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ABSTRACT: The androgen receptor (AR) is a member of the nuclear receptor (NR) superfamily that mediates the effects
of androgens on target tissues. Over the last decade, it has become apparent that NRs require accessory factors for op-
timal activation of target gene expression. Numerous NR coregulators have been identified, with diverse structures and
potential mechanisms of coregulation, creating an increasingly complicated picture of NR action. Due to the expanding
complexity of the coregulator field, this review will focus on the AR ligand-binding domain (LBD) and N-terminal interact-
ing proteins identified by our lab. The LBD-interacting proteins ARA70, ARA55 and ARA54 were first characterized and
ARA70 was found to have a relatively higher specificity for the AR in human prostate cancer DU145 cells.
Characterization of the functional relationship between the AR and these coregulators indicated that ARA70 and ARA55
could enhance the androgenic effects of 178-estradiol (E,) and hydroxyflutamide (HF), an antiandrogen commonly used
in the treatment of prostate cancer. ARA160, an AR N-terminal interacting protein also known as TATA element modulato-
ry factor (TMF), was subsequently shown to cooperate with ARA70 in enhancing AR activity. Another AR N-terminal in-
teracting protein, ARA24, interacted with the poly-Q tract, a region within the N-terminus of the AR linked to Kennedy’s
disease (X-linked spinal and bulbar muscular atrophy). More recently, our lab has identified ARA267, a SET domain con-
taining protein, and supervillin, an F-actin binding protein, as AR coregulators. Collectively, the data from these studies
indicate that these coregulators are necessary for optimal AR transactivation. Interruption of the interaction between AR
and these proteins may serve as a new therapeutic target in the treatment of prostate cancer. (J Biol Regul Homeost
Agents 2001; 15: 123-9)
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INTRODUCTION

Nuclear receptors (NR) are ligand-inducible intracel-
lular transcription factors that bind to specific DNA se-
guences and modulate gene expression (1). While the
members of the NR superfamily influence a variety of
biological processes including development, homeo-
stasis and sex differentiation, they all possess certain
common structural features. Notably, NRs have a
C-terminal ligand-binding domain (LBD) that under-
goes a conformational change upon binding of a spe-
cific ligand. X-ray crystallography of the LBD of several
receptors indicates that the bound ligand is almost en-
tirely buried within a conserved hydrophobic core
comprised of helices 3, 7, and 10 (2). The activation
function-2 domain (AF-2), a conserved C-terminal he-
lix, is a critical component of ligand-dependent tran-
scriptional activation, folding against the LBD of the
ligand-bound receptor.

This classical view of NR action was complicated by
the observation that distinct receptors could interfere
with one another’s transcription activation activity (3).

This squelching of transcriptional activation suggested
the existence of NR coregulators that constituted a
limiting factor in the expression of NR target genes.
Our group and several others subsequently demon-
strated that NRs utilize coregulators to effectively stim-
ulate gene transcription via allosteric alterations in the
AF-2 helical domain. These coregulators modulate the
transcriptional activation activity of NRs by potentially
acting as bridge factors between the receptor and the
basal transcriptional machinery to promote changes in
chromatin structure (4).

The steroid receptor (SR) coactivator (SRC)/p160
family is the most well characterized group of NR
coregulators, consisting of SRC-1/NcoA-1 (5),
GRIP1/TIF2/NcoA-2 (6, 7), and RAC-3/ACTR/
pCIP/NcoA-3 (8-10). The p160 coregulators modulate
the activity of NRs and share a highly conserved re-
ceptor interaction domain (RID), consisting of three
LXXLL motifs (X= any amino acid) (11, 12). Other
identified NR coregulators, including RIP140, TAFII30,
TIF1, and PGC-1, have varying structures and influ-
ences on NRs activity (13-16).
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The androgen receptor associated proteins identi-
fied by our group are a heterogeneous group of
coregulators that, unlike the p160 family, share little
structural homology (17-21). The AR ligand-binding
coregulators include ARA70, ARA55, ARA54, and the
more recently identified ARAs, ARA267 and su-
pervillin (22, 23). ARA160 and ARA24 were identified
as AR N-terminal associated proteins. Many other NR
coregulators have been shown to associate with the
AR, including SRC-1, CREB-binding protein (CBP), a
novel nuclear protein kinase (ANPK), a small nuclear
ring finger protein (SNURF), and TFIIF (24-27). Given
the diversity of coregulators which interact with the
AR, this review will focus mainly on AR associated
proteins identified and characterized in our laboratory.

Identification of AR N-terminal and C-terminal
coregulators

Several strategies, including the yeast two-hybrid
system, the modified yeast one-hybrid system, Far
western screening of a phage expression library, and
microsequencing of protein purified by immunoprecipi-
tation, were used to isolate AR associated proteins.
Both wild type AR and AR mutant t877s (amino acid
877 changed from threonine to serine) were used as
bait. Mutations of the AR LBD such as the t877s mu-
tation may be involved in androgen independent
prostate tumor growth (28) and we were therefore in-
terested in identifying proteins that interact with this
clinically relevant AR mutant. Using the yeast two-hy-
brid system to screen human cDNA libraries, more
than 20 candidate AR coregulators were identified, in-
cluding SRC-1, ARA70, ARA55, ARA54, ARA267 and
supervillin.

ARA160, an AR N-terminal coregulator, was isolat-
ed by Far western screening using the N-terminus of
the AR (amino acids 38-643) as bait (20). The ligand
independent activation function-1 (AF-1) domain and
a poly-glutamine (poly-Q) stretch are found in the AR
N-terminus. The length of this poly-Q stretch is in-
versely correlated with AR transactivational activity
and has been linked to Kennedy’s disease (spinal/bul-
bar muscular atrophy) a neurodegenerative disease
(29-31). Using the poly-Q region of AR (amino acids
11-208) as bait, ARA24 was identified by yeast two-
hybrid screening (21). Given that both the interaction
of the AR with ARA24 and the severity of Kennedy's
disease are affected by the length of the poly-Q re-
gion, it is possible that the interaction of AR with
ARA24 may be linked to this disorder.

The functional domains of the AR LBD-associated
coregulators ARA70, ARA55 and ARA54

While the physiological functions of ARA70, ARA55
and ARA54, the AR LBD-associated coregulators first
identified by our lab (17-19), have yet to be deter-
mined, their putative functional domains based on
amino acid sequence suggest certain cellular activi-
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ties. ARA70 possesses several myristylation domains
and protein kinase target sites, indicating that it may
be involved in membrane associated signal transduc-
tion events. ARA55, which is highly homologous to the
mouse hic5 TGF-1B-inducible gene (18), has three
lin-11, isl-1, mec-3 (LIM) motifs in the RID of the C-ter-
minal region. LIM motifs are cysteine-rich motifs found
in several proteins with diverse functions and subcellu-
lar distributions. Although the function of LIM motifs
has not been well defined, it has been suggested that
they are involved in developmental regulation (32, 33),
and possibly protein-protein interaction (34).

ARA54 contains a conserved Really Interesting
New Gene (RING) finger motif and a B-box-like struc-
ture. The expression of RING finger family proteins is
conserved from viruses to humans and they are in-
volved in diverse cellular activities, potentially includ-
ing transcriptional regulation and protein-protein inter-
action (35). Interestingly, promyelocytic leukemia
(PML) proteins lacking the RING finger motif act as
dominant negative suppressors of the wild iype PML
protein (36). It is possible that the RING finger motif of
ARA54 is involved in interaction with other compo-
nents of the AR signaling complex or in mediating in-
direct interaction between the AR signaling complex
and the general transcription machinery.

These proteins all lack the characteristic structural
motifs of the p160 family of NR coregulators (5-10),
including the basic helix-loop-helix domain, the Per-
Ahr-Sim domain, and the LXXLL motif, which is re-
quired for NR interaction. While ARA70 and ARA55
both possess LXXLL motifs (17, 18), their respective
RIDs do not encompass these domains, suggesting
that their mechanism of NR interaction differs from
that of the p160 family. Moreover, the effects of these
three coregulators on AR transactivational activity are
distinct, and will therefore be described in more detail
in the following sections.

The interactions of ARA70, ARA55, and ARA54 with
the AR are androgen-dependent

The interactions between the AR and ARA70,
ARA55 and ARA54 were first investigated using the
yeast two-hybrid assay. At concentrations greater than
1 nM, both 5a-dihydrotestosterone (DHT) and testos-
terone (T) were able to stimulate the specific interac-
tion of the wild type or mutant AR with ARAs (18, 19).

The DHT-dependent interaction between the AR
and ARAs was confirmed in vitro using the mam-
malian two-hybrid assay. Plasmids encoding the LBD
of the wild type AR fused to the GAL4 DNA binding
domain (GALOAR), and ARA55, ARA54, or ARA70
fused to the activation domain of VP16 were co-trans-
fected into DU145 cells. VP16 is a herpes simplex
virus protein that can activate transcription in mam-
malian cells. In the mammalian two-hybrid system, the
VP16 activation domain fused to a protein of interest
can activate transcription through specific interaction
with a DNA-binding Gal4 fusion protein. A reporter
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plasmid was also transfected to estimate the interac-
tion of the two fusion proteins according to the level of
luciferase activity. The adenovirus SV40 large T-anti-
gen was used as a negative control.

The interaction between the GALOAR and VP16-
ARA fusion proteins was negligible in the absence of
androgen. When co-transfected DU145 cells were
treated with 1 nM DHT however, there was a significant
increase in luciferase activity. The interaction of VP16-
ARA55 with GALOAR was 3-fold, comparatively weaker
than that of VP16-ARA70 or VP16-ARA54. While the
results of both these assays indicate that the interac-
tions between the AR and ARA70, ARA55 or ARA54
are androgen-dependent, some investigators have re-
ported different results. For example, Alen et al (37) re-
ported that the AR could interact with ARA70 in an an-
drogen-independent manner using the glutathione
S-transferase (GST) pull-down assay. It is possible that
the use of different interaction assays in distinct celi en-
vironments may contribute to this discrepancy.

AR coregulators enhance DHT-mediated AR
transactivational activity

The effects of ARA70, ARA55, ARA54, SRC-1 and
RACS3 on DHT-induced AR transactivational activity
were compared in DU145 cells. To establish the same
transfection efficiency for all proteins, the cDNAs for
the AR and the various ARAs were cloned into the
pSGS5 expression vector. DU145 cells were chosen for
their low level of background AR transactivational ac-
tivity due to their lack of an endogenous AR.

In the absence of DHT, there was no AR transacti-
vational activity in DU145 cells transiently transfected
with the AR and/or individual AR coregulators. In the
presence of 1 nM DHT however, AR transactivational
activity could be induced 5 - 7 fold. In cells co-trans-
fected with the AR and ARAs at a 1:3 ratio (typically
1.5ug AR: 4.5ug ARA), DHT-induced AR activity was
further enhanced to 22 to 45-fold (38). DHT-mediated
AR transactivational activity was greatest in the pres-
ence of ARA55 and ARA70, as compared to ARA54,
RAC3, or SRC-1.

Other studies have demonstrated that transcription-
al coregulators can cooperate to synergistically en-
hance NR transactivational activity (39). We investi-
gated whether ARA54 could cooperate with ARA70 or
SRC-1 to synergistically enhance AR activity in
DU145 cells. Coexpression of any two of these coreg-
ulators increases AR transactivational activity addi-
tively compared to that observed when any single
coregulator is expressed (19). These results suggest
that ARA54, ARA70 and SRC-1 utilize different mech-
anisms to enhance AR activity.

AR coregulators can enhance the response of the AR
to non-androgen agonists

As androgen ablation is the cornerstone for treating
advanced prostate cancer, it is important to ascertain

whether non-androgens can stimulate AR transactiva-
tional activity. We have previously reported that the re-
sponse of the AR to 10 nM 17B-estradiol (E,) can be
enhanced by ARA70 (40). Subsequently, we demon-
strated that ARA70 can enhance 10 nM E,-mediated
AR ftransactivational activity about 20-fold, while SRC-1
can enhance AR activity 7 to 8-fold under similar con-
ditions. Other AR coregulators tested demonstrated
only marginal effects on AR activity (38). In addition,
Han et al recently reported that some selective coreg-
ulators, such as ARA70, can enhance the effect of E,
on some AR LBD mutants isolated from the au-
tochthonous Transgenic Adenocarcinoma of Mouse
Prostate (TRAMP) murine model (41).

Since ARA70 can enhance the androgenic activity
of E,, we were interested in determining if AR coregu-
lators can also enhance the agonist activity of hydro-
xyflutamide (HF), an antiandrogen commonly used to
treat prostate cancer. Conversion of antiandrogens,
such as HF, from antagonists to agonists during andro-
gen ablation therapy of prostate cancer may contribute
to the progression of prostate tumors to an androgen-
independent stage. The molecular basis for this so-
called flutamide withdrawal syndrome is currently un-
clear. HF-mediated wild type AR transactivational ac-
tivity can be increased 3 to 6-fold at 1 to 5 yM concen-
trations of HF by ARA70 and ARAS55 (18, 42, 43). On
the other hand, ARA54 and SRC-1 only marginally af-
fect HF-mediated wild type AR activity. The promotion
of E, and HF agonism towards the AR by some AR
coregulators represents a potentially serious clinical
dilemma in the treatment of advanced prostate cancer.

Promotion of the interaction between the AR and
ARAs by the HER2/Neu Kinase

Previously, we reported that the growth of prostate
cancer LNCaP cells could be increased by stable
transfection of HER2/Neu (44). HER2/Neu, also known
as c-erbB-2, is a membrane protein tyrosine kinase
that has been implicated in the progression of breast
cancer (45). We also demonstrated that HER2/Neu
can induce prostate specific antigen (PSA), a marker
for the progression of prostate cancer, through the
MAP kinase pathway at low concentrations of andro-
gen (44). The MAP kinase target phosphorylation site
on the human AR was identified in the N-terminus,
(amino acids 511 to 515). This MAP kinase target site
is conserved among the human, rat and mouse ARs.
Site-directed mutagenesis studies further confirmed
the importance of this site in HER2/Neu-MAP kinase-
mediated AR transactivation. The mutant ARs514a
(amino acid 514 changed from serine to alanine) has
lower HER2/Neu-mediated AR transactivational activi-
ty compared to the wild type AR.

In order to elucidate the molecular mechanism of
HER2/Neu-mediated induction of AR transactivation,
we used a mammalian two-hybrid assay to study the
potential effects of HER2/Neu on the interaction
between the AR and ARA70N (amino acids 1 to 401
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of ARA70). Interaction between VP16-AR and GAL4-
ARA70N in DU145 cells only occurred in the pres-
ence of 1 nM DHT. HER2/Neu further promoted the
DHT-dependent interaction between AR and ARA70N
(44), suggesting that the induction of AR transactiva-
tion by HER2/Neu may involve the promotion of the
interaction between the AR and ARAs. Moreover, it is
likely that phosphorylation of the AR N-terminus may
also affect its interaction with AR coregulators.

Interaction of the AR, ARA70, ARA55,
and ARA54 with proteins exhibiting histone
acetyltransferase activity

NR signaling is believed to involve the recruitment of
coregulator complexes that enable the DNA-bound NR
to communicate with the transcriptional preinitiation
complex to activate target gene expression (46-48).
While the identification and functional characterization
of the components of these complexes are formidable
tasks, recent studies have linked NR signaling and chro-
matin acetylation. Moreover, several coregulators includ-
ing CBP/p300 (4), SRC-1 (49) and, SRC-3/RAC3/ACTR
(8), either possess intrinsic histone acetyltransferase
activity or are able to recruit the p300/CBP-associated
factor (P/CAF), which has HAT activity (50).

Using the mammalian two-hybrid and coimmuno-
precipitation assays, we have demonstrated that CBP
can interact with the AR and that P/CAF can interact
with the AR and ARA70, ARA55 and ARA54 (38). The
results of this study suggest that AR signaling may in-
volve chromatin remodeling by histone acetylation via
the interaction of the AR or ARAs with proteins pos-
sessing HAT activity.

The AR N-terminal coregulators, ARA160 and ARA24

ARA160 was the first AR N-terminal coregulator
identified using a purified AR N-terminal peptide as a
probe to screen a human testis expression library.
This 160 kD protein shares an identical sequence with
TMF, an HIV-1 TATA element modulatory factor (48),
based on Genebank sequence comparison. The direct
interaction of ARA160 with the AR was confirmed
using Farwestern blotting and coimmunoprecipitation
assays (20). Affinity gel pull-down and mammalian
two-hybrid assays suggest that this interaction is en-
hanced, though not dependent, upon androgens.

In prostate cancer cells, transiently transfected
ARA160 can significantly enhance AR transactivation-
al activity and to a lesser extent, glucocorticoid recep-
tor (GR) and progesterone receptor (PR) activities
(20). These results suggest that ARA160 is not a spe-
cific AR coregulator, and likely recognizes conserved
structural motifs in SRs rather than specific se-
guences. Furthermore, ARA160 is unable to promote
the agonist activity of HF, indicating that it utilizes a
distinct coregulatory mechanism compared to that of
ARA70 or other AF-2-associated coregulators.
Interestingly, ARA160 and ARA70 can synergistically
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enhance AR transactivational activity when cotrans-
fected in human prostate cancer PC-3 cells (20).

The other AR N-terminal coregulator identified by
our lab, ARA24, interacts directly with the poly-Q re-
gion of the AR (21). ARA24 shares an identical nu-
cleotide sequence with Ran, a nuclear transport pro-
tein. The length of the poly-Q stretch is inversely cor-
related with AR transcriptional activity (29), and ab-
normal expansion of this region is linked to the neu-
rodegenerative disease, spinal/bulbar muscular atro-
phy (SBMA) (29-31). SBMA is often associated with
gynecomastia and reduced fertility (Kennedy’s syn-
drome), suggesting abnormal AR signaling (30), and
the severity of the syndrome is inversely correlated
with the length of the poly-Q stretch (31).

Using the mammalian two-hybrid assay and im-
munocytochemistry, we have shown that the wild type
AR can interact with Ran/ARA24 and co-translocate
to the nucleus in the presence of DHT, while the
SBMA AR weakly interacts with Ran/ARA24 and is lo-
cated mainly in the cytoplasm (21). The enhancement
of SBMA AR transactivational activity by Ran/ARA24
is also comparatively weaker than the enhancement
of wild type AR activity in PC-3 cells. Therefore, the
reduced interaction of Ran/ARA24 with the SBMA AR
(poly-Q expansion) may partially provide a molecular
basis for Kennedy’s disease.

The AR N-terminal domain has also been reported
to interact with the general transcription factors, TFIIF
and TBP (27). We have also identified cdk-activating
kinase (CAK), the kinase moiety of TFIIH, as an AR
N-terminal domain associated coregulator (51). The
interaction between the AR N-terminal domain and
general transcription factors suggests that AR activa-
tion of target gene expression may be enhanced by
the recruitment of the general transcription machinery
to the core promoter, possibly involving AF-1.

ARA267, a novel SET domain AR coregulator

ARA267 is a novel 2427 amino acid protein contain-
ing the evolutionarily conserved Su(var)3-9,
Enhancer-of-zeste and Trithorax (SET) domain and
four plant homeodomain (PHD) fingers (22). Both SET
domains and PHD fingers have been implicated in
chromatin-mediated transcriptional regulation.
Moreover, ARA267 shares 82% homology with anoth-
er SET domain containing protein, NSD1 (52).
Interestingly, NSD1 possesses two distinct nuclear re-
ceptor interaction domains, one that enables NSD1 to
bind to helix 1 in the LBD of unliganded NRs and the
other facilitating interaction with helix 12 of the LBD of
liganded NRs (52). It has therefore been speculated
that NSD1 may represent a class of bifunctional tran-
scriptional intermediary factors with the ability to en-
hance or repress NR transactivational activity.

The AR LBD was used as bait in the yeast two-hy-
brid system to screen ARA267 out of a human brain
cDNA library (22). The DHT-dependent interaction of
ARA267 with the AR LBD, but not the AR N-terminus






