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Androgen receptor (AR)-associated coregulator 70
(ARA70) was the first identified AR coregulator. How-
ever, its molecular mechanism and biological relevance
to prostate cancer remain unclear. Here we show that
ARA70 interacts with and promotes AR activity via the
consensus FXXLF motif within the ARA70-N2 domain
(amino acids 176–401). However, it does not promote AR
activity via the classic LXXLL motif located at amino
acids 92–96, although this classic LXXLL motif is impor-
tant for ARA70 to interact with other receptors, such as
PPAR�. The molecular mechanisms by which ARA70 en-
hances AR transactivation involve the increase of AR
expression, protein stability, and nuclear translocation.
Furthermore, ARA70 protein is more frequently de-
tected in prostate cancer specimens (91.74%) than in
benign tissues (64.64%, p < 0.0001). ARA70 expression is
also increased in high-grade prostate cancer tissues as
well as the hormone-refractory LNCaP xenografts and
prostate cancer cell lines. Because ARA70 can promote
the antiandrogen hydroxyflutamide (HF)-enhanced AR
transactivation, the increased ARA70 expression in hor-
mone-refractory prostate tumors may confer the devel-
opment of HF withdrawal syndrome, commonly diag-
nosed in patients with the later stages of prostate
cancer. Because ARA70-N2 containing the AR-interact-
ing FXXLF motif without coactivation function can sup-
press HF-enhanced AR transactivation in the hormone-
refractory LNCaP cells, using the ARA70-N2 inhibitory
peptide at the hormone refractory stage to battle the HF
withdrawal syndrome may become an alternative strat-
egy to treat prostate cancer.

The androgen receptor (AR)1 is a ligand-dependent tran-
scription factor that belongs to the steroid receptor (SR) super-

family (1, 2). Although several studies have revealed how SRs
can recognize and interact with their hormone response ele-
ments (3, 4), the mechanism of how SRs activate target gene
expression is not fully understood. Ligand-unbound SRs have
been found in the cytosol associated with heat shock proteins
(HSPs), including HSP90, HSP70, and HSP56 (5–7). Studies of
the HSP chaperone machinery in eukaryotes have suggested
that HSPs function to prevent SR misfolding and aggregation
and promote refolding or recycling of denatured polypeptides
(8, 9). It has also been reported that HSP90 may enhance the
ligand binding capacity of the AR, but not the glucocorticoid
receptor (10). The detailed mechanism of how these cytosolic
proteins regulate SR function, however, remains to be
elucidated.

Recently, it has been reported that several SRs can interact
directly with components of the basal transcription machinery,
such as TBP (11), TFIIB (12), TFIIF (13), and TFIIH (14). In
addition, specific sets of proteins are recruited by the SRs as
coregulators that may function as bridging factors between the
receptors and general transcription machinery in the preinitia-
tion complex (15, 16). Identifying and studying the function of
individual components of these complexes are crucial for un-
derstanding how SRs regulate their target genes. Several co-
regulators including ARA70 (17), ARA55 (18), ARA54 (19),
ARA160 (20), ARA24 (21), SRC-1 (22), GRIP1/TIF2 (23, 24),
RAC3/ACTR/AIB1/pCIP/SRC-3 (25–28), CBP/p300 (29), and
the tumor suppressors BRCA1 and Rb (30, 31), have been
identified as being able to modulate the transactivation of SRs.
Furthermore, the studies of coregulators have also linked the
transcriptional activation of SRs to chromatin acetylation.
Some of these coregulators, such as RAC3/ACTR (25–28), CBP/
p300 (32), and SRC-1 (33), have been found to either have
intrinsic histone acetyltransferase activity or have the capacity
to recruit the p300/CBP-associated factor (p/CAF) that has
histone acetyltransferase activity. The physiological signifi-
cance of these coregulators and their involvement in develop-
ment, differentiation, and diseases, however, remain to be fur-
ther studied.

In previous reports, our results indicated that ARA70 can
potentiate AR transactivation in the presence of androgen (17)
and can also enhance the androgenic activity of antiandrogens
or 17�-estradiol (E2) on AR (34–36). The E2-enhanced AR
transactivation was further confirmed by several laboratories
using different cells, such as CV-1 and HeLa (37–40). Other
studies also indicated that ARA70 can enhance significantly
the AR transactivation in CV-1 cells and that the expression of
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ARA70 could be enhanced in the absence of androgen in the
human prostate cancer xenograft, CWR22 (41, 42). In addition,
resveratrol, a growth inhibitor for prostate cancer LNCaP cells,
could repress the expression of ARA70 and the AR transacti-
vation (43). Diminishing the ARA70 function by dominant-
negative ARA70 or ARA70-specific siRNA could suppress pros-
tate cancer cell growth (44). These results suggest that ARA70
may be an important coregulator for AR function in prostate
cancer. Therefore, it is plausible that ARA70 can be a thera-
peutic target for prostate cancer treatment.

In the present study, we further dissect the mechanisms by
which ARA70 functions as a coregulator of AR transactivation
and elucidate the biological relevance between ARA70 and
prostate cancer progression. Finally, we have found that
ARA70-N2, which contains the AR-interacting domain, can
function as an inhibitor to repress androgen- and HF-induced
AR transactivation by inhibiting AR interaction with other
coregulators and blockade of the AR N-/C-terminal interaction.
This suggests a potential therapeutic strategy against prostate
cancer.

EXPERIMENTAL PROCEDURES

Plasmids—Construction of pCMX-VP16-AR (amino acids 38�919),
pCDNA3-FLAG-AR-N, and -D-L, pCMX-GAL4-PPAR� and -ARLBD,
and pSG5-AR, -ARA70N, -ARA70-FL, -ARA70N-AXXLF, and -ARA70-
N-FXXAA were described previously (17, 36, 45, 46). pCDNA3-FLAG-
ARA70-N1 and -N2 were constructed by insertion of PCR-generated
cDNAs into pCDNA3 vector (Invitrogen). The pCMX-VP16-ARA70N-
LXXLL, pSG5-ARA70-LXXAA, and pSG5-ARA70N-LXXAA mutants
were generated by two-way PCR using the following four primers: 5�-
CCGGAATTCTCAGTCCACCCAAGGTCT-3�, 5�-GCTCTACTCGGCA-
GCGGGCCAGTTCAATTG-3�, 5�-GAACTGGCCCGCTGCCGAGTAGA-
GCGCTG-3�, and 5�-CGCGGATCCCTCTACCTTACATGGGTC-3�. All
constructs were verified by DNA sequencing.

Cell Culture and Transfections—Human prostate cancer DU145 and
PC-3 cells were maintained in Dulbecco’s minimum essential medium
containing penicillin (25 unit/ml), streptomycin (25 �g/ml), and 5% fetal
calf serum (FCS). Androgen-responsive LNCaP prostate cancer cells
were maintained in RPMI 1640 containing penicillin (25 units/ml),
streptomycin (25 �g/ml), and 10% FCS. Transfections were performed
using SuperFect reagent (Qiagen) according to the manufacturer’s in-
structions or the calcium phosphate precipitation method, as previously
described (17, 47). Briefly, 4 � 105 and 1 � 105 cells were plated on
60-mm and 6-well dishes, respectively, 24 h before transfection, and the
media were changed to DMEM with 5% charcoal dextran-stripped
serum (CSS) 1 h before transfection. Equal amounts of total DNA,
including a reporter, indicated plasmids, and vector alone were individ-
ually transfected into each well. After 24 h of transfection, cells were
treated with ligands for another 24 h. Cells were harvested and assayed
for chloramphenicol transferase (CAT) or luciferase assays (Promega).
pRL-SV40 and pCMV-�-gal were used for internal controls in luciferase
and CAT assays, respectively. Data were represented as mean � S.D.
from three to six independent experiments.

Yeast Two-hybrid Assay—A pAS2-ARLBD plasmid comprised of the
GAL4 DNA binding domain (DBD) fused with the ligand binding do-
main (LBD) of the AR was used as bait to test the interaction with
different domains of ARA70, which were constructed in the pACT2
vector containing the GAL4 activation domain. The transformed yeast
Y190 cells were selected for growth on plates with 20 mM 3-aminotri-
azole and serial concentrations of androgens but without histidine,
leucine, or tryptophan. The liquid assay was performed as described
(17).

Immunocytofluorescence Staining—COS-1 cells at 1 � 105 were
seeded on 2-well Labtek II slides (Nalge) 24 h before transfection with
0.5 �g of AR and with or without 1.5 �g of full-length ARA70 (ARA70-
FL) using FuGENE 6 transfection reagent (Roche Applied Science).
After 12 h of transfection, cells were treated with 10 nM dihydrotestos-
terone (DHT) or ethanol. Immunostaining was performed using anti-AR
polyclonal antibody (NH27) and/or anti-ARA70 mouse monoclonal an-
tibody (CC70 3), followed by incubation with Texas red-conjugated goat
anti-rabbit and/or fluorescein isothiocyanate-conjugated goat anti-
mouse antibodies (ICN). After washes, slides were mounted with the
mounting media containing DAPI for localization of nuclei.

Pulse Chase Assay—COS-1 cells were seeded in 100-mm dishes and

transfected with the AR, with or without ARA70 as indicated for 3 h
using Superfect (Qiagen), cultured in methionine/cysteine-deficient me-
dia for 3 h, and then subjected to pulse metabolic labeling with [35S]me-
thionine/cysteine for 30 min. After changing to the chase medium, the
cells were harvested at the times indicated in the figure. Whole cell
extracts were prepared by radioimmune precipitation assay buffer (150
mM NaCl, 50 mM Tris, 10% SDS, 0.5% sodium deoxylate (w/v), and 1%
Nonidet P-40) and then immunoprecipitated with anti-AR antibody
(NH27). The specificity of the immunoprecipitation was confirmed us-
ing preimmune serum as well as protein A-Sepharose beads alone (data
not shown). The AR protein levels were visualized by PhosphorImager
and quantitated by ImageQuant V.1.2 (Molecular Dynamics). The cells
were also transfected with 40 ng of pRL-SV40 for transfection efficiency
control. Relative AR amounts were normalized with the internal
control.

Tissue Collection and Immunohistochemical Staining—Tissue spec-
imens were collected from prostate cancer patients after obtaining
approval from the Research Subject Review Board at the University of
Rochester Medical Center. Tumor samples were classified as normal,
benign prostatic hyperplasia (BPH), low-grade adenocarcinoma (Glea-
son pattern 1, 2, and 3), and high-grade adenocarcinoma (Gleason
pattern 4 and 5). For immunohistochemical staining, 5-�m paraffin-
embedded sections were deparaffinized, hydrated, and soaked with 3%
hydrogen peroxide for 15 min, followed by blocking with 20% horse
serum for 45 min. Sections were then incubated with mouse monoclonal
ARA70 (CC70 No. 3) antibody (1:500) at 4 °C overnight, followed by
incubation with horse biotinylated anti-mouse IgG (1:200) at room
temperature for 40 min. Mouse immunoglobin was used as the negative
control in place of the primary antibody. Note that primary and sec-
ondary antibodies were diluted in Tris-buffered saline containing 1%
horse serum and stood at room temperature for at least 30 min before
use. Finally, staining was visualized with Vectastain ABC reagent
(Vector Laboratories) and peroxidase substrate DAB solution (Vector
Laboratories) as instructed by the manufacturer. The sections were
then counterstained with Gill’s hematoxylin 2. The Mann-Whitney U
test was used for analysis of ARA70 expression in human prostate
cancer samples. For staining ARA70 in mouse testis, methods used
were the same as described above, except that M.O.M.TM mouse Ig
blocking reagent (Vector Laboratories) and M.O.M.TM biotinylated anti-
mouse IgG were used to replace with blocking reagent and the second-
ary antibody, respectively.

LNCaP Xenograft in Nude Mice—LNCaP (3 � 107) cells mixed in
Matrigel (BD Biosciences) were inoculated into the dorsal region of
nude mice. At 11 weeks after cell inoculation, one group of mice (n � 3)
was castrated, whereas another group (n � 3) underwent a sham
operation. 6 weeks after castration or sham operation, xenografts of
each group were harvested, fixed in 10% neutral buffered formalin,
processed routinely, embedded in paraffin, and subjected to immuno-
histochemical staining with ARA70 antibodies.

RESULTS

Mapping the AR-interacting Domains of ARA70—To deter-
mine which domain(s) of ARA70 interact with the AR, we
performed the yeast two-hybrid assay using pAS2-AR-LBD and
pACT2 vectors containing different segments of ARA70 (Fig.
1A). As shown in Fig. 1B, ARA70N peptide (amino acids 1–401)
and ARA70-N2 peptide (amino acids 176–401) can interact
with the AR-LBD in the presence of 10 nM DHT. In contrast,
three other ARA70 peptides, LXXLL motif-containing peptide
(amino acids 90–99; X, any amino acid), ARA70-N1 (amino
acids 1–175) and ARA70-C (amino acids 383–614) cannot in-
teract with the AR-LBD. Using the mammalian two-hybrid
system, our data further confirmed that ARA70-N2, but not
ARA70-N1orARA70-C, can interactwiththeARinanandrogen-
dependent manner (Fig. 1C). These data clearly demonstrate
that ARA70-N2, lacking the consensus LXXLL motif, is essen-
tial for interaction with the AR-LBD in the presence of andro-
gen, which is different from common coregulators, such as
members of p160 family, SRC-1, TIF2/GRIP1, and p/CIP/AIB1/
ACTR, that show a ligand-dependent interaction with SRs via
the LXXLL motifs (48).

The FXXLF, but Not LXXLL, Motif in ARA70 Mediates the
Interaction with AR—To further confirm that the LXXLL motif
is dispensable for interaction with AR (42), we assessed the

The Role of Cytosolic ARA70 in AR Transactivation 33439



AR-interacting capacity of ARA70N-LXXAA, where the LXXLL
motif was mutated to the LXXAA (Fig. 2A), in the mammalian
two-hybrid system. As shown in Fig. 2B, there is no significant
difference between ARA70N-LXXLL and -LXXAA interaction
with the AR-LBD. Because ARA70 is also a coregulator of
PPAR� (46), we tested if this mutation affects the ARA70-
PPAR� interaction. Interestingly, ARA70N-LXXAA mutant
showed a reduced degree of capacity to interact with PPAR�
(Fig. 2B), suggesting that ARA70 functions as a coregulator of
AR and PPAR� via distinct molecular mechanisms, where the
LXXLL motif in ARA70 may play much more important roles
for interaction with PPAR� than with AR.

Because our previous report (45) identified the FXXLF as one
of the major androgen-dependent AR-interacting motifs using
phage display screening system and Zhou et al. (42) demon-
strated that the FXXLF motif within ARA70 is required for the
androgen-dependent interaction with AR-LBD, we assessed
whether the FXXLF motif in ARA70-N2 mediates AR-ARA70
interaction. Using the mammalian two-hybrid system, we
found that GAL4-ARA70N interacts well with VP16-AR,
whereas two mutants GAL4-ARA70N-AXXLF and -FXXAA
lose the capacity to interact with AR (Fig. 2C). These results
indicated that the FXXLF motif within the ARA70-N2 domain
plays an essential role for the interaction between ARA70 and
AR, which is consistent with the results in Fig. 1 showing that
ARA70-N2 contains the AR-interacting domain.

Effect of Different Domains and the Role of the LXXLL and
FXXLF Motifs of ARA70 on AR Transactivation—To delineate
the functional domains of ARA70, the CAT assay was employed
to determine the effect of various ARA70 fragments (Fig. 3A) on
AR transactivation in DU145 cells. As shown in Fig. 3B,
ARA70N and ARA70-FL, as well as their LXXAA mutants,
showed an enhancement of AR transactivation, whereas nei-
ther ARA70-N1 nor ARA70-N2 could enhance AR transactiva-
tion. Because there is no significant difference between wild
type and the LXXAA mutant of ARA70N or ARA70-FL on
enhancing AR transactivation, these results may suggest that
the LXXLL motif is dispensable for ARA70 function as an AR
coactivator. This correlates with the interaction data (Fig. 2)
and the previous report (42) showing that the LXXLL motif
within ARA70-N1 domain is not required for the ARA70-AR
interaction. However, ARA70-N1 is essential for the coactiva-
tor function of ARA70, because ARA70-N2 containing the AR-
interacting motif alone cannot potentiate the AR transcrip-
tional activity. Interestingly, ARA70N, containing both
ARA70-N1 and -N2, shows stronger enhancement activity on
AR than ARA70-FL, suggesting that ARA70-C may possess the
activation inhibition domain. On the other hand, mutations on
the FXXLF motif in ARA70N, which fails to interact with AR,
results in the loss of coactivator function on the AR transacti-
vation (Fig. 3C).

FIG. 1. Mapping the AR-interacting
domains of ARA70. A, schematic dia-
gram of the GAL4 activation domain-
ARA70 fusion constructs used in the
yeast two-hybrid assay. B, interaction of
different domains/motifs of ARA70 with
wild-type AR was assayed using the yeast
Y190 strain with the plate nutritional se-
lection. GAL4DBD-ARLBD, a fusion pro-
tein of the GAL4DBD fused with the AR
peptide containing part of the DBD, the
whole hinge region, and the LBD, was
used as bait. The yeast cells were trans-
formed with indicated constructs and se-
lected on plates with 20 mM 3-aminotria-
zole and 10 nM DHT but without
histidine, leucine, and tryptophan. The
presence of yeast cells on the selection
plates indicates that there is the positive
interaction of ARLBD with ARA70-N and
ARA70-N2 fragments. Data were repro-
ducible in two independent experiments.
C, mapping the AR-interacting domains
of ARA70 by the mammalian two-hybrid
assay. DU145 cells in 60-mm dishes were
transiently transfected with 3 �g of each
indicated plasmid and 3 �g pG5-Luc re-
porter by the calcium phosphate precipi-
tation method for 24 h, and treated with
10 nM DHT for another 24 h. 40 ng of
pRL-SV40 were used for internal control.
Cells were then harvested for the lucifer-
ase assay. Results are representative of at
least three independent experiments and
are shown as mean � S.D.
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ARA70 Enhances AR Expression Level and Protein Stabil-
ity—Although ARA70 has long been known as an AR coactiva-
tor, the molecular mechanism remains unclear. We first deter-
mined whether ARA70 can influence the AR expression level
using the Western blot analysis. As shown in Fig. 4A, both
ARA70-FL and ARA70N can increase the AR protein amount,
while antisense ARA70 and TR4, another AR-interacting pro-
tein (49), show little influence on AR protein expression. Fur-
thermore, to investigate whether the increase of AR expression
by ARA70 is caused by the enhancement of AR protein stabil-
ity, the pulse chase experiment was employed. As shown in Fig.
4B, in the absence of ARA70, AR protein was degraded gradu-
ally with a half-life of �0.8 h. In the presence of ARA70, the

half-life of AR was �2.3 h. These results suggest that increas-
ing AR expression by ARA70 is at least in part caused by the
enhanced metabolic stability. In contrast, TR4 reduced the AR
protein stability (AR half-life �0.75 h in the presence of TR4,
compared with �0.9 h in the absence of TR4, Fig. 4C).

ARA70 Enhances AR Nuclear Staining—To explore if ARA70
influences the cellular distribution of AR, immunocytofluores-
cence staining assays were performed using AR (NH27) or
ARA70 (CC70 No. 3) antibody. As shown in Fig. 5, the AR was
mainly located in the cytoplasm in the absence of androgen
(Fig. 5A) and moved into the nucleus after addition of 10 nM

DHT (Fig. 5B). ARA70 was located mainly in the cytoplasm in
the absence or presence of 10 nM DHT in COS-1 cells (Fig. 5, C
versus D). Co-transfection of ARA70 and AR in the presence of
10 nM DHT enhanced the intensity of nuclear AR immuno-
staining, compared with that in the cells without ARA70 ex-

FIG. 2. The FXXLF, but not LXXLL, motif in ARA70N is re-
quired for interaction with AR. A, schematic diagram of the muta-
tion sites on ARA70N generated by PCR. B, differential importance of
the consensus LXXLL motif for ARA70N interaction with AR and
PPAR�. DU145 cells in 60-mm dishes were transiently transfected with
3 �g of each indicated plasmid and 3 �g of pG5-Luc reporter by the
calcium phosphate precipitation method for 24 h and treated with
ligands for another 24 h. 40 ng of pRL-SV40 was used for internal
control. Cells were then harvested for the luciferase assay. C, FXXLF
motif in ARA70N is essential for the interaction with AR. Methods used
are the same as described in B. Results are representative of at least
three independent experiments and are shown as mean � S.D.

FIG. 3. Effect of ARA70 domains/motifs on AR-mediated trans-
activation in prostate cancer cells. A, schematic diagram of the
constructs of pSG5-ARA70 fragments. B, ARA70- or ARA70N-enhanced
AR transactivation is not mediated via the LXXLL motif. DU145 cells in
60-mm dishes were transiently transfected with pSG5-AR, MMTV-CAT
reporter, and indicated constructs by the calcium phosphate precipita-
tion method for 24 h and treated with 10 nM DHT for another 24 h.
pCMV-�-gal was used for transfection efficiency. Cells were then har-
vested for the CAT assay. C, FXXFL motif is required for ARA70N to
enhance the AR transactivation. DU145 cells in 60-mm dishes were
transiently transfected with pSG5-AR, MMTV-Luc reporter, and indi-
cated constructs by the calcium phosphate precipitation method for 24 h
and treated with 10 nM DHT for another 24 h. pRL-SV40 was used for
the internal control. Cells were then harvested for the luciferase assay.
Results are representative of at least three independent experiments
and are shown as mean � S.D.
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pression (Fig. 5, E–H, white arrows versus yellow arrows). After
scoring the AR staining intensity from 300 cells under a fluo-
rescence microscope based on a scale of 1 (low) to 5 (high) and
in the presence or absence of ARA70, we found that nuclear AR
staining intensity was significantly higher (p � 0.0005) in the
cells with ARA70 than without ARA70. The increased AR nu-
clear localization by ARA70 may contribute to the enhance-
ment of AR transactivation. When staining the ARA70 in the
AR-positive and androgen-responsive Leydig cells in the mouse
testis, we found that ARA70 is expressed in both cytoplasm and
nucleus, and mainly in the cytoplasm (Fig. 5I), which is in

agreement with the previous report (50). Because Leydig cells
are primarily involved in the production of testosterone (51),
the cytosolic and nuclear localization of ARA70 shown in Fig. 5I
is presumably in the presence of testosterone.

ARA70-N2 Inhibits AR Interaction with Coregulators, N- and
C-terminal Interaction, and Transactivation—Because ARA70-
N2 contains an AR-interacting motif but without coactivator
function (Figs. 1–3), we further assessed if ARA70-N2 can be an
inhibitor of AR transactivation by interrupting AR interaction
with other coregulators and AR N- and C-terminal interaction.
Using the mammalian two-hybrid system, we first found that

FIG. 4. ARA70 enhances the expres-
sion level and the protein stability of
AR. A, COS-1 cells in 60-mm dishes were
transfected with 5 �g of AR and 5 �g of
indicated plasmids by the calcium phos-
phate precipitation method for 24 h, and
treated with 10 nM DHT for another 24 h.
Nuclear extracts were then prepared and
30 �g of nuclear extracts were subjected
to Western blotting with polyclonal an-
ti-AR and anti-�-actin antibodies. B and
C, COS-1 cells in 100-mm dishes were
transfected with 5 �g of AR and 5 �g of
ARA70 (B) or TR4 (C) by SuperFect rea-
gent and then subjected to a pulse chase
assay using [35S]methionine/cysteine la-
beling, as described under “Experimental
Procedures.” Cells were harvested at the
indicated time for immunoprecipitation
with a polyclonal anti-AR antibody
(NH27). The AR protein levels were visu-
alized by PhosphorImager and quanti-
tated by ImageQuant V.1.2. The cells
were also transfected with 40 ng of pRL-
SV40 for transfection efficiency control.
Relative AR amounts indicated in the bot-
tom panels were normalized with the in-
ternal control.

FIG. 5. Cellular localization of AR and ARA70. COS-1 cells were seeded on chamber slides and transfected with 0.5 �g of AR and/or 1.5 �g
of full-length ARA70 using FuGENE 6 transfection reagent. After 24 h of transfection, cells were treated with 10 nM DHT or ethanol.
Immunostaining was performed using the rabbit anti-AR polyclonal antibody (NH27) and/or mouse anti-ARA70 monoclonal antibody (CC70 No.
3), followed by Texas red-conjugated goat anti-rabbit and/or FITC-conjugated goat anti-mouse antibodies (ICN). The red signal represents the AR,
and the green signal represents ARA70, as indicated. Blue DAPI staining shows the localization of nuclei. A, AR with ethanol; B, AR with DHT;
C, ARA70 with ethanol; D, ARA70 with DHT; E–H, co-transfection of AR and ARA70. The cells expressing the AR only are indicated with yellow
arrows, and the cells expressing both of AR and ARA70 are indicated with white arrows: E, AR staining; F, ARA70 staining; G, overlaying E and
F; H, DAPI staining. EtOH, ethanol treatment. I, immunohistochemical analysis of ARA70 expression in testicular Leydig cells. Testes from
mature male mice were paraffin-embedded, sectioned, and subjected to immunohistochemical staining with mouse ARA70 (CC70 3) antibody.
Results indicate that ARA70 is expressed in the interstitial space between the seminiferous tubules. Leydig nuclei are indicated by arrows. Data
are representative of at least three independent experiments. Original magnification, �400.
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VP16-ARA70-N2 showed a much stronger induction of the pG5-
luciferase reporter gene in the presence of the GAL4-AR-LBD,
compared with VP16-ARA70-FL or -ARA70N, in PC-3 prostate
cancer cells (Fig. 6A). This result indicates that ARA70-N2

possesses a much stronger AR binding capacity. Furthermore,
ARA70-N2 was able to inhibit the association of GAL4-AR-LBD
with VP16-ARA70N and another coregulator VP16-TIF2 that
binds AR via the LXXLL motif (52) (Fig. 6B). These data
suggest that ARA70-N2, with higher AR binding capacity, is
capable of competing with other coregulators to interact with
liganded AR-LBD. Because the androgen-induced N- and C-
terminal interaction via the FXXLF motif in the N terminus
and the AF2 domain in the LBD is essential for AR transacti-
vation (53), we determined whether ARA70-N2 can inhibit AR
transactivation through competing with the AR N-terminal
FXXFL motif to interact with AR-LBD. As shown in Fig. 6C,
DHT treatment induced the interaction between the N and C
termini of AR, and ARA70-N2 indeed suppressed this interac-
tion. In contrast, ARA70-N2-FXXAA mutant had no influence
on the AR N- and C-terminal interaction. These results suggest
that the suppression of AR transactivation by ARA70-N2 in-
volves not only the blockade of AR interaction with coregula-
tors, but also the inhibition of AR N- and C-terminal interac-
tion. Fig. 6, D and E further demonstrate that ARA70-N2 can
repress AR reporter and endogenous AR target gene, prostate-
specific antigen (PSA), expression (Fig. 6E) in androgen-re-
sponsive LNCaP prostate cancer cells. Together, these results
indicate that ARA70-N2 can serve as an inhibitor to suppress
in vivo AR transactivation.

The Positivity of ARA70 Is Significantly Higher in Prostate
Cancer Tissues Compared with Benign Tissues—To determine
whether ARA70 is associated with the prostate cancer devel-
opment, the ARA70 protein expression was examined in a
number of the prostate samples that include various stages of
prostate tumors collected from 80 patients. Using anti-ARA70
monoclonal antibody for immunohistochemical staining, we
found that the percentage of ARA70 immunoreactive speci-
mens significantly increased from 64.60% (73 of 113 samples)
in benign prostate tissues to 91.74% (100 of 109 samples) in
neoplastic prostate tissues (p � 0.0001, Table I). The signifi-
cant increase in ARA70 positivity in the malignant prostate
tissues strengthens the hypothesis that ARA70 plays an im-
portant role in the prostate cancer development.

ARA70 Expression Is Increased in the High Grade Prostate
Tumors and in the Hormone-refractory Prostate Cancer Xe-
nograft—To further explore the biological relevance of ARA70
and prostate cancer, we evaluated the ARA70 expression level
in different stages of prostate cancer tissues. Using immuno-
histochemical staining, we found that ARA70 expression was
increased in prostate tumors as compared with normal or be-
nign prostate tissues adjacent to the tumors (Fig. 7A). In ad-

FIG. 6. ARA70-N2 can serve as an inhibitor of AR transactiva-
tion. A, ARA70-N2 has a stronger AR binding capacity than ARA70-FL
and ARA70N in mammalian two-hybrid assay. PC-3 cells in 24-well
dishes were transiently transfected with indicated plasmids and pG5-
Luc reporter using SuperFect reagent for 24 h, and treated with 10 nM

DHT for another 24 h. pRL-SV40 was used for internal control. Cells
were then harvested for the luciferase assay. B, ARA70-N2 inhibits the
interaction of AR with ARA70N and with TIF2. Methods used are the
same as described in Panel A. C, ARA70-N2 inhibits the N- and C-
terminal interaction of AR via the FXXLF motif. Methods used are the
same as described in Panel A, except that the MMTV-Luc reporter,
pCDNA3-FLAG-AR-DBD-LBD (AR-D-L, aa 507�919) and pCDNA3-
FLAG-AR-N (AR-N, amino acids 1�556) were used. D and E,
ARA70-N2 functions as an inhibitor to suppress the endogenous AR
transactivation (D), and AR-mediated PSA expression (E) in LNCaP
cells. 0.8 �g of ARA70-N2 and 0.2 of �g MMTV-Luc were transfected
into LNCaP cells in the 24-well dishes for luciferase assay. 10 �g of
ARA70-N2 were transfected into LNCaP cells in 100-mm dishes for
Western blotting using anti-PSA and anti-�-actin antibodies. Transfec-
tions were performed using Superfect reagent and 24 h after transfec-
tion, cells were treated with 10 nM DHT for another 24 h. Results are
representative of at least three independent experiments.

TABLE I
The percentage of the ARA70 immunoreactive specimens is

significantly higher in prostate cancer tissues than in benign tissues
Tissue samples were collected from 80 prostate cancer patients. Re-

sults were recorded as positive (more than 5% cells positive) or negative
(less than 5% cells positive).

Type
ARA70 expression

n Positive Negative Positivity pa

%

Benign Normal 44 35 9 79.55
BPH 69 38 31 55.07
Total 113 73 40 64.60

Neoplasticb Low grade 66 59 7 89.39 �0.0005
High grade 43 41 2 95.35 �0.0001
Total 109 100 9 91.74 �0.0001

a Using Fisher’s exact test, statistically significant difference in
ARA70 positivity is observed (p � 0.05), when compared with that in
total benign tissues.

b Neoplastic prostate tissues are classified as follows: Gleason pattern
1, 2, and 3 are defined as low grade and Gleason pattern 4 and 5 are
defined as high grade.
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dition, the ARA70 expression is also increased in LNCaP xe-
nograft in castrated nude mice compared with non-castrated
nude mice (Fig. 7B). Although the increased expression of
ARA70 may not occur in all high grade prostate cancer cases
(54), our results from Fig. 7, A and B suggest that ARA70
expression is, at least in some cases, induced at the later stage
of prostate cancer after androgen ablation therapy with surgi-
cal/chemical castration and/or anti-androgen (HF or casodex)
treatment. Because higher expression of ARA70 can enhance
the androgenic activity of HF on AR (Fig. 7C), it is likely that
the increased ARA70 expression in the later stage of prostate
cancer (Fig. 7, A and B) may promote the AR transactivation in
the patients treated with HF. HF withdrawal syndrome is a
symptom that occurs in many prostate cancer patients at the
later stage where HF conversely enhances AR activity as an
agonist, and discontinuation of HF treatment results in signif-
icant reduction of PSA expression, often associated with clini-
cal improvement (55). While the molecular basis for the HF
withdrawal syndrome is not fully understood, our results may
suggest that increased expression of ARA70 in high grade
prostate cancer may partly confer the development of this
syndrome.

ARA70 Expression Is Increased in Prostate Cancer Cells
Cultured in the Androgen-deficient Condition, and ARA70-N2
Can Suppress HF-activated AR Transactivation—Using West-
ern blot analysis, we found that the hormone-refractory
CWR22R prostate cancer cells expressed a higher degree of

ARA70 protein, when cultured in the CSS media for 6 days
(Fig. 8A). Also, LNCaP cells cultured in CSS media for 15
weeks (hormone refractory LNCaP, that mimics the prostate
cancer at the hormone refractory stage) demonstrated an in-
creased ARA70 mRNA expression, as compared with the cells
cultured in normal media (Fig. 8B). A missense mutation
(T877A) on the AR gene is the first mutation reported that
leads to androgen independence, is frequently found in cases of
androgen-independent prostate cancer (56), and allows HF to
function as an agonist to enhance AR transactivation, which is
a phenomenon found in HF withdrawal syndrome (44). There-
fore, it is of interest to determine whether ARA70-N2 can serve
as a repressor to inhibit the HF-enhanced AR transactivation
in the hormone-refractory LNCaP cells that contain the AR
with the T877A mutation. As shown in Fig. 8C, ARA70-N2, but
not ARA70-N1, could indeed suppress HF-activated AR activa-
tion in a reporter gene assay.

DISCUSSION

AR plays essential roles in the proliferation of the prostate
gland and the prostate cancer. In the later stages of prostate
cancer, more than 80% of prostate cancer tissues remain posi-
tive for AR staining (57, 58), suggesting that AR may play a
role for the progression of the prostate cancer. Understanding
the molecular mechanisms of AR is therefore of biological and
clinical importance. The AR activity in prostate cancer has
been known to be influenced by many factors, including AR

FIG. 7. ARA70 expression is in-
creased in the higher grade of pros-
tate cancer and in the hormone-re-
fractory LNCaP xenograft in nude
mice, and the increased expression of
ARA70 can promote AR activity in
the presence of HF. A, immunohisto-
chemical staining of ARA70 in the pros-
tate tumors. Prostate cancer tissues with
adjacent normal areas were collected,
graded by pathologists, and processed for
immunohistochemical staining with
ARA70 antibody. ARA70 expression is in-
creased in the higher grade of prostate
cancer tissues (A-7–9), compared with the
lower grade samples (A-4–6) and adja-
cent normal tissues (A-1–3). Original
magnification: �40, �200, and �400, as
indicated. B, ARA70 expression is higher
in the LNCaP xenograft in castrated nude
mice (B-2) than in non-castrated nude
mice (B-1). Xenografts were paraffin-em-
bedded and processed for immunohisto-
chemical staining with ARA70 antibody.
Original magnification: �20. C, LNCaP
cells were transfected with ARE4-Luc re-
porter and increasing amounts of ARA70
plasmids using SuperFect reagent for
24 h, followed by treatments with DHT
and/or HF for another 24 h as indicated in
the figure. Cells were then harvested for
luciferase assay. Results are representa-
tive of at least three independent experi-
ments and are shown as mean � S.D.
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gene amplification, AR mutations that change the hormone
specificity/sensitivity, overactivated growth factor/kinase path-
ways, and differential levels of AR coregulators (59, 60). In the
present study, we investigated the molecular mechanism un-
derlying the coactivator function of ARA70 by first defining the
AR-interacting domain of ARA70, which is located at the
FXXLF motif, but not the LXXLL motif. The LXXLL motif has
been identified as the signature motif for p160 coregulators to
interact with SRs (28, 48). It has been well documented that
the removal of the LXXLL motif can abolish the interaction
between p160 coregulators and SRs. In contrast, our results
indicate that this LXXLL motif is not essential for ARA70 to
interact with the AR. In addition, sequence analysis revealed
that ARA70 is lacking other common coregulator motifs, such
as the basic helix-loop-helix domain, and the Per-AhR-Sim,
that are shared by the p160 coregulator family, including
SRC-1, TIF2/GRIP1, and AIB1/P/CIP/RAC3/ACTR/SRC3 (22–
28). Nevertheless, whereas the LXXLL motif is dispensable for
the interaction with the AR, it is important for interacting with
the non-classical nuclear receptor PPAR� (Fig. 2) and estrogen
receptor (data not shown). These results suggest that ARA70
may utilize distinct mechanisms to interact with and promote
the activity of different nuclear receptors.

SRs function as transcription factors to regulate the expres-
sion of their target genes in the nucleus. Before ligand binding,
some SRs are located in the cytosol (61) and are associated with
HSPs. HSPs behave as protein chaperones in maintaining the

proper conformation of SRs, thereby assisting in their conse-
quent activation (5–7). It is anticipated that other cytosolic
proteins may also contribute to the proper functioning of the
receptors, including cytosolic mediators of signal transduction
phosphorylation cascades, transportation, anchoring, ubi-
quination, or degradation of SRs. Overall, these cytosolic reg-
ulations may subsequently affect SR transactivation occurring
in the nucleus.

The immunostaining results show that ARA70 is mainly
expressed in the cytosol of testicular Leydig cells and prostate
epithelial cells in the prostate cancer specimens. Also, ectop-
ically expressed full length ARA70 was stained mainly in the
cytosol of COS-1 cells (Fig. 5, A–H). This raises interesting
questions of how a cytosolic ARA70 has the capacity to enhance
AR transactivation. One possible mechanism could be to stabi-
lize or increase the activated form of the AR, by either slowing
down the degradation rate or increasing AR protein synthesis.
Another possibility may involve a conformational change of the
cytosolic AR so that it may bind to and/or retain androgen more
easily, possibly resulting in a faster nuclear translocation. The
results from pulse chase labeling indicate that AR protein is
more stable by the co-transfection of ARA70 during the first
4 h. The metabolic stabilization of AR and/or increasing AR
protein amount in the presence of ARA70 was also confirmed
by Western blot analysis and semiquantitation of nuclear AR
immunostaining using fluorescence microscopy. Other reports
have also demonstrated that cytosolic proteins or even mem-
brane-bound proteins, such as �-catenin and caveolin, can func-
tion as coactivators to enhance AR transactivation (39, 62),
though the detailed mechanism underlying these phenomena
remains to be elucidated.

It has been found that SR coregulators may exist as different
isoforms to function as receptor coregulators. For example,
SRC-1a and SRC-1e possess different capacities to regulate SR
activity (63, 64). Our data also indicate that ARA70N, a peptide
lacking the C-terminal domain of ARA70, has better coregula-
tor activity. Furthermore, whereas the distribution of cytosolic
ARA70 was not influenced by addition of the AR and 10 nM

DHT, ARA70N was translocated to the nucleus with the AR in
the presence of androgen (data not shown). This distinct cellu-
lar distribution may explain why ARA70N has better coactiva-
tor activity. However, whether there is one or some of ARA70
splicing isoforms that share the function and structure with
ARA70N in the prostate cells needs to be further investigated.

In addition to the significant association of the ARA70 positiv-
ity with prostate cancer development (Table I), results from Figs.
7 and 8 raise a new possibility to explain how prostate tumors
develop into the HF withdrawal syndrome, at least in some cases.
That is, ARA70 expression is increased in hormone-refractory
prostate cancer cells at protein and mRNA levels, which may
promote the androgenic activity of HF to enhance the AR activity
and PSA expression. Because ARA70-N2 can block both andro-
gen- and HF-activated AR transactivation by competing with
other coregulators to bind to AR, using an inhibitory peptide like
ARA70-N2 or compounds possessing the similar inhibition func-
tion may become an alternative therapeutic strategy against
prostate cancer, when anti-androgen treatment fails.

In summary, ARA70 modulates the AR activity via distinct
domains and multiple mechanisms. Because of the biological
relevance of ARA70 in the prostate cancer progression pro-
posed in this study, dissection of the detailed mechanisms of
how ARA70 can influence AR activity may provide us a better
opportunity to battle prostate cancer.
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