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Abstract Androgen receptor (AR) is a transcription factor

that becomes active upon binding to androgens via its ligand-

binding domain (LBD) or in response to signaling cascades

initiated by growth factors and cytokines. The activity of AR

requires regions within the N-terminal domain (NTD) in a

manner that is distinct from the activation of related steroid

hormone receptors. Unequivocal evidence has been amassed

to consider that the AR axis is the most critical pathway for

the progression of prostate cancer. Qualitatively distinct

insights into AR pathobiology have been garnered including

that AR-regulated gene expression is stage-specifically

modulated during disease progression and that the ligand

requirement for AR activity could be rendered dispensable

because of the expression of constitutively active AR splice

variants that are devoid of LBD. The recent appreciation of

the clinical challenge that stems from non-gonadal andro-

gens that are not inhibited by traditional hormonal therapies

has been tangibly translated into the development of more

potent drugs that can potentially lead towards achieving an

androgen-free environment. The pre-clinical evidence that

proves that AR NTD is a druggable target also forecasts a

further paradigm shift in the management of advanced

prostate cancer. These advancements together with the

identification of more robust AR antagonists and their

promising clinical outcome have renewed the hope that

targeting the AR pathway remains a sound strategy in the

clinical management of prostate cancer. Here, we address

these developments with a greater emphasis on the rapidly

growing literature on AR splice variants.
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Prostate cancer

Prostate cancer remains one of the most diagnosed and

lethal cancers for men in the Western world. Localized

disease is treatable and potentially curable with surgery or

radiation therapy. However, the disease will recur in

20–40% of patients following these treatments. Patients

with recurrent disease and those who have systemic disease

have a poor prognosis. The first line of treatment for

recurrent and/or systemic disease is surgical or chemical

castration and the application of anti-androgens (Fig. 1).

While there is initial response to androgen ablation treat-

ments, most patients unfortunately develop resistance, at

which stage the disease is referred to as castration-resistant

prostate cancer (CRPC). Current treatments available for

CRPC include taxanes and Sipuleucel-T, which increase

survival by only a few months. Most patients succumb to

CRPC within 2 years of onset, emphasizing the urgent

need to develop treatment options for this lethal form of the

disease.

Androgen receptor as a validated target for CRPC

Androgen receptor (AR) is essential for the growth of

CRPC in vitro and in xenograft models [1]. AR is a type I

nuclear receptor that mediates the effects of androgens

such as testosterone and dihydrotestosterone (DHT). The

human AR gene is located on chromosome Xq11-12 and

spans *180 kb of DNA containing 8 canonical exons.
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Recently, novel exons that map within introns flanking the

canonical exons as well as an additional exon that extends

the 30 untranslated region have been described [2, 3]

(Fig. 2; Table 1).

Androgen binds to the COOH-terminal ligand-binding

domain (LBD) of AR, encoded by exons 5–8, which

initiates a cascade of events involving conformational

changes and nuclear translocation, culminating in the

binding of AR dimer to androgen response elements

(AREs) located in the promoter and enhancer sequences of

target genes. AR binds target AREs via its DNA-binding

domain (DBD), which is composed of two zinc finger

motifs, encoded by exons 2 and 3, respectively. A portion

of the DBD together with a downstream region in the hinge

region, encoded by exon 4, appears to confer nuclear

localization signal (NLS). The LBD of most steroid

DNA-based
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Fig. 1 Drug targets of AR-
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the requirement of the NTD for

AR transcriptional activity
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exons is based on the relative position in the AR locus. ‘‘dis’’

designates disrupted domain. Novel exons and related peptide

sequences are indicated in red. Depictions are not to scale. Those

variants that are reportedly detected in only one prostate cancer

specimen or derivatives thereof are not shown
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hormone receptors contains activation function-2 (AF-2),

which allows the recruitment of co-activators and

co-repressors, resulting in the modulation of the tran-

scriptional activities of receptors at target genes. The NH2-

terminal domain (NTD), encoded by exon 1, constitutes

*60% of the 110-kDa full-length protein and is the tran-

scriptional regulatory region of the AR containing

activation function-1 (AF-1). Unlike the other steroid hor-

mone receptors, the transcriptional activity of the AR

requires AF-1 in its NTD with negligible activity being

attributed to the AF-2 region in the LBD. AR transactiva-

tion is a function of the interaction between the AR NTD

and its COOH-terminal domain (N–C interaction) follow-

ing the binding of androgen to its LBD.

AR is postulated to have a continued critical role in

advanced prostate cancer. Mechanisms proposed for the

continued transcriptional activity of the AR in spite of

castrate levels of circulating testosterone include: gain-of-

function mutations in the AR LBD that render anti-

androgens agonistic; increased levels of AR or altered

expression of co-regulators of AR within at least a subset

of CRPC; ligand-independent activation of the AR

through its NTD in the absence of ligand by alternative

signaling pathways involving kinases and cytokines;

residual androgens from various sources that include

adrenal glands and the tumor itself (intratumoral); and

perhaps most importantly expression of constitutively

active splice variants of AR that lack the LBD. In the

following sections, some of these mechanisms are

described in the light of recent developments in a greater

detail. AR pathobiology in prostate cancer has been

extensively reviewed [4–7]. Here, recent developments in

the field are reviewed.

Efficacy versus resistance

Historically, a lack of cure with traditional androgen

ablation therapy has led some to question if the AR/

androgen pathway is an ideal target for the treatment of

advanced prostate cancer. Recent developments have

strengthened the role of AR and provide evidence of poor

efficacy and the inability of current drugs to inhibit all AR

activity. While castration is effective in depleting gonadal

androgens, tumor levels of androgen can remain relatively

high, *25–50% by some estimates [8]. These elevated

levels of intratumoral androgen appear in part to be due to

intact adrenal and/or prostatic de novo biosynthesis of

androgen [9–11], although the latter is not without con-

troversy [12]. This suggests that inhibiting the synthesis of

all androgen from both testicular and non-testicular sources

might improve treatment of advanced prostate cancer.

Indeed, the CYP17 inhibitor, Abiraterone, which blocks the

synthesis of testicular and non-testicular androgens, pro-

vides a 3.9-month survival advantage for the treatment of

metastatic CRPC in men who received prior docetaxel

chemotherapy [13] and has been approved by the US Food

and Drug Administration.

The combination of castration with anti-androgens is

effective in the treatment of CRPC. However, currently

approved anti-androgens bind the AR with relatively poor

affinity compared to the physiological ligand DHT. Some

anti-androgens such as bicalutamide can facilitate nuclear

translocation of AR and binding to AREs. These features

are particularly problematic given that AR is presumably

hypersensitized in CRPC and also in the light of the

higher intratumoral or adrenal androgens. Based on the

scaffold of bicalutamide, an investigational anti-androgen

MDV3100 has been developed, which has improved

affinity for AR and does not cause AR to translocate to

the nucleus [14]. MDV3100 is effective in CRPC xeno-

graft models that express full-length AR [14] and is now

in phase III clinical trials [15]. These clinical develop-

ments imply that more global and effective inhibitors of

androgen biosynthesis and better affinity anti-androgens

would significantly improve the management of advanced

prostate cancer.

Variants/isoforms of the androgen receptor

in prostate cancer cells

Early functional studies showed that deletion of the LBD

results in constitutive activation of the AR [16]. Beyond

structure-function analysis, the relevance of these findings

is supported by the discovery of equivalent naturally

occurring constitutively active splice variants of the AR

that lack LBD in both clinical samples of prostate cancer

and prostate cancer cell lines. Western blot analyses of

lysates prepared from prostate cancer cell lines C-81/long

passage LNCaP, CWR-R1 and 22RV1 cells using anti-AR

antibodies to epitopes in the AR NTD detected lower

molecular weight bands in the range of 70–90 kDa with

weaker bands also detected in LNCaP and LAPC-4 cell

lines [17, 18]. Mapping using region-specific antibodies

revealed that some of these AR isoforms lack the LBD

[17, 18]. These data served as a springboard for the

identification of AR splice variants [19]. Since then,

numerous transcript variants of AR from various pros-

tate cancer lines, xenografts or clinical samples have

been reported [2, 19–24]. Important features of such

transcripts or cognate protein products are listed in

Tables 1 and 2. Here, we focus on transcripts that have

been detected in more than one prostate cancer speci-

men, cell line or xenograft. These variants are depicted

in Fig. 2.
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Structure of variant transcripts and putative protein

products

All AR variants investigated thus far, with the exception of

AR23 [20], lack the region encoding the LBD partially or

entirely, and the majority also lack the hinge region. Some

variants such as AREx1/2/2b are also devoid of the second

zinc finger of the DBD [19]. AR-V7/AR3 is the only var-

iant to date that has been shown to encode for a detectable

cognate protein endogenously using an antibody against a

unique epitope (EKFRVGNCKHLKMTRP) that arises

from cryptic exon 3 (previously referred to as exon 3b) [23,

24]. AR-V7/AR3 has intact NTD and DBD, but lacks the

hinge region and LBD. The majority of other variants also

have predicted unique sequence and hence specific anti-

bodies are in theory possible. These putative sequences are

encoded by the novel exons corresponding to introns 2 and

3 of the full-length AR (fl-AR), or are due to frame shift

arising from altered splicing. The multiplicity of protein

bands detected at *80 kDa using anti-AR antibodies tar-

geted to the NTD, barring proteolysis or posttranslational

modifications, suggests that other variants besides AR-V7/

AR3 are also expressed. The presence of protein bands in

some of the LuCaP panel of xenografts that are not rec-

ognized by anti-AR-V7 antibody [24] further supports this

expectation.

Variant expression and associated growth advantages

in CRPC-like conditions

At the outset, it should be stated that the relative expression

values between the different variants and fl-AR when

analyzed by a PCR approach may not be accurate because

of unintended bias owing to differences in PCR primer

efficiency and amplicon sizes. Some approaches such as

absolute quantification by RT-PCR using in vitro tran-

scribed template as standards [25] should reduce some of

the technical bias. Comparison of variant levels with that of

fl-AR also is complicated by the possibility of novel vari-

ants that are yet to be discovered, which may increase the

proportion of aggregate levels of truncated variants lacking

LBD. Indeed, a PCR-free approach that involved in vitro

transcription coupled to a tiling microarray minimized, if

not avoided, bias downstream of exon-3 to identify AR

variants [2]. Since multiple probes spanning the AR locus

were employed, bias due to hybridization kinetics was

minimal.

Variants are expressed in benign prostate epithelium, yet

levels are increased in tumors and upon castration [22].

Fl-AR was detected in 35/36 samples of laser captured and

microdissected (LCM) benign prostate tissue from men

(n = 36) without prostate cancer, ages 35–55 years, with

serum levels of PSA less than 2 ng/ml. A total of 10

samples (27.8%) contained detectable levels of either

V567es or V7. Importantly, expression of these variants in

this cohort of men without prostate cancer was only

detected in those whose levels of androgens were sup-

pressed [22]. When comparing levels of expression of

variants in primary (untreated) prostate cancer obtained by

radical prostatectomy by LCM of matched benign and

cancerous cells, it was determined that: (1) variants are

expressed in both the benign and malignant cells; (2)

variants are not necessarily etiologic in the initiation of

prostate cancer. However, the level of expression of V7 in

early stage hormone-naı̈ve prostate cancer is associated

with a worse prognosis after radical prostatectomy [24].

Examination of 69 metastases from 13 men who died of

CRPC revealed that 23/69 samples were of neuroendocrine

phenotype, which is negative for both fl-AR and variants

[22]. Of the remaining 46 samples that expressed fl-AR or

variant, the following were observed: 80% (37/46)

expressed fl-AR; 73% expressed V567es and/or V7. As

much as 20% of metastases expressed only V567es,

meaning that all current therapies that target the AR LBD

would have no effect on these metastases. Twelve of 13

patients had a minimum of 1 metastasis that was positive

for at least 1 variant, while 10/13 had at least a minimum of

1 metastasis that was positive for V567es. No patient had

all samples positive for the same variant. A more recent

study has demonstrated the expression of V1, V7 and

V567es in bone metastasis specimens [26]. Importantly,

this study also shows that the expression of each of the

three variants is enriched in CRPC bone metastasis samples

versus those isolated from bone lesions of hormone-naı̈ve

patients.

Overexpression of V7 in LNCaP cells and specific

depletion of endogenous variants in 22Rv1 cells result in

increased and decreased growth, respectively, under

CRPC-like in vitro and in vivo conditions [19, 21, 23].

Interestingly, V7 knockdown reduced proliferation, but had

little effect on apoptosis [23]. V567es increases prolifera-

tion of LNCaP cells in the absence of androgen as well as

enhanced proliferation in response to very low levels of

androgen [22]. In intact, non-castrated animals there were

no differences in tumor growth between LNCaP and

LNCaP that stably expressed V567es. However, in cas-

trated hosts, V567es tumors were larger than tumors

without V567es. This implies a growth advantage under

castrated conditions when the variant is expressed. Con-

sistent with this interpretation, levels of expression of

variant correlated with growth in castrated mice among

LuCaP xenograft models [22]. Thus, the expression of

these variants is predicted to be a mechanism of resistance

to current hormonal therapies and development of CRPC.

In support of this prediction, V7 is expressed at higher
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levels in CRPC [23, 24] as are V1, V9 and V12 [2, 24].

Noteworthily, V12 has an identical coding sequence to

V567es [2]. Specifically, the expression values for fl-AR,

V1, V7, V9 and V12 were elevated in CRPC by 11-, 22-,

20-, *3- and *4-fold, respectively, when compared with

hormone-naı̈ve prostate cancer. No variant protein was

detected in VCaP tumors using an antibody to the AR

NTD in intact mice. However, both an increase in fl-AR

and V7 occurred by 2 days post-castration, reaching

maximum levels at 14 days, which were ablated by tes-

tosterone replacement. Thus, the androgen environment

plays a key role in regulating the expression of variants,

which in turn provides a growth advantage under castrate

conditions.

Interaction with full-length AR

All the nuclear variants tested so far have transcriptional

activity in and by themselves. However, variants with

truncated LBD can be coexpressed with fl-AR in various

cell lines, xenografts and clinical samples. Thus, the

question whether the variants interact with fl-AR is highly

relevant. V567es is constitutively active and nuclear [22].

V567es and fl-AR do interact when cotransfected into the

AR negative M12 prostate cancer cell line [22]. Perhaps

due to this interaction with fl-AR, expression of V567es

results in an increased stability of fl-AR protein as well as

causes nuclear localization of fl-AR in the absence of

androgens [22]. However, V7 has been shown not to

interact with fl-AR when examining endogenous proteins

in 22Rv1 cells [23]. Differences in interaction with fl-AR

between V567es and V7 might be due to V7 lacking exon

4 that encodes the hinge region that is present in AR567es

and/or the unique C-terminus short peptide sequence in

V7, although cell specificity cannot be ruled out. The third

zinc finger motif present in the fl-AR in 22Rv1 [18],

which has not been detected in any other clinical or

post-clinical material as of yet, might also present a

confounding factor by impeding interactions that could

potentially be different than that observed with the wild-

type fl-AR. In vitro V7 overexpression in LNCaP that

contains fl-AR confers anchorage-independent growth in

the absence of androgens [21]. Remarkably, this phenotype

was reversed upon treatment with the LBD-dependent AR

inhibitor MDV3100, implicating a requirement for fl-AR

[21] despite the observation that V7 apparently does not

interact with fl-AR. If V7 requires fl-AR for activity, one

would predict that depleting fl-AR using siRNA specific to

AR LBD in a cell line that expresses functional vari-

ant(s) lacking LBD would lead to abrogation of

constitutive activity associated with variant expression.

Contrary to this prediction, fl-AR is not required for variant

transcriptional activity as shown by the application of

LBD-specific siRNA in LNCaP cells that ectopically

expressed V7 [2]. Consistent with the conclusion that at

least V7 does not require fl-AR, variant-associated growth

of 22Rv1 cells under CRPC conditions is not dependent

on fl-AR, as shown by knocking down its expression

using two independent siRNAs targeting exons encoding

AR LBD [27]. Importantly, in both studies, androgen-

dependent activity was blocked upon transfection of the

siRNAs specific to exons encoding AR LBD. Collec-

tively, these observations from two independent model

systems together with variant expression in CRPC sam-

ples in the absence of fl-AR strongly suggest that the

activities of at least some variants do not require

expression of fl-AR.

Sub-cellular localization

Structurally similar AR variants may have distinct biolog-

ical activity, thereby necessitating research into

understanding the biology of each variant and how these

variants interact with one another. One obvious difference

is that the different variants can be localized in different

cellular compartments, which may be cell-specific or

depend on the presence of fl-AR. V7 provides an interesting

example of a variant that has conditional cellular localiza-

tion [23]. V7 can be nuclear in cultured prostate cancer cells

under androgen-depleted conditions and constitutively

active in driving the expression of genes including canon-

ical androgen-responsive genes using reporter assays and

microarray analysis. However, examination of clinical tis-

sues has revealed a more complicated pattern of expression.

In benign prostate tissues, V7 mainly stained basal and

stromal cells, while the luminal cells were barely stained

[23]. In malignant glands, V7 stained the majority of

luminal cells in the cytoplasm and was nuclear in CRPC

tissues [23]. Cytoplasmic expression of V7 was observed in

86% of cases, which suggests additional variables are

required for its nuclear localization [23].

V1 is cytoplasmic regardless of androgen status when

ectopically expressed in Cos-7 cells [21]. V9 is also

exclusively cytoplasmic [2]. V12 and V567es are unique in

that they retain the hinge region necessary for nuclear

translocation [2, 22]. As expected, V12 and V567es

localized to the nucleus regardless of presence of ligand [2,

22] in a manner similar to that first reported for the deletion

construct AR1-653 engineered to map AR structure with

activity [16]. The fl-AR translocates to the nucleus with

V567es regardless of the ligand [22]. All of the nuclear

variants described so far display transcriptional activity as

assayed with reporters or endogenous genes that contain

AREs in their regulatory regions.
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Dynamics of AR target genes

The correlation of androgen-regulated genes with CRPC

gene expression signature has been a challenge. One

potential explanation for this comes from the recent dis-

covery that AR target genes in CRPC conditions are

distinct from those that are induced by androgens in

androgen-sensitive prostate cancer cell lines [28]. A com-

pelling mechanism for such dynamics of AR-mediated

gene expression is that AR differentially associates with

various transcription factors and co-regulators [28, 29].

These findings, even though they remain to be corroborated

with independent model systems, have further strengthened

the postulate that AR has a critical role in CRPC.

Cell-specific and gene-specific transcription is thought to

result from recruitment of different co-regulatory proteins

to the AR. Therefore, it would be expected that variants

lacking specific regions of the AR would be devoid of

protein interfaces and/or have new interfaces for the

recruitment of different subsets of interacting proteins and

possibly post-translational modifications. Expression of

V567es increases the expression levels of endogenous

genes both in the absence and presence of DHT in LNCaP

cells co-expressing both variant and fl-AR. These genes

included well-known androgen-regulated genes such as

PSA, TMPRSS2, FKBP5 and NKX3.1 [22]. Importantly,

STAT3 and JUN were increased by V567es [22]. As pre-

dicted, V567es heterodimer with fl-AR had a different gene

expression profile than solely fl-AR in response to DHT.

Some differences could be attributed to V567es abrogating

non-genomic signaling in response to androgen by a

mechanism that diminishes cytoplasmic levels of fl-AR.

IGF-IR is enhanced by non-genomic signaling through

androgen stimulation of fl-AR binding Src and downstream

activation of MAPK. V567es did not increase IGF-IR. V7

also regulates a unique set of genes such as AKT1, which is

not regulated by fl-AR, while still increasing PSA mRNA in

LNCaP cells that could not be blocked by the antiandrogen

bicalutamide [23]. Mechanistic differences were observed

using chromatin immunoprecipitation assays. V7 physically

interacted with an ARE in the AKT1 locus, while the fl-AR

does not bind to this ARE [23]. Curiously, when examining

the well-characterized AREs on the PSA locus, V7 failed to

bind to enhancer ARE, but did bind the promoter ARE in

both CWR-R1 and 22Rv1 [23]. Knockdown of V7 altered

expression of a set of 188 genes in 22Rv1 and CWR-R1

prostate cancer cells. Of these, 71 genes were commonly

regulated by both V7 and fl-AR (e.g., IGFBP3, FKBP5).

The AR target genes CLU, TMEPAI, PSA and CLDN4

were not affected by knockdown of V7. Interestingly, V7

regulates expression of MAP4K4, HOXB7 and ELK1,

which are increased in CRPC or metastases. In LNCaP

cells, V7 induced canonical androgen-responsive genes,

such as PSA, KLK2, NKX3.1, FKBP5 and TMPRSS2, in

the absence of androgens. Thus, distinct gene expression

profiles are governed by variants versus fl-AR with some

overlap. This mirrors and may even partly explain the

subset of androgen-regulated genes in CRPC versus

androgen-dependent models. Clinically, these differences in

gene expression profiles may reveal biomarkers to identify

patients with tumors that express variants and would not

respond to therapies that target the AR LBD.

Regulation of variant isoform production

The first mechanism forwarded for the production of the

naturally occurring AR isoforms lacking LBD in CWR22

cell lines was calpain-mediated proteolysis [30, 31],

although not without contradictory data [32]. However, it is

now evident that splicing events generate some variants.

Given the androgen regulation of expression of variant,

alternative splicing allowing exon-skipping, intron reten-

tion or both might be at play. If so, elucidating these

mechanisms can potentially identify possibilities of inter-

cepting the production of these presumably deadly forms of

AR. An alternative mechanism for the generation of AR

isoforms lacking LBD involves intragenic rearrangement

within the AR locus within a region that is downstream to

exon 2 and upstream to exon 4 in 22Rv1 cells with data

indicative of related events in clinical CRPC samples [25].

Interestingly, in CWR22Pc, an androgen-dependent form of

CWR22, the intragenic rearrangement does not appear to be

present, and this cell line does not express the truncated

variants at a significant level. Remarkably, within days of

culture under androgen-free conditions, CWR22Pc dis-

played readily detectable levels of the truncated variants.

This expression of variant appears to be preceded by the

aforementioned intragenic rearrangement. The association

of a genetic event with levels of the AR variants beyond the

CWR22 model system is required to determine the clinical

importance of this mechanism. In the meantime, an attrac-

tive hypothesis has been suggested where the genetic

rearrangement events render exon 4 and downstream

regions more drastically distal to the transcription site,

which somehow alters the splicing dynamics causing it to

halt earlier [25]. While this mechanism remains a possi-

bility for a number of the variants, it is unclear how it would

explain expression of AR-V12, AR-V13, AR-V14 and

v567es, which display deviant events downstream of exon

4. Nevertheless, cognizant of the proposed mechanism and

the hormonal regulation of the variants, it is tempting to

seek an analogy with the recently identified mechanism of

AR-inducible TMPRSS2: ERG fusion generation [33–35].

Could castration-induced transcriptional events set the stage

for the rearrangement, thereby leading to aberrant splicing?
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Complexity or noise?

An alternative explanation for the presence of AR variant

transcripts is that they are stochastic byproducts of tran-

scriptional and/or splicing noise at the AR locus. Cryptic

products can be degraded by non-sense-mediated decay

and other nuclear quality control mechanisms. The pres-

ence of variant mRNAs may be an indication of escape

from quality control mechanisms and perhaps implicates

some biological pressure to maintain their expression. In

the case of V7, a protein product has been detected, and

thus the generation of this variant is less likely to be non-

deterministic. The functions assigned to particular variants

and their differential expression during disease progression

are further testimony to the pathophysiological relevance

of the expression of at least some variants. However, par-

adoxical aspects of some of the variants do exist and are

worth considering.

V1 is cytoplasmic and has a dominant negative function

when co-expressed with V7 [21], yet V1 is detectable in

clinical samples with as strong differential expression in

CPRC as fl-AR or V7 [24, 26]. V1 and V9 do not have

transcriptional activity when expressed in PC-3 cells, nor

does V1 have transcriptional activity in DU145 cells [21].

In contrast, in LNCaP cells both V1 and V9 have consti-

tutive transcriptional activity, apparently independent of

fl-AR, emphasizing cell-specific differences in activity.

AR23 possesses a splicing-related insertion that disrupts

its DBD, but otherwise is identical to fl-AR [20, 36].

Despite the predicted lack of DNA-binding function [37],

expression of AR23 in LNCaP cells increased transcrip-

tional activity at AR promoters and at promoters that are

regulated by other transcription factors including NF-kB

[20, 36].

AREx1/2b, predicted to lack DBD and LBD, is detectable

at the transcript level in two different CRPC forms of the

LuCaP panel of xenografts and in the LAPC4 cell line [19].

The prevalence of AREx1/2b transcripts may be underesti-

mated because the approaches to discover AR variants

screen for exon 2 and downstream regions.

Inactive forms of AR that lack part of the AR LBD, V13

and V14 have also been detected in CRPC samples [20,

36]. Based on previous analysis of cis-determinants of AR

subcellular localization [38], these variants are unlikely to

have nuclear localization.

Expression of variants that are dysfunctional or poten-

tially inhibitory to the function of fl-AR may serve to

provide a negative feedback mechanism. Alternatively, the

relative levels of variant to fl-AR may yield differential

responses or activity may be cell-specific. Very low levels

of variants may interact with fl-AR to potentiate AR sig-

naling, while high levels of variant relative to fl-AR may

repress.

A more general question that arises is what is the need for

prostate cancer to express AR variants with truncated LBD?

One explanation is that the presence of LBD in unliganded

AR, when androgens are in a limiting concentration as in

CRPC, inhibits nuclear translocation or facilitates cyto-

plasmic sequestration and/or inhibits NTD activity.

However, this is at most merely part of the explanation for

the following reasons: (1) disparate gene expression signa-

ture between the variants and fl-AR; (2) presence of the

variants in other phases of the disease; and (3) variants such

as V1 and V9 being cytosolic. Interestingly, Kaku and co-

workers demonstrated that the NTD and LBD, in the absence

of DBD and hinge region, cooperate to facilitate cytoplasmic

retention [39]. Previous studies have shown that the LBD

contains a nuclear export signal, which might in part explain

why unliganded fl-AR tends to be cytoplasmic [38, 40].

Intriguingly, the NTD also harbors a NLS, albeit not as

strong as those located in the region spanning DBD and the

hinge region [39]. Thus, AR variants devoid of LBD should

yield AR species that are not retained in the cytoplasm with

the NTD NLS(s) and hinge region potentially able to confer

constitutive nuclear localization in the absence of androgen.

If so, the most parsimonious explanation for cell-specific

cytoplasmic localization of V1 and V9 might be inhibition of

NTD NLS or independent cytoplasmic retention capacity

because of their unique C-terminal extension.

AR NTD and implications for CRPC treatment

AR NTD accounts for majority of AR transcriptional

activity in the presence or absence of androgens. Targeting

the AR NTD with decoy molecules has shown antitumor

activity in vivo [41]. Current hormonal therapies all target

the AR LBD either by reducing ligand with castration and

CYP17 inhibitors or application of anti-androgens. These

approaches all eventually fail by mechanisms that may

involve the expression of constitutively active splice AR

variants that lack the LBD. AR is activated via its NTD by

alternative signaling mechanisms including the IL-6 and

PKA pathways in the absence of androgens and serum,

thus, in conditions free of any of the precursors for

androgen biosynthesis [42–44]. Castration-induced

expression of some variants is inversely correlated to the

residual levels of intratumoral androgen [22]. The lower

the residual levels of androgens are, the higher the

expression of the splice variants. Expression of constitu-

tively active AR variant may be a compensatory

mechanism for low castrate levels of androgen. Thus, there

is a strong rationale for developing small molecules that

specifically bind the AR NTD to block activity.

One challenge in developing antagonists of the AR

NTD has been the fact that this region of the AR is
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intrinsically disordered and thus not amenable to crys-

tallographic structural determinations, which in turn

precludes virtual screening of small molecule libraries.

Recent studies have circumvented this problem by using

cell-based screening protocols [45, 46]. One NTD antag-

onist, EPI-001, is well characterized in pre-clinical studies

[45, 47]. Treatment of CRPC xenograft tumors with EPI-

001 caused tumor regression without any apparent general

toxicity [45]. Anti-androgens do not cause significant

apoptosis that may forecast their potential failure in the

clinic. In contrast, EPI-001 causes tumor regression by

inducing apoptosis and reducing proliferation, which may

be extrapolated to be indicative of better tumor control in

the clinic. Results to date for EPI-001 provide a strong

proof-of-principle that NTD inhibitors can indeed be

developed and display strong activity against prostate

cancer.

Conclusion

Tremendous advances have been achieved in both the

quantity and insightful quality of evidence for the

potential of exploiting the dependency of prostate cancer

on all AR species. A significant paradigm shift has

occurred towards achieving an ‘‘androgen-free’’ CRPC

as well as in exploiting the requirement of the NTD for

AR activity with evidence that this domain is a ‘‘drug-

gable’’ target. Together with the discovery of anti-

androgens with several orders of magnitude better

affinity compared to previous anti-androgens, these

advancements represent a striking step forward in the

development of therapies for advanced prostate cancer.

There is now compelling evidence that constitutively

active AR variants are yet another aspect of the AR-

related mechanism underlying CRPC, although much

work is still required to determine the function and

mechanisms of the individual variants. As the outcomes

of the ongoing and future clinical trials of the next-

generation AR targeting drugs are being assessed, due

consideration should be given to these variants and

thereby determination should be made concerning the

extent to which their expression in patients accounts for

not only castration-resistant but also androgen-indepen-

dence mechanisms. These data may aid in stratifying

patients that would require treatment with AR NTD

inhibitors subsequent to or simultaneous with approaches

that target LBD or androgen biosynthesis.
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