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Abstract

Human androgen receptor (AR) associates with coactivator or corepressor proteins that modulate its activation in the presence of ligand.
Early studies on AR coactivators in carcinoma of the prostate were hampered because of lack of respective antibodies. Investigations at mRNA
level revealed that most benign and malignant prostate cells express common coactivators. AR coactivators SRC-1 and TIF-2 are up-regulated
in tissue specimens obtained from patients who failed prostate cancer endocrine therapy. Increased expression of these coactivators is associated
with enhanced activation of the AR by the adrenal androgen dehydroepiandrosterone. Similar association between AR coactivator expression
and high prostate cancer grade and stage was reported for RAC-3 (SRC-3). The transcriptional integrator CBP was detected in clinical
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pecimens representing organ-confined prostate cancer, lymph node metastases and tumour cell lines. Agonistic effect of the
ntiandrogen hydroxyflutamide was strongly potentiated in prostate cells transfected with CBP cDNA. A functional homologue of C

s implicated in ligand-independent AR activation by interleukin-6. The AR coactivator Tip60, which is up-regulated by androgen ab
ecruited to the promoter of the prostate-specific antigen gene in the absence of androgen in androgen-independent prostate can
t was proposed that the cofactor ARA70 is a specific enhancer of AR action. However, research from other laboratories has de
nteraction between ARA70 and other steroid receptors. Although in some cases dominant-negative coactivator mutants inhibited p
f prostate cancer cells in vitro, confirmation from in vivo tumour models is missing. In summary, several abnormalities in AR co
xpression and function are associated with prostate cancer progression.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Differences in induction of steroid receptor activity in
arious cell lines led to the conclusion that, in addition to
omposition or concentration of serum, there must be cell-
pecific factors that influence outcome of receptor activation.
uclear receptors compete for a limited number of tran-
cription factors for activation or repression of specific target
enes. Various in vitro and in vivo techniques have been
pplied to identify nuclear receptor-associated cofactors.
ost frequently, yeast two-hybrid assay has been used.
A well-characterized group of coactivators is the p160

amily of proteins to which SRC-1, TIF2 and AIB1 protein
elong. p160 coactivators interact with both N-(harbours
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activation function (AF)-1) and C-terminal region (s
of AF-2) of the androgen receptor (AR). The coactiva
p300 and its functional homologue CBP are transcripti
integrators that may be important for cross-talk with o
signaling pathways. There are two major mechanism
which coactivators modulate functional activity of ster
receptors. p300/CBP, which is a class I coactivator, bri
the transcriptional machinery to nuclear receptors. Cla
coactivators, such as p160 proteins, modify chromatin s
ture through the histone acetyltransferase or ATP-depe
chromatin remodeling activity[1]. SRC coactivators are cha
acterized by NH2-terminal tandem basic helix–loop–he
and PAS (Per/Arnt/Sim homology) domains, contain th
LXXLL motifs in the central portion of the protein and ca
a COOH-terminal glutamine-rich region[1]. PIAS (protein
inhibitor of activated signal transducer and activator or t
scription, STAT) proteins influence the DNA-binding abi
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Fig. 1. AR domains implicated in specific interactions with coactivator pro-
teins (DBD, DNA-binding domain; H, hinge region; LBD, ligand-binding
domain).

of the STAT transcription factors, a characteristic feature of
type I coregulators. PIAS 1 and PIAS 3 are known to enhance
transcriptional activity of the AR. An important issue that
should be considered in studies with AR coregulators is
an interference of some apparent coactivator expression
vectors with receptor expression[2]. Therefore, appropriate
controls should be included in these experiments to avoid
misclassification of AR-interacting proteins. Coactivators
from the p160 and p300/CBP protein families are recruited
after binding of receptor dimers to the regulatory regions of
hormone responsive genes. Interestingly, p300 is recruited
to hormone regulatory elements through its interaction with
p160 proteins. After coactivator recruitment, the levels of
histone acetylation within the promoter region increase.
Histone acetylation weakens their interactions with the
DNA. This step is followed by an exchange of coactivators at
the AF-2 surface of the ligand-binding domain of receptors,
recruitment of the RNA polymerase II holoenzyme and
the SWI/SNF multiprotein chromatin remodeling complex
to the promoter in order to allow binding of the basal
transcriptional machinery to the DNA template[3].

This review focuses on specific aspects of coactivator ac-
tion in prostate cancer. Detailed overview of basic aspects of
interaction between the AR and coactivators was published
elsewhere[1]. AR domains that interact with frequently stud-
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expression of coactivators in prostate tissue by steroid and
peptide hormones. Data obtained in PCR studies are not
necessarily representative of protein expression in prostate
cancer tissue and those studies could be regarded as the first
step in understanding action of cofactors in the prostate. PCR
studies confirmed expression of most cofactors in the vast
majority of cultured prostate cells[5]. Coactivators’ mRNA
was detectable in epithelial and stromal primary cell cultures
and established cell lines in the prostate. Antibodies for
detection of cofactors by Western blot or immunohistochem-
istry have become available and a number of research studies
that report correlation between coactivator expression and
various clinical and pathological parameters has increased.
Another approach in coactivator research in prostate cancer
is based on transient expression of cofactors in prostate
cancer cells. In such experiments, the issue of contribution
of cofactors to acquisition of agonistic properties of antian-
drogenic drugs is frequently addressed. Stable expression of
cofactors in prostate cancer cells is a more sophisticated way
to investigate their influence on regulation of proliferation
and apoptosis. However, there are also difficulties with
stable transfection of some prostate cells and amount of data
generated by this approach is rather limited.
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Previous research has revealed a role for the AR in

anced carcinoma of the prostate. In contrast to some a
nd human prostate cancer cell lines that lack AR expres

he receptor protein is expressed in most carcinoma s
ens. Because of point mutations and receptor intera
ith signaling pathways of cytokines and peptide hormo
R activation may increase in therapy-resistant prostate
er[4]. Better understanding of action of AR-associated
eins may thus facilitate development of new experime
herapies in prostate cancer.

. General aspects of coactivator research in prostate
ancer

Earlier studies on AR coactivators in prostate ca
pplied PCR technology to examine contribution of
ividual coactivators to prostate cancer development
rogression. However, little is known about regulation
. p160 coactivators in carcinoma of the prostate

One of the most frequently investigated cofactors in v
us diseases is SRC-1. In breast cancer, SRC-1 contribu
cquisition of agonistic properties of the oestrogen rece
ntagonist tamoxifen[6]. In prostate cancer samples obtai

rom patients who failed endocrine therapy, expressio
RC-1 was more intense than in those from patients wit
ign prostate hyperplasia or androgen-dependent carci
f the prostate, as judged by immunohistochemistry or
unoblot[7]. In samples obtained from relapsed tumo

here was a more prominent up-regulation of the cofa
IF2. Most interestingly, the expression of TIF2 and SR

n the prostate cancer xenograft CWR22 decreased afte
ration and increased at the time of tumour relapse. Altho
here is no specific information on contribution of TIF2
RC-1 to activation of the AR by receptor antagonists, t
ata indicate importance of the two p160 coactivators in
ression of prostate cancer. In tumour cells that overex
RC-1 and TIF2, higher AR activities were measured

reatment with adrenal androgens. In addition to previo
escribed increased activation of the mutated AR by ad
teroids dehydroepiandrosterone and androstenedion
ight be another mechanism relevant to accelerated tu
rowth in the presence of adrenal androgens. Functio
RC-1 in androgen-induced transactivation was also st
ith a mutated AR with the substitution of tyrosine for c

eine at codon 619. This mutant is transcriptionally inac
nd colocalizes with SRC-1 in aggregates in the nucleu
ytoplasm[8]. Although most studies on AR mutations
rostate cancer led to detection of receptors showing a
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of function, more recent work revealed a lack of function of
some mutated AR. Thus, alterations of localization of SRC-1
may be relevant in a subgroup of prostate cancer patients.

Expression of the p160 coactivator RAC3 (SRC-3) was
studied in prostate carcinoma. Its expression is higher in
LNCaP than in PC-3 or DU-145 prostate cancer cells[9].
RAC3 mRNA and protein expression in prostate cancer cells
correlate with tumour grade and stage. Notably, increased
RAC3 expression is associated with poor patients’ survival.
Recent results indicate that overexpression of RAC3 leads
to steroid-independent activation of the survival Akt path-
way [10]. p160 coactivators also interact with several other
coactivators and thus enhance AR activity.

4. The role of transcriptional integrators p300 and
CBP in malignant prostate disease

p300 and its functional homologue cAMP-response
element-binding protein (CREB)-binding protein (CBP) en-
hance ligand-dependent activation of the AR, although in
vitro interaction between the coactivators and the receptor is
not altered upon ligand binding. Transcriptional interference
between the AR and activator protein-1 complex may be ex-
plained by competition for limiting amounts of CBP in cells
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associated with distinct alterations in cell cycle distribution
[20]. In the LNCaP-IL-6+ subline, there was a higher ex-
pression of cyclin-dependent kinase 2 and loss of p27 and
pRb. Interestingly, prolonged treatment with IL-6 in LNCaP
cells leads to up-regulation of endogenous IL-6 mRNA and
protein. Although the signaling pathway of JAK/STAT3 is
relevant to malignant transformation in a variety of human
cancers, our studies revealed activation of STAT3 in associ-
ation with induction of growth arrest and differentiation by
IL-6 in parental cells or in a control subline passaged in the
absence of IL-6. Tyrosine phoshporylation of STAT3 was not
observed in the LNCaP-IL-6+ subline. Instead, cells prolifer-
ation was partially inhibited by administration of the inhibitor
of MAPK kinase PD 98059.

Activation of the AR by IL-6 was demonstrated in cells
transfected with AR cDNA as well as in those that ex-
press endogenous receptor. As mentioned before, growth ar-
rest caused by IL-6 is in LNCaP cells associated with AR-
mediated induction of prostate-specific antigen[13]. These
findings strongly suggest importance of cross-talk between
IL-6 and the AR for promotion of differentiation of prostate
cancer cells. Debes and associates demostrated that IL-6 ac-
tivation of the AR is mediated by p300. Overexpression of
p300 abrogated inhibition of the AR activation by PD 98059
[12]. Other laboratories provided evidence that signalling
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11]. AR expression is not altered in cells transfected
BP cDNA and treated with androgen. Recent study h

ighted the importance of p300 in ligand-independent
ctivation by interleukin-6 (IL-6)[12]. IL-6 activation of the
R is of interest in prostate cancer because of several re

13]. High levels of IL-6 were measured in organ-confi
rostate cancer and in sera from patients with metas
rostate tumour[14,15]. IL-6 receptor, that is also elevated

ocalized prostate cancer, is composed of the ligand-bin
ubunit gp80 and the signal-transducing subunit gp130[14].
ther cytokines of IL-6 family, such as oncostatin M

eukemia inhibitory factor also transmit the signal through
p130 subunit. IL-6 differentially activates signaling pathw
f Janus kinase (JAK)/STAT factors, mitogen-activated

ein kinase or phosphatidylinositol 3-kinase in target tiss
his is a basis for its divergent effects in various cell lines
rostate cancer, stimulatory effects of IL-6 on tumour gro
ere demonstrated in DU-145 and PC-3 cells, which se
igh cytokine levels into the supernatants[16]. In contrast
arental LNCaP cells do not express IL-6 mRNA and pro
here might be several explanations for down-regulatio

L-6 in LNCaP cells. It is known that androgenic and oes
enic steroids inhibit IL-6 expression by activation of ste
eceptors[17]. The IL-6 gene is repressed by the tumour s
ressor retinoblastoma (pRb)[18]. Regulation of growth o
NCaP cells by exogenous IL-6 is a controversial issue

he authors’ laboratory, IL-6 inhibited LNCaP proliferat
13]. However, after prolonged treatment with the cytok

novel subline of LNCaP cells that acquires a growth
antage in vitro and in vivo was generated[19]. We showed
hat loss of growth-inhibitory response to exogenous IL
athways of JAK/STAT and protein kinase A and C are
mplicated in ligand-independent activation by IL-6[21]. In
ddition, IL-6-induced AR activity was suppressed by

ransfection with E1A, a protein which sequesters p300
nhibiting its histone acetyltransferase activity. The cru
ole of p300 in ligand-independent activation of the AR
onfirmed when p300 levels were down-regulated by siR
hat experimental approach resulted in inhibition of IL

nduced prostate-specific antigen (PSA) expression. In
ion to p300, IL-6-induced activation of the AR is also
anced by SRC-1, which is phosphorylated by MAPK a

L-6 treatment[22].
The role of the p300 functional homologue CBP

rostate cancer was addressed in studies in which this
ivator was overexpressed in DU-145 and LNCaP cells[23].
hose studies revealed that CBP potentiates AR activatio

er treatment with androgen or hydroxyflutamide wherea
ffect on enhancement of AR activity by the antiandroge
alutamide was either modest (DU-145) or absent (LNC
n some patients, flutamide withdrawal or second-line t
py with bicalutamide caused a temporary improveme

heir clinical status[24]. On the basis of results obtained
er transient overexpression of CBP, one could expect
lterations in expression or recruitment of one or more c

ivators are critical for outcome of antiandrogen treatm
BP is expressed in most organ-confined prostate ca
nd in lymph node metastases[23]. Its expression in ad
anced prostate cancer and regulation by steroid and pe
ormones should be addressed in the future. Taken tog
ata obtained in studies on p300 and CBP revealed that
tructurally similar coactivators are important for regula
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of antagonist/agonist balance of commonly used AR antag-
onists and nonsteroidal activation of the AR.

5. Tip60 in prostate malignancy

Tip60, a cofactor that directly acetylates the AR, belongs
to the MYST protein family and shuttles between cytoplasm
and nucleus in response to various peptides[25]. Expres-
sion and recruitment of Tip60 were thoroughly studied in
prostate cancer clinical samples and experimental models
[26]. Tip60 was expressed in all benign tissues studied and
the expression in carcinomatous tissue was heterogenous.
Some samples showed no Tip60 immunoreactivity whereas
in others the coactivator was detected in either nuclei or cy-
toplasm. Expression of Tip60 correlated inversely with pres-
ence of metastasis. Most interestingly, majority of samples
obtained from patients with hormone-resistant carcinoma
of the prostate showed a strong nuclear immunoreaction.
These results are further supported by data obtained with the
xenograft CWR22 in which castration resulted in a gradual
increase in the coactivator nuclear levels. In addition, in vitro
studies with LNCaP or transfected COS cells yielded similar
results.

Tip60 function in prostate cancer is altered as revealed
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ER-� is, in contrast to ER-�, expressed predominantly in
prostate epithelium. It is differentially expressed during
prostate carcinogenesis at it could be of interest to determine
whether it colocalizes with ARA70 in clinical specimens
[32]. Expression of ARA70 in the CWR22 model of relapsed
prostate cancer paralled that of other AR-regulated genes;
it decreased immediately after androgen deprivation and
became elevated during tumour progression[33]. Tekur et
al. [34] demonstrated androgenic up-regulation of ARA70
and their results were supported by studies demonstrating
down-regulation of ARA70 by the chemopreventive agent
resveratrol [35]. Although transient transfection studies
suggested involvement of ARA70 in various activation
processes, these results do not necessarily mean that the
coactivator’s effect is proliferative or antiapoptotic. Stable
expression of ARA70 cDNA in LNCaP cells yielded
inhibition of tumour growth and colony formation[36].
Therefore, the possibility that ARA70 is, in fact, prostate
tumour suppressor, deserves further investigation.

In a model of autochthonous mouse prostate cancer
(TRAMP), AR mutations were discovered and interactions of
these mutants with ARA70 were studied. In comparison with
the wild-type AR, activity of the mutated receptor E231G but
not K638M or T857A was induced two-fold more strongly
by oestradiol in the presence of ARA70[37].
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n chromatin immunoprecipitation experiments. In pare
NCaP cells, presence of androgen is required for rec
ent of Tip60 to the PSA gene promoter. In contras
ndrogen-independent LNCaP sublines Tip60 was recr

o the promoter even in the absence of androgen. Thos
eriments may provide a mechanistic explanation why
egulated genes become expressed when a tumour rel
rostate cancer cell sublines developed after androge

ation represent a clinically relevant model for studies
rostate cancer progression and mimic the conditions i

ients. In most of them, AR expression and activity are
egulated and, in some cases, agonistic effects of nonste
R antagonists are enhanced.

. Specificity of androgen receptor coactivators

The role of the first AR coactivator discovered, ARA
as been extensively investigated in carcinoma of
rostate. In 1996, Yeh and Chang postulated that AR
also called RFG or ELE1) interacts specifically with the
ut not with other steroid receptors[27]. They also provide
vidence that ARA70 enhances AR activation in the pres
f antiandrogens, oestradiol, delta5-androstanediol, o
pidermal growth factor receptor-related molecule H
/neu[28–31]. There was no major difference in the ext
f coactivation between the antiandrogens hydroxyfluta
nd bicalutamide. AR protein stability is also enhan
y ARA70. Increased activation of the AR by oestro

n the presence of ARA70 may be of interest becaus
he role of oestrogen receptor (ER)-� in prostate diseas
.

l

Although there is no doubt that ARA70 interacts w
he AR, its specificity was questioned in subseq
tudies. Other investigators demonstrated that this pr
otentiates transcriptional activity of the progester
nd glucocorticoid receptors as well[38,39]. In addition,
oactivation of the AR by ARA70 was only minor. Thu
he role of ARA70 as a specific AR coactivator has not b
onfirmed.

The coactivator ARA55 consists of 444 amino ac
nd has a high homology with hic5, gene induced

ransforming growth factor-� [40]. ARA55 potentiates AR
ctivity in the presence of androgen, oestradiol and hyd
flutamide by interaction with the C-terminal of the A
oactivators ARA55 and FHL2 are LIM domain protei
IM domains are cysteine- and histidine-rich regions
ediate protein–protein interactions. Interestingly, AR

s expressed in AR-negative PC-3 cells, but not in LN
r DU-145 cells. This finding implies that ARA55 may a

nteract with other signaling pathways in prostate ca
ells. In clinical specimens, ARA55 was localized to pros
troma [36]. Induction of activity of glucocorticoid an
rogesterone receptors by ARA55 was also reported.

ARA54 is a coactivator of 474 amino acids with
olecular mass of 54 kDa which particularly enhances

ivation of the mutated LNCaP AR in response to oestra
r hydroxyflutamide[41]. Dominant-negative mutants
RA54 inhibited proliferation of LNCaP cells[42]. This

s an interesting finding that deserves further studies
ther androgen-responsive tumor models. At present,
re no in vivo data confirming that down-regulation of
R coactivator inhibits tumour growth.
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In contrast to ARA70 or ARA54, the N-terminal-asso-
ciated coactivator ARA160 does not potentiate AR activation
by oestradiol[43]. ARA267 is a coactivator with excep-
tionally large molecular mass and does not significantly
influence the interaction between the N- and C-terminal of
the AR[44]. Its expression does not significantly change in
samples obtained from prostate cancer patients.

7. Spectrum of androgen receptor coactivators

The tumour suppressor pRb is inactivated in a subgroup
of prostate cancers cells due to point mutations. Because of
inactivation of pRb, there is a loss of cell cycle control at
the G1/S checkpoint. There is a bidirectional communication
between androgenic hormones and pRb; low doses of andro-
gens induce phosphorylation of pRb thus allowing the tran-
scription factor E2F to up-regulate target genes and stimulate
proliferation[45]. Higher androgen doses, in contrast, do not
increase pRb phosphorylation. On the other hand, pRb en-
hanced AR transcriptional activity four-fold in DU-145 cells
in the presence of dihydrotestosterone and acted with ARA70
in an additive manner[46]. One could speculate that Rb is
involved in differentiation of prostate cells through the AR
pathway. AR activity is also potentiated by BRCA-1, as ev-
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hydroxyflutamide to antagonize androgen effect on receptor
transactivation is reduced by overexpression of gelsolin.
Reduced antagonistic properties of another antiandrogen,
cyproterone acetate, were observed in cells transfected with
BAG-1 cDNA [53]. BAG-1 is a regulator of heat-shock
protein 70. Interaction between the largest member of BAG
family, BAG-1L, and the AR occurs through both NH2- and
COOH-termini of the receptor. FHL2 is an AR coactivator
which selectively enhances activation of the AR, but not that
of other steroid receptors. It is translocated to the nucleus
by the Rho signaling pathway[54].

In several studies, interaction between�-catenin and the
AR was addressed.�-Catenin is a downstream effector of the
Wnt signaling pathway that regulates a number of cellular
processes including differentiation, proliferation and migra-
tion. However, it has not yet been determined whether the
coactivator function of�-catenin for AR occurs in response
to Wnt signaling or other extracellular stimuli.�-Catenin
caused AR hypersensitivity in the presence of other steroids
and diminished antagonistic properties of bicalutamide[55].
Coactivation of the AR by�-catenin may be reduced by over-
expression of E-cadherin, cell adhesion molecule whose al-
terations commonly occur in carcinoma of the prostate.
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denced by increased expression of its target gene p21[47].
his mechanism lead to increased cell death in PC-3

hat stably express the AR. In contrast, coactivation o
R by cyclin E may be associated with stimulation of p

iferation of prostate cancer cells[48]. Cyclin E binds to th
-terminal region of the AR thus stimulating AF-1. Anoth
xample of an AR coactivator that is most likely involved

nduction of proliferation is cdc25B[49]. This phosphatas
ediates activation of cyclin-dependent kinases and is

xpressed in prostate cancer, especially in high grade Gl
umours. Coactivation of the AR by TGF-� is a matter of de
ate. Activity of mutated AR 877 is enhanced by Smad3

ntermediary moledule in TGF-� signaling[50]. In contrast
ayes and associates reported on inhibtion of AR act
y Smad3[51]. TGF-� is an inhibitor of mitogenic signa

ng caused by epidermal growth factor and its signalin
requently altered in prostate cancer. TGF-beta promote
iogenesis and suppresses immune response thus facil

umour growth in vivo. Variances in outcome of interact
etween TGF-� and the AR might be explained by diffe
nces in cell culture conditions between laboratories w

he studies were performed.
AR activity could be also enhanced by gelsolin, an a

evering protein that regulates cytoskeleton reorganiz
nd cellular motility[52]. Gelsolin COOH-terminal interac
ith the DNA- and ligand-binding domains of the A

mportantly, gelsolin and AR colocalize in prostate can
ells. In LNCaP cells, expression of gelsolin increa
fter bicalutamide treatment. Clinical studies reveale
imilar phenomenon in specimens obtained from pat
reated who received androgen ablation therapy. Abilit
. Summary

Most important alterations in expression and functio
R coactivators in prostate cancer are summarized inTable 1.
rom research on AR cofactors in prostate cancer, it cou
oncluded that most of them are widely expressed in tum
ells. The fact that the expression of some coregulator
reases after androgen ablation is intriguing. Prostate c
ells are able to adapt to an environment with low an
en supply by several mechanisms; in previous studi
as demonstrated that AR levels increase during long-
ndrogen ablation. It should be kept in mind that some c

ivators are implicated in regulation of AR cross-talk w
ther signaling pathways.

From several studies, it is evident that antagonistic pro
ies of antiandrogens are substantially reduced when a
ivator is overexpressed. Inappropriate action of nonster
nd steroidal antiandrogens was observed in various pro

able 1
lterations in AR cofactor expression or function in prostate cancer

oactivator Expression and function in prostate cancer

RC-1 Increased expression in recurrent cancer colocaliz
with AR in aggregates (mutated AR)

IF-2 Increased expression in recurrent cancer
BP Potentiates agonistic effect of hydroxyflutamide
ip60 Increased nuclear localization in therapy-resistant dis
RA70 Potentiates various AR activations, reduced expressi

cancer tissues, inhibition of growth of prostate cancer
RA55 Potentiates agonistic effect of hydroxyflutamide
RA54 Potentiates agonistic effect of hydroxyflutamide
AC3 Expression correlates with high tumour grade and sta
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cancer models and it could be explained if more data on spe-
cific interaction with coactivators will become available. For
this reason, studies on expression of coactivators in advanced
prostate cancer are of interest and there is an evidence that
some coactivators are overexpressed in therapy-resistant car-
cinoma of the prostate. Because of their overexpression and
potentiation of activation of the AR by antiandrogens, coac-
tivators could be considered targets for novel experimental
therapies. At present, it is not clear whether redundant action
of some of these coregulatory proteins hampers development
of new experimental therapy approaches.
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