructed by this method.

Cell Culture, Transient Transfection, and the Reporter Gene Assay—
The COS-1 and the PC-3 cells were routinely maintained at 37 °C with
5% CO2 in Dulbecco’s modified Eagle’s medium, and the LNCaP cells
were maintained in RPMI1640 medium (Invitrogen). All media were
supplemented with 10% (v/v) fetal calf serum (FCS, Bio products for

Science, Inc.), 100 units/ml penicillin G sodium, and 100 �g/ml strep-
tomycin sulfate. Transient transfection was done using SuperFect
transfection reagent as described by the manufacturer (Qiagen).
Briefly, cells were seeded in the culture medium on 12-well Petri dishes
at a density of 1 � 106 cells/dish for 24 h before transfection. One hour
before transfection, the medium was replaced with 10% charcoal-dex-
tran stripped FCS medium. After a 3-h transfection, the medium was
replaced with fresh 10% charcoal-dextran stripped FCS medium, and
after 16 h of transfection, cells were treated with ligand or ethanol and
incubated for an additional 24 h. Cells were then harvested, lysed, and
assayed for luciferase (Luc) activity using the Dual Luciferase assay kit
(Promega).

Construction of DNA Vector-based RNA-interference (RNAi) Plas-
mids—The 19-nucleotide coding sequences, corresponding to the target
sequences followed by a 5-nucleotide spacer, and an inverted repeat of
the coding sequences plus 5 Ts, were subcloned into plasmid BS/U6 (30)
at the ApaI (blunt)/EcoRI site. For example, the DNA template (sense)
for RNAi-A (corresponding to nucleotides 348–366) was 5�-TCA AGT
CTC TGT GTG CCT GTT CCG CAG GCA CAC AGA GAC TTG ATT
TTT-3�. The selection of coding sequences was determined empirically
and was analyzed by blast search to avoid any significant sequence
homology with other genes. Using primer extension, we first generated
the double-stranded DNA with an ApaI (blunt) and EcoRI site, which
was then cloned into BS/U6 plasmid after enzyme digestion. The con-
struction of RNAi-B and RNAi-C were also done in a similar manner.

Mammalian Two-hybrid System—COS-1 cells were transiently
transfected with a GAL4 hybrid expression plasmid, a VP16 hybrid
expression plasmid, and the reporter plasmid pG5-Luc and the Renilla
luciferase internal control plasmid. Transfections and Luc assays were
performed as previously described (31).

Western Blot Analysis—Total protein of cell extracts obtained from
LNCaP cells transfected with expression plasmids or control vector
were determined using the Bio-Rad protein assay. Equal amounts of
proteins (75.0 �g) were electrophoresed on SDS-polyacrylamide gel and
blotted onto polyvinylidene difluoride membrane (Millipore Corp.) us-
ing a standard protocol. The detection of the specific antibodies binding
to the ARA70, AR, or PSA protein was accomplished using the enhanced
chemiluminescence (ECL) or alkaline phosphatase Western-blotting
detection kit (Amersham Biosciences).

Immunoprecipitation of Overexpressed Proteins and Immunoblot-
ting—The cell lysates from COS-1 cells transfected with expression
plasmids or control vector were sonicated 2 � 10 s, followed by 10 min
of centrifugation. Equal amounts (500 �g) of total proteins were incu-
bated (immunoprecipitated) with specific antibodies or control IgG at
4 °C for 2 h followed by the addition of 30 �l of protein A/G-agarose
beads (Santa Cruz Biotechnology) and incubated for an additional 1 h at
4 °C. The bound proteins were separated on 10% SDS-polyacrylamide
gel and blotted with phosphoserine antibody. The bands representing
the proteins of interest were detected with ECL (Bio-Rad) or alkaline
phosphatase detection systems (Amersham Biosciences).

RESULTS

Identification of a Dominant-negative ARA70 Mutant—The
strategy for the identification of dominant-negative mutants
was based on the assumption that the ARA70 mutant, which
loses its interaction with AR, might inhibit AR transcriptional
activity by inactivating the normal function of the wt ARA70,
presumably via a heteromer formation. Using hydroxylamine-
mediated mutagenesis, a library of ARA70 mutants was gen-
erated. Because the N-terminal ARA70 is responsible for inter-
action and enhancement of AR transactivation, we used ARA70
N-terminal domain (amino acids 1–401) to generate the library
of ARA70N mutants. Using a yeast two-hybrid system, the
mutated library was screened for those mutants that did not
interact with AR. The screening system was further extended
to screen out those non-interacting mutants that could effec-
tively interfere with the interaction between ARA70 and AR in
a dominant-negative fashion. A pool of potential dominant-
negative mutants was, thus, generated by this double negative
selection in yeast two-hybrid assay.

We then subcloned these potential dominant-negative mu-
tants into a mammalian expression vector, pSG5, and assayed
their dominant-negative effects in COS-1 cells that do not
express ARA70 or AR. We co-transfected ARA70N mutants and
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ARA70N along with AR and a mouse mammary tumor virus
(MMTV)-Luc reporter gene. After 24 h of androgen treatment,
cells were harvested and assayed for Luc activity as a function
of AR transcriptional activity. One select ARA70 mutant
showed up to 90% inhibition of ARA70-enhanced AR transac-
tivation in a dose-dependent manner (Fig. 1a). When MMTV-
Luc was replaced by PSA-Luc, containing a natural PSA pro-
moter, or by a synthetic (ARE)4-Luc, similar results were
obtained (Fig. 1, b and c). The inhibition was specific for
ARA70, since the mutant did not affect AR transactivation by
other related AR coactivators including ARA54, ARA55, or
SRC-1 (Fig. 2A). Also, the inhibition was relatively selective for
AR, since the effect on other related nuclear receptors including
glucocorticoid receptor (GR) and progesterone receptor (PR)
was not significant in PC-3 prostate cancer cells that express
endogenous ARA70 (Fig. 2B). These results suggested that
mutant ARA70N functionally inactivates ARA70 and thereby
inhibits ARA70-enhanced AR transactivation in the cells. We
selected this mutant as dominant-negative ARA70 mutant and
designated it as dARA70N. Sequence analysis revealed a single
point mutation (C to T transition) resulting in a proline to
serine substitution at amino acid 308 of ARA70N
(dARA70NP308S). The recreation of the mutant by site-di-
rected mutagenesis has resulted in similar results (data not
shown). Although relatively less effective, the full-length
ARA70 mutant (dARA70fl) inhibited ARA70fl-enhanced AR
transcriptional activity (Fig. 1a, lanes 10–11).

Dominant-negative ARA70N Inhibits AR Transcriptional Ac-
tivity in Prostate Cancer Cells—The PC-3 prostate cancer cells,
which express endogenous ARA70, were transfected with
dARA70N or ARA70N along with AR and an MMTV-Luc re-
porter gene. After 24 h of ligand treatment, cells were har-
vested, and AR transcriptional activity was measured as men-
tioned above. As depicted in Fig. 3A, a, 1 nM DHT treatment
stimulated AR activity about 15-fold compared with mock-
treated cells. Even though PC-3 cells express endogenous
ARA70, transfection of ARA70N further increased, whereas

dARA70N significantly inhibited AR transcriptional activity.
This inhibition was further confirmed in two other prostate
cancer cell lines, PC-3(AR)2 and LNCaP, which express endog-
enous AR as well as ARA70 (Fig. 3A, b and c, respectively). The
PC-3(AR)2 is a stably expressed AR cell line derived from
parental PC-3 cells, and the LNCaP has a mutated yet func-
tional AR, which was also found in human prostate tumors.
When MMTV-Luc was replaced by PSA-Luc or by a synthetic
(ARE)4-Luc, similar results were obtained (data not shown).

To further determine the suppression effect of dARA70N in
endogenous AR target gene, we analyzed the expression of PSA
that is widely used as a marker for monitoring prostate cancer
progression (32–33). We transfected dARA70N or ARA70N into
LNCaP cells, treated them for 24 h with DHT or vehicle, and
then harvested the cells and assayed for PSA expression using
Western blot analysis. The LNCaP cells express PSA in re-
sponse to androgen (Fig. 3B, a, lane 2), which was significantly
inhibited by transfection of dARA70N (lanes 4 and 5). Because
LNCaP cells express relatively higher endogenous ARA70,

FIG. 1. A select ARA70 mutant (dARA70N) inhibits AR trans-
activation in mammalian cells. a, COS-1 cells were transfected with
ARA70N, dARA70N, or full-length ARA70 mutant (dARA70fl) alone or
in combinations as indicated along with a fixed amount of AR (0.5 �g)
and the reporter gene MMTV-Luc (0.5 �g). After 24 h of treatment of 1
nM DHT or vehicle, Luc activity was measured as described under
“Experimental Procedures.” To verify whether the inhibition was AR
promoter-specific, the experiment was repeated with the two other
reporter genes PSA-Luc (b) and (ARE)4-Luc (c). Values represent the
mean � S.D. of at least three independent determinations and are
presented as the ratio of MMTV-, (ARE)4-, or PSA-Luc versus Renilla
Luc activity for each sample.

FIG. 2. The mutant ARA70N (dARA70N) selectively inhibits
ARA70-enhanced AR transactivation. A, COS-1 cells were trans-
fected with 0.5 �g of AR, 0.5 �g of MMTV-Luc, and 1.0 �g of each
AR-coregulator as indicated in the figure either in the presence or
absence of 2.0 �g of dARA70N. After 24 h of ligand treatment, the Luc
activity was measured as in Fig. 1. B, PC-3 cells that express endoge-
nous ARA70 were transfected with AR, progesterone receptor (PR), or
glucocorticoid receptor (GR) expression plasmid alone or in the presence
of ARA70N or dARA70N. After 24 h of ligand or vehicle treatment,
receptor activity was measured using MMTV-Luc reporter gene assay.
Values represent the mean � S.D. of at least three independent deter-
minations and are presented as the ratio of MMTV-Luc versus Renilla
Luc activity for each sample.
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transfection of an additional ARA70N slightly increased PSA
levels in these cells (lane 3). It is possible that the activation of
the AR target gene (PSA) may be already optimal or saturated
by those higher expressed endogenous ARA70s and ARs in the
cells. The expression of transfected ARA70N and dARA70N has
been shown in Fig. 3B, c.

The inhibition was independent of any change of the expres-
sion of AR or ARA70, since dARA70N did not influence the
expression of the AR or ARA70 protein levels in the cells (Fig.
3B, b and c, respectively). Because dARA70N selectively inac-
tivates endogenous wtARA70 in the cells, we did not expect the
level of AR protein to change. The fact that dARA70N inhibited
the expression of AR target gene (PSA) without a change in AR
protein itself may represent a very significant finding in this
study. It not only indicates the role of ARA70 in AR transcrip-
tional activity but also that AR functional activity could be
regulated by modulating the expression of AR coactivator,
ARA70, in the cells. Taken together, these findings thus offer
strong evidence for the potential roles of ARA70 on the AR-
mediated progression of prostate cancer.

Dominant-negative ARA70N Reduces the Agonist Activity of

Antiandrogens in Prostate Cancer Cells—Treatment of prostate
cancer patients with maximal ablation therapy, a combination
of surgical or chemical castration with antiandrogens such as
bicalutamide or HF, still has limited success. Although initially
effective, most patients fail to respond to this therapy beyond
1–2 years. Prostate tumors become resistant and continue to
grow in the presence of low levels of androgens. Moreover,
antiandrogens given to antagonize residual androgen action
lose their efficacy as antagonists and eventually function as
agonists to promote AR-mediated growth of prostate cancer
cells. Using transient transfection and reporter gene assays we
demonstrated that overexpression of dARA70N helped to abol-
ish the agonist activity and rescued the antagonist effect of
antiandrogens or other non-androgenic molecules in prostate
cancer cells. We designed experimental conditions that closely
mimicked conditions of maximum androgen ablation therapy.
Prostate cancer patients may have minimal serum concentra-
tions of androgens (0.1 nM DHT) and a relatively high level of
antiandrogens (1–5 �M) during maximal ablation therapy.
LNCaP cells were transfected with dARA70N or ARA70N, and
after 24 h of androgen/antiandrogen treatment in the above
conditions, cells were harvested and assayed for AR transcrip-
tional activity. As depicted in Fig. 4A, HF and E2 increased AR
activity, functioning as agonists in ARA70-expressed LNCaP
cells (lanes 6, 8, 13, and 15). In the presence of 0.1 nM DHT,
these molecules failed to antagonize or block androgen actions
in the cells (lanes 7, 9, 14, and 16). However, overexpression of
dARA70N reduced this agonist activity (lanes 10 and 17) and
effectively rescued the antagonist effect of these antiandrogens
in LNCaP cells (lanes 11 and 18).

This rescue by the dARA70N was well reflected in the dimin-

FIG. 3. The dARA70N inhibits AR transactivation as well as
PSA expression in prostate cancer cells. A, PC-3 (lanes 1–5), PC-
3(AR)2 (lanes 6–10), and LNCaP (lanes 11–15) prostate cancer cells
were transfected with ARA70N, dARA70N, or pSG5 control vector as
indicated. After 24 h of treatment of 1 nM DHT or vehicle, the Luc
activity was measured and presented as the ratio of MMTV Luc versus
Renilla Luc activity for each sample. Values represent the mean � S.D.
of at least three independent determinations. B, LNCaP cells, which
express both AR and ARA70, were transfected with ARA70N,
dARA70N, or pSG5 control vector and treated with 1 nM DHT or vehicle
for 36 h. Cells were then harvested and lysed with radioimmune pre-
cipitation assay buffer, sonicated 2� 10 s, and analyzed for protein
expression using antibodies to PSA (panel a), AR (panel b), or ARA70
(panel c). �-actin antibody was used as a control to detect expression of
�-actin protein.

FIG. 4. Reducing the agonist activity of antiandrogens by ex-
pression of dARA70 in prostate cancer cells. A, LNCaP cells were
transfected with ARA70N, dARA70N, or pSG5 control vector, and after
24 h treatment of DHT or antiandrogens alone or in combinations as
indicated, cells were harvested and assayed for AR transcriptional
activity using MMTV-Luc reporter gene. The transfection efficiency of
the samples was normalized using Renilla Luc as an internal control.
Values represent the mean � S.D. of at least three independent deter-
minations. B, LNCaP cells were transfected and treated as in A, and
harvested cells were lysed with radioimmune precipitation assay buffer
and analyzed for PSA expression by Western blot using PSA antibody.
The expression of �-actin was used as a control.
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ished expression of PSA in the cells as measured by Western
blot analysis. As depicted in Fig. 4B, both E2 and HF by
themselves increased PSA expression (lanes 5 and 11). In con-
ditions of maximal androgen ablation therapy, these drugs
increased (instead of decreased) PSA expression in the cells
(lanes 6 and 12). Although LNCaP cells express endogenous
ARA70, transfection of ARA70N further increases (lanes 7, 8,
13, and 14), whereas dARA70N significantly diminished PSA
expression in the cells (lanes 9–10 and 15–16). Taken together,
these findings demonstrate that AR expression is essential for
PSA induction, and an addition of dARA70N will inactivate
endogenous ARA70 function, resulting in antiandrogens hav-
ing less agonist activity in the LNCaP cells.

RNAi-mediated Silencing of ARA70 Gene Inhibits AR Trans-
activation and Reduces the Agonist Activity of Antiandrogens in
Prostate Cancer Cell—To further confirm these roles of ARA70
on the AR transactivation and on the agonist activity of anti-
androgens, we investigated the effect of RNAi-mediated ARA70
gene silencing in LNCaP cells. We constructed three RNAi
constructs (Fig. 5A) as described under “Experimental Proce-
dures.” Although all three constructs showed inhibitory effects,
the construct A was most effective in inhibiting exogenously
expressed ARA70 and AR transactivation in COS-1 cells (data
not shown). To see whether the construct A could silence en-
dogenous ARA70 and thereby could inhibit endogenous AR
function, we transfected it into PC-3(AR)2 cells, which express
both ARA70 and AR. As depicted in Fig. 5B, RNAi-A construct
inhibited endogenous AR function in a dose-dependent manner
(lanes 4–5). Western blot analysis using cell lysates from PC-
3(AR)2 cells transfected with RNAi-A confirmed the silencing of
the ARA70 gene in the cells (Fig. 5C, upper panel, lanes 3–4).
The silencing was specific for ARA70 only, since the expression
of a related AR coactivator, ARA55, or AR protein itself was not
effected by this RNAi construct (middle and lower panel,
respectively).

To test whether the reducing ability of dARA70 could be
reproducible by RNAi-mediated silencing of ARA70 gene, we
transfected LNCaP cells with RNAi-A and measured the ex-
pression of PSA after 48-h treatments of androgen and/or an-
tiandrogens in conditions of ablation therapy as described ear-
lier. As depicted in Fig. 5D, transfection of RNAi significantly
reduced the expression of PSA as stimulated by DHT (lanes
1–4). Although E2 and HF were supposed to antagonize AR
function, resulting in the decrease of target gene expression, in
these cells both E2 and HF actually increased expression of the
AR target gene PSA (lanes 5, 6, 9, and 10). However, transfec-
tion of RNAi-A significantly reduced the agonist activity of
these antiandrogens and thereby inhibited the expression of
PSA both in the absence and presence of DHT (lanes 7, 8, 11,
and 12). These findings are consistent with our previous find-
ings using dARA70N. Taken together, our study clearly dem-
onstrated that the agonist activity of antiandrogens can be
reduced by inactivation of wtARA70, indicating a role of ARA70
in the acquired agonist activity of antiandrogens in LNCaP
prostate cancer cells.

Dominant-negative ARA70N Forms a Non-functional Hetero-
mer with wtARA70—The dARA70N was identified on the as-
sumption that the non-interacting ARA70 mutant might form a
non-functional heteromer with wtARA70, which may or may
not interact with AR, but interrupt the AR transcriptional
activity. We used a mammalian two-hybrid assay to further
verify this phenomenon. The dARA70N, ARA70N, and AR were
fused to GAL4 DNA binding domain or VP16 AD, and plasmids
were transfected in COS-1 cells. The interactions between ex-
pressed proteins were analyzed using pG5-Luc reporter gene.
As shown in Fig. 6a, compared with ARA70N, the dARA70N

lost its ability to interact with AR (lanes 4 versus 5), which is
consistent with our yeast two-hybrid screening results. How-
ever, transfection of the cells with an un-fused dARA70N did
not prevent wtARA70N interaction with AR (lane 6). In Fig. 7A,
ARA70 could interact with itself, presumably forming a ho-
modimer or oligomer, both in the presence and absence of
DHT (lanes 3–4). The dARA70N could also form a dimer (or
heteromer) with wtARA70N both in the presence and absence
of DHT (lanes 6–7), and could disrupt ARA70-ARA70 inter-
action (lane 5).

To further verify these interactions, we did co-immunopre-
cipitation assays using cell lysates transfected with AR, His-
and/or FLAG-tagged ARA70N, or dARA70N. In Fig. 6B, we
immunoprecipitated cell lysates with AR antibody or control
IgG and detected the presence of ARA70 or AR using His and
AR antibody, respectively. ARA70N physically interacted with
AR (lane 2), whereas dARA70N lost its interaction with AR

FIG. 5. RNAi-mediated silencing of ARA70 gene inhibits AR
transactivation and reduces the agonist activity of antiandro-
gens in prostate cancer cells. A, target sequences for ARA70 RNAi
constructs RNAi-A, RNAi-B, and RNAi-C (a), template DNA sequences
(sense) for RNAi-A (b), and secondary structure for RNAi-B as predicted
to be generated in vivo (c). B, PC-3(AR)2 cells were transfected with
empty vector, ARA70, or RNAi-A along with a reporter gene MMTV-
Luc. After 24 h treatment of 1 nM DHT or vehicle, Luc activity was
measured. C, PC-3(AR)2 cells were transfected with empty vector,
ARA70N, or RNAi-A as in B. After 36 h of incubation in normal serum
(10% FCS), cells were harvested, lysed with radioimmune precipitation
assay buffer, and analyzed for expression of ARA70, ARA55, or AR by
Western blot analysis using specific antibodies for ARA70, ARA55, or
AR (upper, middle, and lower panel, respectively). D, LNCaP cells were
transfected with ARA70N, RNAi-A, or control vector, and after 48 h of
treatment of DHT or antiandrogens alone or in combinations as indi-
cated, cells were harvested and assayed for PSA expression using West-
ern blot analysis.
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(lane 3). Transfection of cells with un-fused dARA70N resulted
in the same extent of AR-ARA70 interaction, indicating that
dARA70 did not prevent wtARA70 interactions with AR (lane
4). In Fig. 7B, cell lysates were immunoprecipitated with FLAG
antibody or control IgG and then the presence of ARA70N,
dARA70N, or ARA55 was detected using His antibody. ARA70
could interact with itself (lane 2) as well as with dARA70N
(lane 4) but not with another related AR coactivator, ARA55
(lane 6). Transfection of cells with an un-fused dARA70N dis-
rupted ARA70-ARA70 interaction (lane 3), further indicating
that dARA70N could form a heteromer with ARA70. Taken
together, our mammalian two-hybrid and co-immunoprecipita-
tion data suggested that an addition of dARA70N seemed to
form a non-functional heteromer with wtARA70 (as dARA70N-
ARA70), which then might be able to interact with AR
(dARA70N-ARA70-AR complex), resulting in the diminished
AR transcriptional activity.

Aberrant Phosphorylation of the Dominant-negative Mutant
(dARA70N) at Ser-308 Contributes to the Inhibitory Effect of
dARA70N—Sequence analysis revealed a single point muta-

tion from proline to serine at amino acid 308 of dARA70N
(P308S), which generated a potential consensus site for phos-
phorylation of the dominant-negative mutant by ataxia telan-
giectasia mutated kinase. To test whether the mutation re-
sulted in an increased phosphorylation of the dARA70N, we
transfected COS-1 cells with ARA70N, dARA70N, or an ala-
nine-substituted ARA70N (P308A). We then immunoprecipi-
tated cell lysates with ARA70 antibody and detected the phos-
phorylated ARA70 by using phosphoserine antibody. As
depicted in Fig. 8A, compared with ARA70N, dARA70N under-
went increased serine phosphorylation, whereas an alanine
substitution did not cause any significant change in the phos-
phorylation status. To explore the possibility that serine phos-
phorylation might contribute to the inhibitory effect of
dARA70N, we created the phospho-mimetic aspartate muta-
tion (P308D) that should mimic the effects of phosphorylated
protein (34–35). As shown in Fig. 8B, transfection of P308D
exhibited an inhibitory effect on AR transactivation, whereas
P308A showed an enhancement of AR activity that is similar to

FIG. 6. The effect of dARA70N on the interaction between AR
and ARA70. A, COS-1 cells were transfected with 1 �g of GAL4-hybrid
expression plasmid pGAL0-AR, 1 �g of VP16-hybrid expression plas-
mids pCMX-VP16-ARA70N or pCMX-VP16-dARA70N, and 1 �g of pG5-
Luc reporter gene with or without pSG5-dARA70N. The Luc activity
was determined and presented as the ratio of MMTV-Luc versus Renilla
Luc activity. Values represent the mean � S.D. of at least three inde-
pendent determinations. B, cell lysates from COS-1 cells were trans-
fected with 5.0 �g each of AR, His-ARA70N, or His-dARA70N either in
the presence or absence of 5.0 �g of un-fused ARA70N or dARA70N
were then immunoprecipitated with AR antibody or control IgG and
subjected to Western blot analysis to detect the presence of ARA70N
using His antibody (Ab).

FIG. 7. The effect of dARA70N on the ARA70-ARA70 dimeriza-
tion. A, COS-1 cells were transfected with 1 �g of GAL4-ARA70N and
1 �g of VP16-hybrid expression plasmids, pCMX-VP16-ARA70N and
pCMX-VP16-dARA70N, and 1 �g of pG5-Luc reporter gene with or
without pSG5-dARA70N. The Luc activity was determined, and each
Luc activity is presented as the ratio of MMTV-Luc versus Renilla Luc
activity for each sample. Values represent the mean � S.D. of at least
three independent determinations. B, cell lysates from COS-1 cells
transfected with 5.0 �g each of FLAG-ARA70N, His-ARA70N, His-
dARA70N, or His-ARA55, either in the presence or absence of 5.0 �g of
un-fused ARA70N or dARA70N (as indicated in the figure) were immu-
noprecipitated with FLAG antibody or control IgG and subjected to
Western blot analysis to detect the presence of ARA70N, dARA70N, or
ARA55 using His antibody (Ab).
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ARA70N, indicating that phosphorylation at Ser-308 may have
a role in the inhibitory effect of the dARA70N. Surprisingly, the
inhibition by P308D was stronger than the original mutant
dARA70N (P308S). The aspartate-substituted dARA70N
(P308D) thus seemed to serve as a better dominant-negative
mutant. These observations indicated that an aberrant phos-
phorylation of dARA70N might play a role in the inhibition of
AR transcriptional activity in the cells.

DISCUSSION

Androgens and AR play key roles in the development of the
prostate gland as well as the prostate cancer. Androgen abla-
tion supplemented with antiandrogens has been a predominant
form of treatment for the locally advanced or metastatic pros-
tate cancer. Although initially effective, most often cancer pro-
gression relapses, tumors continue to grow in the presence of
androgen ablation and/or antiandrogens, and eventually
growth becomes androgen-independent. In this stage, antian-
drogens given to antagonize AR function behave as agonists to
promote AR-mediated growth of prostate cancer cells. The ex-
act mechanism for the development of this acquired agonist
activity of antiandrogens in promoting AR function is largely
unknown. However, because tumor growth still mostly depends
on a functional AR signaling pathway, it is widely speculated
that biological macromolecules, including AR coregulators that
can modulate AR function and/or specificity, may have some
roles in such transition process. One of the AR coregulators,
ARA70, has been characterized as having the capacity to mod-
ulate AR specificity in response to agonists and antagonists in

prostate cancer cells. ARA70 interacts with a ligand-bound AR
and enhances its transcriptional activity not only in response to
androgens but also in response to antiandrogens and other
non-androgenic molecules (10–11). We investigated whether
interruption or modulation of ARA70-AR interaction could lead
to ablation of the agonist activity of both androgens and anti-
androgens, which may have potential implications in AR-me-
diated prostate cancer progression.

Using an in vitro mutagenesis and a double-negative selec-
tion in yeast-two hybrid screening, we have identified a domi-
nant-negative AR coregulator, dARA70N, that inhibits ARA70-
enhanced AR transcriptional activity by inactivating the
normal function of ARA70 in prostate cancer cells. A single
point mutation (C to T transition) generates a proline to serine
substitution at amino acid 308, transforming a potent AR co-
regulator (ARA70) into a strong inhibitor (P308S) of AR tran-
scriptional activity. In an oligomeric form ARA70 interacts
with AR and enhances its transcriptional activity. The domi-
nant-negative mutant, lacking AR interaction, retains the abil-
ity to form a non-functional heteromer with ARA70 and inter-
rupts AR transcriptional activity without any change in AR
protein itself. An aberrant phosphorylation of the dARA70N
mutant may contribute to this inhibitory effect on AR transac-
tivation. An aspartate substitution (P308D) results in a stron-
ger inhibitor and can serve as a better dominant-negative mu-
tant. Overexpression of the dominant-negative mutant either
in the form of Ser-308 or Asp-308 abolishes the agonist activity
of antiandrogens or other non-androgenic molecules in LNCaP
prostate cancer cells.

The dARA70N is, thus, able to block AR transactivation in
the presence of DHT, the normal ligand, and other ligands or
antiandrogens that act on the mutant AR in LNCaP cells.
Surprisingly, however, it blocks all of them to a similar extent,
and there is no differential effect of dARA70N on DHT, HF, or
E2. ARA70 may have broadened the mutant AR specificity
without reducing its affinity for DHT, so that optimal AR
transactivation is possible in the presence of any one of these
ligands. Further study is needed to verify such a phenomenon.
However, the ability of dARA70N to reduce the agonist activity
of antiandrogens in conditions similar to androgen ablation
therapy and a demonstration of similar results by RNAi-medi-
ated silencing of ARA70 gene strengthen the roles of ARA70 in
the AR-mediated prostate cancer progression, particularly in
the acquired agonist activity of antiandrogens in LNCaP cells.

Previously, a number of studies have reported a role of AR
mutations in the modulation of AR specificity in prostate cancer
cells (36–39). The LNCaP cells used in this study express a
mutant AR (T877A), which is also found in prostate cancer pa-
tients that can change the AR specificity. The dARA70N inhibi-
tion of the agonist activity of antiandrogens in this cell line
clearly indicates a probable dominant role of ARA70 over AR
mutations in the process. Apart from mutant AR, the expression
of ARA70 may provide prostate cancer cells a selective growth
advantage during antiandrogen therapy. ARA70, thus, offers a
possibility for developing new therapeutic agents that can reduce
the agonist activity and restore the normal function of antian-
drogens in prostate cancer patients. The dominant-negative mu-
tant (Ser-308 or Asp-308) itself may be evaluated as a gene
therapeutic reagent. However, further study will be needed to
determine whether reducing the agonist effects of antiandrogens
by the dominant-negative ARA70N mutant will be sufficiently
effective to suppress the prostate cancer growth in vivo.

Acknowledgment—We thank Karen Wolf for helping to prepare this
manuscript.

FIG. 8. Increased phosphorylation of dARA70N and its role on
AR transcriptional activity. A, equal amounts (500 �g) of cell lysates
from COS-1 cells transfected with ARA70N, dARA70N (P308S), or
alanine-substituted ARA70N (P308A) were immunoprecipitated by
ARA70 antibody, and the phosphorylated ARA70 was detected by phos-
phoserine antibody as described under “Experimental Procedures.” B,
LNCaP cells were transfected with pSG5 vector, ARA70N, dARA70N
(P308S), and alanine- or aspartate-substituted ARA70N (P308A or
P308D). After 24-h ligand treatment, cells were harvested and assayed
for AR transcriptional activity as described. Values represent the
mean � S.D. of at least three independent determinations and are
presented as the ratio of MMTV-Luc versus Renilla Luc activity for each
sample.

Reducing the Agonist Activity of Antiandrogens 19625



REFERENCES

1. Greenlee, R. T., Hill-Harmon, M. B., Murray, T., and Thun, M. (2001) CA-
Cancer J. Clin. 51, 15–36

2. Huggins, C., Stevens, R., and Hodges, C. V. (1941) Arch. Surg. 43, 209–233
3. Westin, P., Stattin, P., Damber, J.-E., and Bergh, A. (1995) Am. J. Pathol. 146,

1368–1375
4. Dennis, L. J., and Griffiths, K. (2000) Semin. Surg. Oncol. 18, 52–74
5. Labrie, F., Belanger, A., Dupont, A., Luu-The, V., Simard, J., and Labrie, C.

(1993) Clin. Invest. Med. 16, 475–492
6. Goktas, S., and Crawford, E. D. (1999) Semin. Oncol. 26, 162–173
7. Schellhammer, P. F. (1996) Urology 47, 622–628
8. Prostate Cancer Trialist’s Collaborative Group (2000) Lancet 355, 1491–1498
9. Culig, Z., Hoffmann, J., Erdel, M., Eder, I. E., Hobisch, A., Hittmair, A.,

Bartsch, G., Utermann, G., Schneider, M. R., Parczyk, K., and Klocker, H.
(1999) Br. J. Cancer 81, 242–251

10. Miyamoto, H., Yeh, S., Wilding, G., and Chang, C. (1998) Proc. Natl. Acad. Sci.
U. S. A. 95, 7379–7384

11. Yeh, S., Miyamoto, H., and Chang, C. (1999) Lancet 349, 852–853
12. Kelly, W. K. (1998) Eur. Urol. 34, Suppl. 3, 18–23
13. Grossmann, M. E., Huang, H., and Tindall, D. J. (2001) J. Natl. Cancer Inst.

93, 1687–1697
14. Feldman, B. J., and Feldman, D. (2001) Nat. Rev. Cancer 1, 34–45
15. Yeh, S., and Chang, C. (1996) Proc. Natl. Acad. Sci. U. S. A. 93, 5517–5521
16. Yeh, S., Kang, H.-Y., Miyamoto, H., Nishimura, K., Chang, H.-C., Ting, H.-J.,

Rahman, M., Lin H.-K., Fujimoto, N., Hu, Y.-C., Mizokami, A., Huang,
K. E., and Chang, C. (1999) Endocrine 11, 195–202

17. Kang, H.-Y., Yeh, S., Fujimoto, N., and Chang, C (1999) J. Biol. Chem. 274,
8570–8576

18. Yeh, S., Chang, H.-C., Miyamoto, H., Takatera, H., Rahman, M., Kang H.-Y.,
Thin, T. H., Lin H.-K., and Chang, C (1999) Keio J. Med. 48, 87–92

19. Fujimoto, N., Yeh, S., Kang, H.-Y., Inui, S., Chang, H.-C., Mizokami, A., and
Chang, C. (1999) J. Biol. Chem. 274, 8316–8321

20. Miyamoto, H., Yeh, S., Lardy, H., Messing, E., and Chang, C. (1998) Proc. Natl.
Acad. Sci. U. S. A. 95, 11083–11088

21. Miyamoto, H., and Chang, C. (2000) Int. J. Urol. 7, 32–34
22. Zhou, Z.-X., He, B., Hall, S. H., Wilson, E. M., and French, F. S. (2002) Mol.

Endocrinol. 16, 287–300

23. Gao, T., Brantley, K., Bolu, E., and McPhaul, M. J. (1999) Mol. Endocrinol. 13,
1645–1656

24. Agoulnik, I., Stenoien, D., Mancini, M. A., and Weigel, N. (2000) Keystone
Steroid Symposium, Steamboat Springs, Colorado, March 25–31, 2000, p.
116, Abstr. 202, Bristol-Myers Squibb Pharmaceuticals Research Institute
and Director’s Sponsor Fund, Steamboat Springs, CO

25. Han, G., Foster, B. A., Mistry, S., Buchanan, G., Harris, J. M., Tilley, W. D.,
and Greenberg, N. M. (2001) J. Biol. Chem. 276, 11204–11213

26. Truica, C. I., Byers, S., and Gelmann, E. P. (2000) Cancer Res. 60, 4709–4713
27. Craft, N., Shostak, Y., Carey, M., and Sawyears, C. (1999) Nat. Med. 5,

280–285
28. Yeh, S., Lin, H.-K., Kang, H.-Y., Thin, T. H., Lin, M.-F., and Chang, C. (1999)

Proc. Natl. Acad. Sci. U. S. A. 96, 5458–5463
29. Sikorski, R. S., and Boeke, J. D. (1991) Method Enzymol. 194, 302–318
30. Sui, G., Soohoo, C., Affar, E. B., Gay, F., Shi, Y., Forrester, W. C., and Shi, Y.

(2002) Proc. Natl. Acad. Sci. U. S. A. 99, 5515–5520
31. Miyamoto, H., Rahman, M., Takatera, H., Kang, H.-Y., Yeh, S., Chang, H.-C.,

Nishimura, K., Fujimoto, N., and Chang, C. (2002) J. Biol. Chem. 277,
4609–4617

32. Palmberg, C., Koivisto, P., Visakorpi, T., and Tammela, T. L. (1999) Eur. Urol.
36, 191–196

33. Kelly, W. K., Scher, H. I., Mazumdar, M., Vlamis, V., Schwartz, M., and Fossa,
S. D. (1993) J. Clin. Oncol. 11, 607–615

34. Gopalbhai, K., Jansen, G., Beauregard, G., Whiteway, M., Dumas, F., Wu, C.,
and Meloche, S. (2003) J. Biol. Chem. 278, 8118–8125

35. Hecker, A., Testeniere, O., Marin, F., and Luquet, G. (2003) FEBS Lett. 535,
49–54

36. Taplin, M. E., Bubley, G. J., Ko, Y. J., Small, E. J., Upton, M., Rajeshkumar,
B., and Balk, S. P. (1999) Cancer Res. 59, 2511–2515

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

38. Culig, Z., Hobisch, A., Cronauer, M. V., Cato, A. C., Hittmair, A., Radmayr, C.,
Eberle, J., Bartsch, G., and Klocker, H. (1993) Mol. Endocrinol. 7,
1541–1550

39. Haapala, K., Hyytinen, E. R., Roiha, M., Laurila, M., Rantala, I., Helin, H. J.,
and Koivisto, P. (2001) Lab. Invest. 81, 1647–1651

Reducing the Agonist Activity of Antiandrogens19626


