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FUNCTIONAL ANALYSIS OF ANDROGEN RECEPTOR
N-TERMINAL AND LIGAND BINDING DOMAIN
INTERACTING COREGULATORS IN PROSTATE CANCER

Shuyuan Yeh, Erik R. Sampson, Dong Kun Lee, Eungseok Kim, Cheng-Lung Hsu, Yuh-Ling
Chen, Hong-Chiang Chang, Saleh Altuwaijri, Ko-En Huang, and Chawnshang Chang

Abstract: Several new androgen receptor (AR) coregulators, including ARA70,
ARAb55, ARAB4, ARA160 and ARA24, associated with the N-terminal or the ligand-
binding domain (LBD) of AR, have been identified by our group. We first identified
the AR-LBD coregulators ARA70, ARA55, and ARA54. Our previous reports suggest
that ARA70 can enhance the androgenic activity of 17B-estradiol (E,) and
antiandrogens toward AR. It is of interest to compare and determine if the specificity
of sex hormones and antiandrogens can be modulated by different coregulators.
Our results indicate that, ARA70 is the best coregulator for increasing the androgenic
activity of E,. Only ARA70 and ARA55 were able to significantly increase the an-
drogenic activity of hydroxyflutamide, the active metabolite of a widely-used
antiandrogen for the treatment of prostate cancer. Furthermore, our results suggest
that among the LBD coregulators, ARA70 has a relatively high specificity for AR
in the human prostate cancer cell line DU145. Together, our data suggest that the
androgenic activity of some sex hormones and antiandrogens can be modulated
by selective AR coactivators. In addition to the AR-LBD associated proteins, ARA24
and ARA160 have been identified as AR coregulators, interacting with the AR N-
terminal instead of the LBD. Functional analysis revealed that the AR N-terminal
coregulator ARA160 could cooperate with the AR LBD-associated coregulator
ARA70. Our data indicate that ARA24 could also interact with AR, and that this
binding is decreased by an expanding poly-glutamine (Q) length within AR. The
length of the poly-Q stretch in the AR N-terminal domain is inversely correlated
with the transcriptional activity of AR. Our data suggest that optimal AR
transactivation may require interaction of AR with AR coregulators. The identifi-
cation of factors or peptides that can interrupt androgen-mediated AR-ARA inter-
actions may be useful in the development of better antiandrogens for treating
androgen-related diseases, such as prostate cancer.
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"~ As a member of the steroid receptor (SR) superfamily,
the androgen receptor (AR) functions primarily as a
ligand-activated transcription factor that may play criti-
cal roles in prostate cancer growth and libido [1, 2, 3].
The AR regulates androgen target genes by binding to

androgen response elements with the potential in-
volvement of coregulators [3].

In general, most of the SRs have an N-terminal
transactivation domain, a DNA binding domain, a
hinge region, and a C-terminal ligand-binding domain
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(LBD). The crystal structures of the LBDs of several
receptors reveal that the ligands are almost entirely
buried within the conserved core of helices 3, 7 and 10
[4]. A conserved C-terminal helix, known as the activa-
tion function-2 (AF-2) domain, is required for ligand-
dependent gene activation and becomes folded against
the LBD of the agonist-bound nuclear hormone recep-
tor.

Our group and several others have demonstrated
that receptors may utilize a group of coregulators to
effectively stimulate gene transcription, which would
depend on allosteric alterations in the AF-2 helical
domain. These coregulators would modulate the SR’s
function through the transactivation process and may
function as a bridge factor between the receptor and
the basal transcriptional machinery to promote changes
in chromatin structure [5].

Due to the homology of the receptor interaction
domain (RID) and similar functional domains, some of
the coregulators have been grouped into the SR
coactivator (SRC)/p160 family containing SRC-1/
NCoA-1 [6], GRIP1/TIF2/NCoA-2 7, 8], and RAC-3/
ACTR/P/CIP/NCoA-3 [9, 10, 11]. The RIDs of these
coregulators are highly conserved and contain three
repeats of the consensus sequence LXXLL (where X is
any amino acid) [12]. In addition, other receptor
coregulators, such as TIF1, RIP140, TAFII30, and PGC-
1 also have been identified [13-16]. Some of these
coregulators have been shown to bind to multiple
receptors, but the others may possess some specificity
[16].

The coregulators identified in our lab, including
ARA70, ARA55, ARA54, Rb, ARA160, TIFIIH, and
ARA24 have different RIDs, transactivation domains,
and signature functional domains, as compared to the
SRC/p160 family [17-22]. It is of interest to systemati-
cally study the differential effects and characteristics of
these unique coregulators and SRC-1. Currently, some
other coregulators have also been identified that asso-
ciate with the AR DNA binding domain or AR N-
terminal domain, including CREB-binding protein
(CBP), a small nuclear ring finger protein (SNURF), a
novel nuclear protein kinase (ANPK), and TFIIF [23-
25]. In this review, we will mainly focus on the associ-
ated proteins that were identified in our laboratory.

IDENTIFICATION OF THE N-TERMINAL AND
C-TERMINAL AR-LBD COREGULATORS

To identify the coregulators by protein-protein interac-
tion, several strategies including the yeast two-hybrid
system, the modified yeast one-hybrid system, Far west-
ern screening of a phage expression library, and
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microsequencing of the protein purified by immunopre-
cipitation, were employed.

The hypothesis that a mutation of AR (mtAR) in the
LBD may change the antiandrogen specificity and
contribute to the progression of prostate cancer from
an androgen-dependent to an androgen-independent
stage has been widely accepted [26]. Therefore, we
were interested in investigating if coregulators were
required for the wild type AR (wtAR) or mtARs to exert
their distinct functions. The LBD of wtAR or mtAR
t877s (codon 877 was changed from threonine to
serine) was used as bait to screen out potential positive
clones from a human prostate cDNA library by the yeast
two-hybrid system. Using this strategy, we have ob-
tained more than 20 candidates including SRC-1. After
characterization, three of the positive cDNA clones,
ARA70, ARA55 and ARAbH4, were further studied.

To date, two AR N-terminal associated proteins,
ARA160 and ARA24, have also been identified in our
laboratory. ARA160 was identified by a Far-western
screening assay using the AR N-terminal domain (amino
acids 38-643) [21]. The N-terminal domain of nuclear
receptors contain a ligand-independent activation func-
tion-1 (AF-1), which is under the control of AF-2. The
length of the poly-glutamine (Q) stretch in the AR N-
terminal domain is inversely correlated with AR tran-
scriptional activity. In addition, an abnormal expansion
of the poly-Q stretch [27-29] is linked to
neurodegenerative disease, spinal/bulbar muscular
atrophy or Kennedy’s disease. A yeast two-hybrid assay
using the AR poly-Q stretch region (amino acids 11—
208) as bait identified the AR poly-Q) region-associated
coregulator ARA24 [22]. The interaction between
ARAZ24 and AR is affected by expanding the poly-Q
length within AR. This interaction between the poly-Q
length of AR and ARA24 may be linked to the develop-
ment of Kennedy’s disease.

We will first introduce the functional characteriza-
tion of the AR-LBD coregulators, followed by the
characterization of the N-terminal coactivators.

FuncTtioNaL DoMAINS OF DIFFERENT AR
COREGULATORS

The unique sequences of ARA70, ARA55, and ARA54
place these three AR coregulators outside the p160
family of common SR coregulators that includes SRC-
1, TIF2/GRIP1, and RAC3/ACTR/AIB1 [6-11]. For
example, these three AR coregulators lack such com-
mon motifs as the basic helix-loop-helix domain, the
Per-AhR-Sim domain and the LXXLL motif, which are
shared by p160/SR coregulators. Furthermore, it has
been well documented that LXXLL is the signature
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motif used by members of the pl60 family of
coregulators to interact with SRs [6-11]. Although
there is an LXXLL motif in the N-terminal domains of
ARA70 and ARAbH5, this motif is not located in the RIDs
of these two coregulators [19]. Moreover, ARAB5 has
three lin-11, isl-1, mec-3 (LIM) motifs in the interaction
domain of the C-terminal region. LIM is a cysteine-rich
motif that is found in several proteins (including Trip
6) with diverse functions and subcellular distributions.
The biochemical properties and functions of LIM motifs
have not been fully defined, but it has been suggested
that their main function is in developmental regula-
tion [30, 31]. Schmeichel and Beckerle have reported
that LIM motifs might be involved in protein-protein
interaction [32]. Therefore, the LIM motifs in the
ARA55 C-terminal region may contribute to its interac-
tion with AR.

ARAbB4 is another interesting AR coregulator with a
novel sequence, containing a conserved Really Inter-
esting New Gene (RING) finger motif and a B-box-like
structure. Proteins in the RING finger family are ubig-
uitously expressed in species ranging from humans to
viruses, participate in diverse cellular processes, and
are possibly involved in some aspects of transcriptional
regulation and protein-protein interaction [33]. In
addition, it has been reported that mutant
promyelocytic leukemia (PML) proteins without the
RING finger motif can become potential dominant-
negative inhibitors of wild type PML protein [34].
Although the significance of the RING finger domain
in ARA54 remains unclear, it is possible that ARA54
might use this domain to interact with other key factors
in the activated nuclear receptor-mediated signaling
complex and to function as a bridge factor between AR
and the general transcription machinery.

There is also no homology among ARABS, ARA54,
and ARA70, the AR coregulators first identified [17, 19,
20]. Although these AR coregulators enhance AR tran-
scriptional activity in DU145 cells, their effects on AR
are distinct, and this issue will be discussed in following
sections. The precise roles of these three coregulators
may, therefore, differentially affect physiologic influ-
ences on prostate cells. Together, it will be of great
interest to further characterize the functions of these
three AR coregulators.

SRC-1 anp SRC-3/RAC3/ACTR/AIB1
ALSO FuncTiON AS AR COREGULATORS

To investigate whether two other SR coregulators, SRC-1
and SRC-3/RAC3/ACTR/AIBI [6, 9, 10, 11], can func-
tion as AR coregulators, we co-transfected these two
cofactorswith AR. Our data indicate that these coregulators
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could enhance AR transcriptional activity in the presence
of 1 nM 5-o-dihydroxytestosterone (DHT) [35]. Although
it has been speculated that SRC-1 and SRC-3/RAC3/
ACTR are coregulators for many SRs, our results provided
the first evidence showing that SRC-1 and SRC-3 /RAC3/
ACTR functionally enhance AR transactivation activity

(Fig. 1).

DHT-MEDIATED AR TRANSACTIVATION IN THE
PRrESENCE OF DIFFERENT AR COREGULATORS

Among the cell lines we tested (CHO, DU145, LNCaP,
PC-3, HeLa, and MCF7), the human prostate cancer
cell line DU145 was used due to its low background
level of AR transcriptional activity in the absence of
exogenous AR. To compare the relative enhancement

DHT-AR-cofactors
ARA 70 SRG-1  RAG3/
ACTR

AR target gene
60 —
50
)
&
40
— 30
-
]
k%
2 20
=
T
[
10—
0 -
wtAR + + + + +
cofactor — — + + +
ARA 70 SRC-! RAC3/
ACTR
S [y T [ I
DHT (1 nM) + + +

Fig. 1. Comparison of the influence of three coactivators, ARA70, SRC-
1, and SRC-3/RAC3/ACTR on DHT-mediated AR transcriptional
activity. One fig of AR and 5 g of each cofactor were used in standard
calcium phosphate cotransfection experiments in DU145 prostate cancer
cells. Relative CAT activity was quantified by a Phosphorlmager.

887



S.Y. Yeh, E.R. Sampson, D.K. Lee, et al

of DHT-mediated AR transcriptional activity by
different AR coregulators, human AR and available AR
coregulators (ARA70, ARAB5, ARA54, SRC-1, and
RAC3) were each inserted into the pSG5 expression
vector to establish the same transfection efficiency.
When human AR and/or individual AR coregulators
were transiently expressed in DU145 cells without ex-
ogenous DHT, there was no AR transcriptional activity.
AR transcriptional activity could be induced 5- to 7-fold
when AR was expressed in the presence of 1 nM DHT.
The addition of various AR coregulators, ata 1:3 AR: AR
coregulator ratio, (typically 1.5 ug AR: 4.5 ug ARA),
could further enhance AR transcriptional activity to 22-
to 45-fold in the following order: ARAB5 > ARA70 >
ARA54 > RAC3 > SRC-1 (Fig. 2). Together, these data
suggest that ARA55 and ARA70 are the two most effec-
tive AR coregulators in human prostate cancer DU145
cells.

COEXPRESSION OF ARA70, ARAbB4, or
SRC-1 caN AppiTiveLy ENHANCE AR
TRANSCRIPTIONAL ACTIVITY

It has been demonstrated that the coexpression of SRC-
1 and CBP can stimulate estrogen receptor (ER) and
progesterone receptor (PR) transcriptional activity in a
synergistic manner [36]. Since both ARA70 and SRC-1
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Fig. 2. Characterization of the effect of DHT on AR-mediated
transactivation in the presence or absence of different ARAs in human
prostate cancer DUI45 cells. One and a half pig of human AR alone or
combined with 4.5 pg of different AR coactivators were transfected into
DU145 cells. Cells were treated with 1 nM DHT following transfection.
The transfection efficiency was normalized by the B-gal activity. Relative
CAT activity was calculated from PhosphorImager quantitation. The
data represent the mean + SD of three independent experiments.
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can act as coregulators of AR transcriptional activation
[17, 35], we were interested in knowing if the
coexpression of ARA54 with ARA70 or SRC-1 would
synergistically enhance AR-mediated transcriptional
activity. While ARA70, ARA54 and SRC-1 can individu-
ally induce AR transcriptional activity in DU145 cells,
our data suggest that when any two of these coregulators
are expressed simultaneously, AR-mediated transacti-
vation is increased additively, but not synergistically
relative to that observed in the presence of any single
coregulator {20]. These results indicate that these
coregulators do not cooperate in their enhancement
of AR-mediated transcriptional activity, and likely uti-
lize distinct coactivational mechanisms.

INTERACTIONS BETWEEN AR AND ARA70,
ARAbB5, orR ARAH54 ARE ANDROGEN-
DEPENDENT

To determine whether the three ARAs identified by our
group can interact with AR in an androgen-dependent
manner, we first applied a yeast two-hybrid assay. We
found that both DHT and testosterone (T) could pro-
mote the specific interaction of ARAs with wtAR or mtAR
at concentrations greater than 1 nM [19, 20].

Next, we applied a mammalian two-hybrid assay to
confirm this DHT-dependent interaction between AR
and ARAs in vitro. DU145 cells were co-transfected with a
plasmid encoding the LBD of wtAR fused to the GAL4
DNA binding domain (GALOAR) and a plasmid encod-
ing ARA55, ARA54, or ARA70 fused to the activation
domain of VP16. VP16 is a herpes simplex virus protein
that can activate transcription in mammalian cells. In the
mammalian two-hybrid system, the VP16 activation do-
main fused to a protein of interest can activate transcrip-
tion through specific interaction with a DNA-binding
Gal4 fusion protein. Interaction was estimated by deter-
mining the level of luciferase activity from the reporter
plasmid, and the SV40 large T-antigen was used as a
negative control. In the absence of androgen, the interac-
tion of GALOAR and VP16-ARA was negligible. In contrast,
a significant level of luciferase activity was induced by the
co-transfection of GALOAR with VP16-ARA70 or VP16-
ARAbB4 in the presence of 1 nM DHT. The induction by
VP16-ARA55 was not as high as that of ARA70 or ARAB4,
but was still over 3-fold. Together, results from the yeast
two-hybrid assay and the mammalian two-hybrid assay
indicate that the specific interaction between an ARA and
AR is an androgen-dependent process. Using the GST
pull-down assay however, Alen et al reported that AR
could also interact with ARA70 in the absence of andro-
gen [37]. While the cause of this discrepancy is currently
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unclear, the use of different assays in different cell envi-
ronments may be a contributing factor.

E,-MEDIATED AR TRANSCRIPTIONAL
AcTIVITY IN THE PRESENCE OF DIFFERENT
AR COACTIVATORS

Previous experiments using the mouse mammary tumor
virus—androgen response element—chloramphenicol
transferase (MMTV-ARE-CAT) reporter system (CAT as-
say), have shown that 10 nM E, can enhance AR transcrip-
tional activity in the presence of ARA70 [35]. We were
interested in determining if this new ARA70-mediated E,-
AR pathway could also occur in the presence of other AR
coregulators. We found that E, (10° M to 10° M) could
not significantly enhance AR transcriptional activity in the
absence of AR coregulators. Addition of ARA70 could
enhance AR transcriptional activity 2- to 4-fold at 1 nM E,
and about 20-fold at 10 nM E,. Other AR coregulators
demonstrated slight induction (2- to 3fold) at 10nM E,
treatment with the exception of SRC-1, which was able to
enhance Eymediated AR transcriptional activity 7- to 8-
fold (Fig. 3).

Relative CAT activity (fold)

wt AR+ + ++ = +H+ =+ - o+~ - 4+
ARA 70 ARA 55 ARA 54 Rb SRC-1 RAC3/
coactivator — — ACTR
17B-E2 (nM) — 10 11010 11010 11010 11010 11010 11010

Fig. 3. Characterization of the effect of E, on AR-mediated
transactivation in the presence or absence of different ARAs in human
prostate cancer DUI45 cells. DU145 cells were co-transfected with 3.

5ug MMTV-CAT and 1.5 ug pSG5-AR in the presence or absence of

AR coactivatorswith 1 nM or 10 nM E2 treatment. The CMV-B-gal
construct was used as an internal control, and the relative CAT
activity was normalized by the B-gal activity. The data represent the
mean 1+ SD of four independent experiments.

J Formos Med .Assoc 2000 ® Vol 99 ¢ No 12

Androgen receptor coregulators in prostate cancer cells

10

O Vevtor
W ARA 70
8 B ARA 35
B ARA 54
7 Rb
0 SRC
6
4

coactivator

HF

Fig. 4. Characterization of the effect of HF on AR-mediated
transactivation in the presence or absence of different ARAs in prostate
cancer DUI45 cells. DU145 cells, transiently co-transfected with wild
type AR and different coactivators (lanes 3-7), were treated with 1 uM
HEF for 24 h. The cells were then harvested and whole cell extracts were
used for the CAT assay. Lanes one and two show AR activity without
coactivators (set as one fold). Values represent the mean + SD of at least
three determinations.

HyYDROXYFLUTAMIDE-MEDIATED AR TRAN-
SCRIPTIONAL ACTIVITY IN THE PRESENCE OF
Di1rrERENT AR COREGULATORS

The conversion of antiandrogens, such as hydroxy-
flutamide (HF), from antagonists to agonists during
androgen ablation therapy of prostate cancer has been
proposed as one of the reasons why most prostate cancers
progress to an androgen-independent stage. The de-
tailed molecular mechanism of this phenomenon, the
so-called flutamide withdrawal syndrome, remains unclear.
Since ARA70 can enhance the androgenic activity of E,,
we were interested in knowing whether AR coregulators
could enhance the agonist activity of HF. Our results
indicate that ARA70 and ARA55 could enhance HF-
mediated wtAR transcriptional activity 3- to 6-fold at 1 to
5 uM of HF [19, 38, 39]. Other coregulators, such as
ARAb54, SRC-3/RAC3/ACTR/AIBI, SRC-1, and Rb,
showed only marginal effects on wtAR activity (Fig. 4).
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Together, these data indicate that some selective AR
coregulators can promote agonist activity by HF at phar-
macologic concentrations, and this knowledge may help
us to explain why HF can be converted to an agonist
during androgen ablation therapy.

TaE HER2/NEU-MAP KINASE SIGNAL
CASCADE CAN REGULATE THE FUNCTION OF
AR AND PROMOTE THE INTERACTION BE-
TWEEN AR AND AR ASSOCIATED PROTEINS

Overexpression of the HER2/Neu proto-oncogene
has been linked to the progression of breast cancer.
Our previous report demonstrated that the growth
of prostate cancer LNCaP cells could also be increased
by the stable transfection of HER2/Neu [40]. Using
AG879, a HER2/Neu inhibitor and PD98059, a MAP
kinase inhibitor, as well as MAP kinase phosphatase-1
[41-43], we found that HER2/Neu could induce
PSA, a marker for the progression of prostate cancer,
through the MAP kinase pathway at a low androgen
level [40]. The phosphorylation site of human AR by
MAP kinase was also identified in the N-terminus (amino
acids 511 to 515). The amino acid surveys further
identified a consensus MAP kinase phosphorylation
site that is conserved among human, rat, and mouse
ARs. Site-directed mutagenesis studies further con-
firmed that this consensus site may play an important
role in HER2/Neu-MAP kinase-mediated AR
transactivation. Compared to wtAR, the mtARs 514a
(amino acid 514 was changed from serine to alanine)
has lower HER2/Neu-mediated AR transcriptional
activity.

Moreover, our data suggested that this HER2 /Neu-
induced AR transactivation might function through the
promotion of interaction between AR and AR coregulators,
such as ARA70. To further study the molecular mecha-
nism of how HER2/Neu can induce AR transactivation,
we used a mammalian two-hybrid system to study the
potential effects of HER2/Neu on the interaction of AR
and ARA70N (amino acids 1-401 of ARA70). Transient
transfection of AR or ARA70ON peptide alone showed
negligible activity. On the other hand, the interaction
could be induced by cotransfection of AR and ARA70N in
the presence of 10 nM DHT. Interestingly, addition of
HER2/Neu further promoted the interaction between
AR and ARA70N (Fig. 5). These data indicate that the
induction of AR transactivation by HER2/Neu may in-
volve the promotion of interaction between AR and
ARAs. The phosphorylation of the AR N-terminus may
also affect the interaction of the AR LBD and associated
proteins.
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Fig. 5. Promotion of the interaction between AR and ARA70 by
HER2/Neu. The human prostate cancer cell line DU145 was tran-
siently co-transfected with 2.5 pg of the reporter plasmid, pG5-LUC,
2.5 ug of the Gal4 DBD fused to ARA70 (amino acids1 76-401), and
2.5 ug VP16-AR fusion protein in the presence or absence of HERZ/
Neu. One nM of DHT was then added 24 h before cells were harvested
Jor the CAT assay.

CaN AR, ARA70, ARAbH5, AND ARAB4
INTERACT WITH PROTEINS THAT EXHIBIT
HISTONE ACETYLTRANSFERASE ACTIVITY?

It has been speculated that specific sets of proteins are
recruited by SRs as coregulators, and may function as
bridge factors between the receptors and general tran-
scription factors in the preinitiation complex [44-46].
Identification of and understanding the functions of
individual components of these complexes are critical
in elucidating how nuclear receptors regulate their
target genes. More significantly, recent progress in the
study of coregulators has further linked the transcrip-
tional activation of steroid receptors to chromatin
acetylation. Some of these coregulators, such as CBP/
p300 [5], SRC-1 [47], and SRC-3/RAC3/ACTR [9],
have been found to either have intrinsic histone
acetyltransferase (HAT) activity or the capacity to re-
cruit the p300/CBP-associated factor (P/CAF), which

J Formos Med Assoc 2000 ® Vol 99 ¢ No 12






