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Abstract: It is well documented that androgen receptor (AR), a steroid hormone receptor, is important for prostate
cancer (PCa) growth. Conversely, however, there is increasing evidence that activation of AR by androgens can also
lead to growth suppression in prostate cells. AR mediated transcription is regulated by a number of different transcriptional coactivators. Changes in expression level or cellular localization of specific coactivators may play a crucial role in this switch between proliferative and anti- proliferative processes regulated by AR target gene programs.
In this review, we discuss the expression and function of several AR coactivators exhibiting growth suppressive function in PCa, including ARA70/ELE1/NCOA4, androgen receptor coactivator p44/MEP50/WDR77, TBLR1, and ART27. In luciferase reporter assays, they all have been shown to activate AR mediated transcriptional activation. ARA70
exists in two forms, the full length nuclear ARA70α and internally spliced cytoplasmic ARA70β. For p44 and TBLR1,
we identified nuclear and cytoplasmic forms with distinct expression and function. In comparison of their expression
(ARA70α, p44, TBLR1 and ART-27) in prostate, these coactivators are expressed in the nucleus of benign prostate
epithelial cells while they are more predominantly expressed in cytoplasmic form (ARA70β, cytoplasmic p44 and
TBLR1) in PCa. Consistent with their nuclear expression in benign prostate, the nuclear form of these coactivators
inhibit PCa growth targeting a subset of AR target genes. In contrast, the cytoplasmic versions of these proteins enhance PCa growth and invasion. Interestingly, first characterized as an AR coactivator in luciferase assays, ART-27
functions as corepressor for endogenous AR target genes. Importantly, the growth inhibitions by these nuclear proteins are androgen-dependent processes and the regulation of invasion is androgen-independent. Understanding
the molecular switches involved in the transition from AR dependent growth promotion to growth suppression and
dysregulation of these coactivator proteins promoting androgen-independent invasion may lead to identification of
novel therapeutic targets for PCa.
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Introduction
Androgen receptor (AR), a member of the nuclear hormone receptor family of transcription factors, plays a vital role in early and late stages of
prostate cancer (PCa). The binding of steroidal
androgens, testosterone and 5α dihydrotestosterone (DHT), causes receptor dimerization,
recruitment to androgen response elements on
DNA and recruitment of a series of cofactors to
promote expression of the AR target genes.
Cofactors of steroid receptors interact with
androgen receptor to either enhance (coactivators) or reduce (corepressors) its trans-activation without any intrinsic DNA binding capacity
or significant effect on the basal transcription
rate. Hundreds of cofactors have been charac-

terized across multiple pathways, including chromatin remodeling, histone modification, proteasomal degradation, DNA repair, signal transduction, and post translational modification [1,
2]. Most of these studies have provided overwhelming evidence that AR coactivators primarily function in promoting PCa growth and progression. However, recent studies indicate that
activation of the AR pathway also has a growth
suppressive function.
AR inhibiting PCa
It is well known that androgen stimulation leads
to increased proliferation in the prostate and
withdrawal, through various methods, leads to
a decrease in proliferation via decreased cell
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Figure 1. Representative model of transcriptional coactivators that can activate AR target genes either involved
with cell proliferation (e.g. CDKs, KGF) or growth suppression/differentiation (e.g. p21, NKX3.1). Dysregulation of
AR coactivators leads to PCa.

cycle activation and increased apoptosis. There
are several examples suggesting that androgen
activation of AR can also lead to inhibition of
prostate cell growth in certain contexts [3-5].
For example, in the presence of androgen, the
ectopic expression of AR cDNA can lead to
slowed growth in PC3 prostate cancer cells [3,
5, 6].
Yuan et al. demonstrated that introduction of a
full length human AR complementary DNA into
AR negative PC3 cells resulted in decreased
proliferation rate with a more differentiated
phenotype in these cells [5]. The proliferation
rate of these cells was reduced by 50% after
incubation with exogenous androgen. Similar
results were found in another study which demonstrated that the treatment of AR-expressing
PC3 cells with physiological levels of dihydrotestosterone (DHT) for 3 days resulted in
paradoxical inhibition of cell growth [3]. Whitacre et al. characterized the androgen growth
response of an immortalized non-tumorigenic
rat prostate cell line called CA25, which contains an AR cDNA expression cassette linked to
a hygromycin resistance gene that had been
stably transfected [4]. They found that the AR
positive CA25 cells demonstrated slower growth in the presence of DHT, whereas AR negative
CA25 cells were not affected by the hormone.
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Hess-Wilson et al. showed that the response of
PCa cells to taxane induced cell death is significantly enhanced by androgen stimulation in AR
positive androgen-dependant PCa cells which
was attributed to caspase dependent apoptosis [7]. Similar studies have shown that androgens are able to promote cell quiescence and
cell arrest by inducing the expression of antiproliferative genes in PCa cells [8, 9]. Additionally, studies indicate activation of AR represses c-Met expression, an indicator of poor prognosis, in the AR positive prostate cancer cell
line LNCaP [10]. Moreover, continuous androgen deprivation of LNCaP cells leads to outgrowth of a variant cell line which is independent of androgens for enhanced proliferation.
Androgen replacement of this LNCaP variant
results in decreased cell growth [11]. This suggests that AR functions remain intact, although
with an altered transcriptional response.
Mechanisms underlying the growth inhibitory
PCa growth suppressive effects are not well
understood. Most of the experiments showing
AR inhibits PCa growth are performed with PC3
cells. Although PC3 cells do not express endogenous AR, Litvinov et al. documented that PC3
cells retained the cofactors necessary for AR
tumor suppressor activity in vivo which may
halt PCa growth and justify PC3 as a model for
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AR activity in prostate cancer [12]. However, it
cannot be ruled out that the effect of overexpression of AR in PC3 cells is due to other factors. In addition, the various levels of AR may
influence the cell proliferation or growth inhibition in PCa [13]. Vander et al. identified AR as a
replication licensing factor which must be
degraded during mitosis in order to allow licensing in the subsequent cell cycle [14]. They suggested that an acute enhanced expression of
AR in PCa cells results in its incomplete degradation in mitosis which subsequently inhibits
cell proliferation. AR can also drive senescence
in prostate cancer cells by induction of p21 and
inhibition of Rb phosphorylation [15]. Additionally, AR has non-genomic functions that
include promotion of apoptosis via downregulation of p21 [16].
AR coactivators inhibiting PCa growth
The exact mechanism responsible for the switch between cell proliferation and growth suppression is not fully understood, although transcriptional cofactors have been implicated to
be important in the process. Changes in the
levels of expression and localization of these
cofactors can regulate distinct spectrum of AR
target genes, either activated or repressed,
and ultimately the fate of the cell. In this review,
we will discuss AR coactivators that act as tumor suppressors to inhibit cell growth. The AR
coactivators included in this review are ARA70/
ELE1/NCOA4, AR coactivatorp44/MEP50/WD
R77, TBLR1 and ART-27 (Figure 1). In luciferase
assays, all of these proteins are characterized
as AR coactivators as they increase AR mediated transcriptional activation in a dosage
dependent manner, though degree of AR activation varies between them [17-21].
Expression and function of ARA70/ELE1/
NCOA4
ARA70, first identified as a gene fused with the
ret oncogene in thyroid carcinoma [22], was
identified as an AR coactivator in the presence
of ligand [17]. There are two major isoforms of
ARA70, the full length 70 kDa ARA70α and
internally spliced 35 kDa ARA70β. We and others have demonstrated that ARA70α is
expressed as nuclear protein in benign prostate epithelial cells and there are reduction in
ARA70α transcript and protein levels in PCa
compared to benign prostate [23]. In contrast,
the levels of ARA70β are increased in PCa [21,
24].
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ARA70α functions as an androgen-dependent
tumor suppressor gene in PCa, both in vitro as
well as in vivo studies [25]. Retroviral vector
overexpressing full length ARA70α (pBabeARA70α) was constructed to establish clonal
stable LNCaP and PC3 cell lines stably overexpressing ARA70α (LNCaP-ARA70α and PC3ARA70α respectively). In the presence of the
synthetic androgen, R1881, LNCaP-ARA70α
cells grew significantly slower than control LNCaP-pBabe cells. In reciprocal, abolishing ARA70α expression in wild type LNCaP cells using
ARA70α specific siRNA led to increased proliferation rate compared to control LNCaP cells.
Modifications in ARA70α level had no effect on
the growth of AR-negative PC3 cells or in LNCaP
cells in the absence of androgen. Additionally,
AR siRNA knockdown rescued the growth inhibitory effect of ARA70α on LNCaP cells further
confirming AR dependence of ARA70α growth
inhibition. Similar results were also obtained
with anchorage independent growth assays.
LNCaP-ARA70α cells formed fewer and smaller
colonies than control LNCaP cells in the presence of R1881 but no difference was observed
in the absence of androgen. In a nude mouse
xenograft model, mice injected with LNCaPARA70α cells also showed significant reduction
in tumor size compared to LNCaP-pBabe cells.
These findings confirmed that AR coactivator
ARA70α inhibits cell growth in PCa in an AR-dependent manner.
Growth inhibition by ARA70α is primarily due to
increased apoptosis as opposed to decrease in
cell cycle activation [25]. A sub-G1 population
of cells was observed in flow cytometry indicating DNA fragmentation. Staining with cyanide
dye DiOC2 (a dye which enters mitochondria
and emits red and green signal on excitation
due to dye stacking) followed by flow cytometric
analysis showed LNCaP-ARA70α cells demonstrate reduced emission (a sign of a decreased
mitochondrial membrane potential) indicating
that certain cells in this population are subjected to mitochondrial damage. Western blot analysis confirmed apoptotic changes with increased levels of cleaved caspase 3 and Bax.
Expression and function of androgen receptor
coactivatorp44/MEP50/WDR77 in PCa
p44 is an AR interacting protein that functions
as an AR coactivator in the context of the protein arginine methyl transferase 5 (PRMT5)
complex [19]. p44 acts as a coactivator of AR
Am J Clin Exp Urol 2014;2(1):62-70
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mediated transcription through a p44-ARSmad1 complex [27]. Immunohistochemical
studies showed expression of p44 is strong in
the nuclei and low in the cytoplasm of benign
epithelial cells. Conversely, in tumor cells, nuclear expression of p44 is significantly reduced
and cytoplasmic levels are increased. Reduction
of nuclear and increase in cytoplasmic p44
expression is observed as early as in high grade
prostate epithelial neoplasia (HGPIN), a precursor of PCa, suggesting loss of nuclear p44 as
an early event in tumorigenesis. The nuclear
and cytoplasmic translocation of p44 from benign to cancerous prostate is mediated by two
nuclear exporting and three nuclear localization signals and some of them are non-conventional [28]. Additionally, strong cytoplasmic p44
staining is associated with castration resistant
PCa [29].
Our lab showed in both in vitro assays and in
vivo tumor xenograft experiments that nuclear
p44 inhibits PCa growth, whereas cytoplasmic
p44 promotes PCa growth and that nuclear
exclusion of p44 is associated with androgenindependent PCa growth. We dissected the
functions of nuclear and cytoplasmic p44 by
fusing either a nuclear import sequence (NLS,
nuclear localization signal) or a nuclear export
signal (NES) sequence to the N terminus of
p44, resulting in NLSp44 or NESp44 respectively in LNCaP or PC3 cells. Proliferation of
LNCaP-NLSp44 cells is significantly reduced
compared to control cells in androgen media.
Anchorage-independent assays also demonstrated a loss of transformation ability of
LNCaP-NLSp44 cells. Nuclear p44 had no
effect on proliferation or anchorage-independent growth in AR-negative PC3 cells. Further,
AR knockdown by siRNA in LNCaP-NLSp44
cells rescued the inhibitory growth effect of
nuclear p44 further confirming an AR-dependent
mechanism. Nuclear p44 was also confirmed
to have an inhibitory effect on in vivo growth by
nude mouse xenograft model. Subcutaneous
injection of LNCaP-NLSp44 showed significant
reduction of size and tumor onset compared to
control LNCaP cells. Consistent with its growth
suppression function, transgenic mice, lacking
one allele for p44 (p44+/−), exhibit excessive
epithelial cell proliferation that results in HGPIN
[30].
Immunohistochemistry showed decreased Ki67 expression but no significant difference
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between cleaved Caspase 3 in LNCaP-NLSp44
xenograft tumor cells relative to LNCaP-pBabe
cells suggesting that the observed tumor
growth is caused by reduced cell proliferation
rather than increased apoptosis. Cell cycle
analysis showed that nuclear p44 overexpression led to a significant reduction of S phase
and increase in G0/G1 cells corresponding with
growth inhibition by cell cycle arrest. Cells
expressing NLSp44 demonstrated decreased
levels of cyclin A and cyclin B with an increase
in the levels of cyclin inhibitors p21 and p27.
p21 knockdown by siRNA rescued LNCaP cells
from the growth inhibitory effects of nuclear
p44.
On the other hand, cytoplasmic p44 promotes
growth in PCa cells. Cell proliferation assays
performed on LNCaP-NESp44 cell lines showed
both increased cell growth and anchorageindependent growth in soft agar [29]. Overexpression of cytoplasmic p44 in LNCaP cells
led to increased S phase cells, slight decrease
in expression of p21 and p27, increased expression of cyclin D2 and CDK6, although no difference in cyclin A or cyclin B in these cells.
Knockdown of cyclin D2 or CDK6 led to reduced
growth in LNCaP-NESp44 cells. These findings
were consistent with the growth kinetics that
cytoplasmic p44 increases cell proliferation.
Surprisingly, there was no change in xenograft
tumor growth with LNCaP-NESp44 cells compared with control LNCaP cells. However, cytoplasmic p44 does have a growth promotion
role in LNCaP xenograft tumors. This is demonstrated by the growth inhibition with endogenous p44 in LNCaP cells knocked down by
shRNAp44 as the p44 is expressed as cytoplasmic protein in LNCaP cells.
Expression and function of TBLR1 in PCa
Transducin beta like related protein-1 (TBLR1),
a core component of the nuclear receptor corepressor (NCoR) complex, shows both corepressor and coactivator activities on different
nuclear receptors in various cellular context
[31-33]. Our data reveal TBLR1 is an AR coactivator in PCa cells by luciferase assays [18].
Coimmunoprecipitation studies also showed
androgen-dependent physical interaction between TBLR1 and AR. TBLR1 coactivator activity
of AR is 19S proteosome and PKCδ phosphorylation dependent. TBLR1 is primarily expressed
in the nucleus of normal prostate cells and
Am J Clin Exp Urol 2014;2(1):62-70
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expression of nuclear TBLR1 is significantly
reduced in human PCa compared to benign
cells both at cell line and tissue levels. Similar
to nuclear p44, there is also reduced nuclear
TBLR1 in HGPIN compared to benign cells. Additionally, growth arrest induced by serum starvation leads to migration of TBLR1 from the
cytoplasm to nucleus, consistent with nuclear
TBLR1 as a growth arrest signal [18].
In order to study the functional effects of nuclear TBLR1 in prostate cells, our lab created the
LNCaP-NLSTBLR1 cell line stably overexpressing nuclear TBLR1 in LNCaP cells. Nuclear
TBLR1 dramatically reduced proliferation of
LNCaP cells in the presence of androgen. Anchorage-independent assays in soft agar as a test
for transformation ability also showed fewer
and smaller colonies in LNCaP-NLSTBLR1 cells
compared to control cells. LNCaP-NLSTBLR1
also showed significantly slower in vivo growth
resulting in smaller tumors in nude mouse
xenografts. Together, these data strongly support that TBLR1 functions as a tumor suppressor in PCa.
Cell cycle analysis by flow cytometry revealed
that overexpression of nuclear TBLR1 in androgen containing media caused significant reduction of S phase cells, concurrent with a G0/G1
arrest mechanism as the cause of reduced proliferation. There was no evidence of increased
apoptosis in these cells by caspase 3/7 activity
assay.
Expression and function of ART-27 in PCa
Androgen receptor trapped clone-27 (ART-27)
was first identified as an AR coactivator as it
binds to the AR NH2 terminus in the NTD
domain and enhances the transcriptional activity of AR in luciferase assays [20, 34]. In the
prostate, ART-27 expression is mainly restricted to the luminal epithelial cells [34]. Immunohistochemistry studies with human PCa specimens demonstrate reduced levels of ART-27
compared with nonmalignant tissue and expression is reduced significantly during PCa progression. Significantly, loss of ART-27 leads to
bicalutamide resistance on AR activity and correlates with PCa recurrence.
ART-27 associates with a large, multiprotein
complex whose constituents regulate transcription, genomic stability, apoptosis, and cell tran-
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sformation [20, 35]. ART-27 acts as a suppressor of cell transformation, and a nuclear factorkB coregulator [36, 37]. ART-27 has been
shown to inhibit AR-dependent proliferation in
LNCaP cells in response to androgen, suggesting that it has a tumor suppressive action on
these cells [34]. Additionally, reduction of ART27 protein levels enabled LNCaP cells treated
with ART-27 siRNA, but not control siRNA, to
grow in the presence of bicalutamide. These
studies indicate that ART-27 functions as a
tumor suppressor in PCa. While characterized
as AR coactivator by luciferase assays, ART-27
functions as corepressor endogenously for AR
target genes as discussed below.
Selective AR target genes affected by the
growth inhibiting coactivators
To date, a large number of studies have been
reported on the genome wide AR target gene
signature in PCa [38-40], in particular using
cell line models. These studies indicated a wide
range of AR target gene profiles involved in
many aspects of PCa biology including cell
cycle activation, apoptosis, tumor suppression
and cell differentiation. Thus, AR regulates a
host of different target genes, including proproliferative but also differentiation and growth
suppression genes. Androgen response elements (ARE) are not stringently conserved and
new binding sequences are continually being
characterized [41, 42]. The coactivators are
critical in dictating which AR target programs
are activated upon androgen stimulation and
ultimately the fate of the cell. The PCa inhibiting
AR coactivators described in this review can
selectively initiate the transcriptional activation
of distinct AR target genes.
Overexpression of p44 leads to increased activation of AR transcription that leads to cell
cycle arrest. Androgen regulated cell cycle regulators, p21 and p27, were both upregulated
upon nuclear p44 overexpression in the presence of androgen [29]. Nuclear p44 also led to
reduced expression of the pro-proliferative AR
target gene CDK2 [30], signifying that not only
can p44 act in selective activation of AR target
genes for growth suppression but can have
corepressor function for other target genes.
Androgen signaling via AR also is important in
regulation of genes involved in cellular differentiation, including KRT18, a differentiation marker present in luminal epithetial cells. As trans-
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genic mice lacking one allele of p44 (p44-/+) in
mice form HGPIN in the prostate, examination
of these HGPIN cells showed reduced KRT18
levels by immunohistochemistry [30].
AR target gene studies showed that overexpression of nuclear TBLR1 led to selective activation of AR target genes responsible for growth
suppression and differentiation (ie. NKX3.1,
KRT8) but had no effect on pro-proliferative AR
target genes (ie. CDC6, cyclin A2) [18]. Chromatin immunoprecipitation studies showed
direct interaction of TBLR1 with AR at growth
suppressive AR target gene promoters in an
androgen-dependent manner. Earlier, we examined the role of activated AR in growth suppression. This study showed that nuclear TBLR1
acts a PCa tumor suppressor and AR coactivator by selectively activating the growth suppressive AR regulated pathways.
Nwachukwu et al. examined the effects of ART27 on genome wide transcription [44]. They
found an enhancement of expression of a number of androgen regulated genes subsequent to
the loss of ART-27, indicating a role of ART-27 in
AR inhibiting target gene expression. Upregulated genes included regulators of DNA damage check point and cell cycle progression.
Androgen-dependent growth inhibition and
androgen-independent invasion promotion
As discussed above, the coactivators reviewed
here are all expressed as nuclear proteins in
benign prostate and inhibit PCa growth. These
coactivators interact with AR to regulate transcription and the growth suppressive processes facilitated are androgen-dependent. This
was confirmed by experiments showing cofactor overexpression led to no significant proliferative effects upon growth in androgen free
media, using LNCaP cells with AR knockdown
by siRNA or PC3 cells with stable AR overexpression.
Interestingly, the regulation of invasion is an
androgen-independent process as exemplified
by ARA70. ARA70α inhibits and ARA70β promotes PCa invasion [21, 25]. These processes
observed are not regulated through AR and are
confirmed androgen-independent by continuous ARA70α inhibition or ARA70β promotion of
invasion after AR knockdown, removal of androgens, or AR expression in PC3 cells. These data
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suggest that in contrast to the androgendependent nature of growth inhibition, the ability of reduced invasion by ARA70α or enhanced
invasion by ARA70β is an androgen-independent process [21, 25]. Androgen-independent
function of coactivators may represent one
potential mechanism of continued activation of
AR upon androgen ablation treatment and the
development of CRPC. Therefore, androgen ablation therapy alone may have no effect on these cells ability to invade and metastasize.
Summary and future directions
The prevalent attitude in PCa treatment over
the years has been that blocking androgen signaling will suppress PCa. Androgen signaling is
complex. Androgens are predominately viewed
as pro-proliferative signals in PCa, evident by
regression of tumors on ablative treatment.
However, they are also important in the activation of target genes responsible for differentiation and growth suppression. In this review, we
discuss a subset of AR coactivators that do not
drive proliferation, but inhibit growth by activating the non-proliferative AR target genes. Dysregulation of these coactivators lead to PCa
growth and invasion (Figure 1). Though these
cofactors all are defined as AR coactivators by
luciferase assays, they may have either coactivator (ARA70, TBLR1) or corepressor (ART-27)
functions on endogenous AR target genes or
also play different roles on distinct target genes
at the same time (p44/WDR77).
Additionally, the expression of these coactivators in benign and cancer epithelial cells are
well studied, however, their expression and
function in stromal cells remain to be characterized. In PCa, higher levels of AR expression
in the stroma correlates with improved prognosis and stromal AR activity can inhibit growth of
PCa epithelial cells [45]. It would be of great
significance to evaluate the roles of coactivators on stromal AR activity and the effect on
PCa growth and progression. Of note, TBLR1 is
expressed in certain stromal cells and would be
of interest to determine its function in these
cells.
There is still much left to be understood in the
complex regulation of AR mediated transcription and the role it plays in prostate cancer progression. We already know that merely blocking
androgens or AR signaling alone is not ade-
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quate for treating prostate cancer. Androgen
ablation may also abolish the AR activity necessary for growth suppression. Additionally, although it may initially reduce tumor burden it may
not have any effect on invasion properties of
residual PCa cells. Expression profiles of different cofactors will be important in improved targeting of specific AR pathways. Rather than
turn off all AR signaling, selective activation or
repression of specific AR target gene programs
may be more desirable in developing better
treatment strategies.
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