
Asian Journal of Urology (2020) 7, 251e257
Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier .com/locate/ajur
Review
Regulation of androgen receptor variants in
prostate cancer

Yezi Zhu a,b, Jun Luo a,*
a Department of Urology, James Buchanan Brady Urological Institute, Johns Hopkins University,
Baltimore, MD, USA
b LIVESTRONG Cancer Institutes, The University of Texas, Austin, TX, USA
Received 6 September 2019; received in revised form 10 December 2019; accepted 13 December 2019
Available online 25 January 2020
KEYWORDS
Androgen receptor;
Androgen receptor
splice variant-7;
Castration-resistant
prostate cancer
* Corresponding author.
E-mail address: jluo1@jhmi.edu (J
Peer review under responsibility o

https://doi.org/10.1016/j.ajur.2020.0
2214-3882/ª 2020 Editorial Office of A
the CC BY-NC-ND license (http://crea
Abstract Aberrant activation of androgen receptor (AR) signaling occurs in patients treated
with AR-targeted therapies, contributing to the development of castration-resistant prostate
cancer (CRPC) and therapeutic resistance. Over the past decade, many AR variants (AR-Vs)
have been identified in prostate cancer cell lines and clinical CRPC specimens. These AR-Vs
lack the COOH-terminal ligand-binding domain (LBD), and may mediate constitutively active
AR signaling acquired following AR-targeting therapies. AR splice variant-7 (AR-V7), one of
the most well characterized AR-Vs, can be reliably measured in tissue and liquid biopsy spec-
imens, and blood-based detection of AR-V7 is a reliable indicator of poor outcome to relatively
novel hormonal therapies (NHT) such as abiraterone and enzalutamide in men with metastatic
CRPC (mCRPC). Given the important clinical implication of AR-Vs, this short review will focus
on studies addressing how AR-Vs are regulated in prostate cancer. With regard to the molecular
origin of AR-Vs, it is established that expression of AR-Vs is highly correlated with androgen
deprivation and suppression of AR signaling. Therapeutic targeting of the AR axis may result
in active transcription of the AR gene, elevated activities of certain components of the mRNA
splicing machinery, as well as AR genomic alterations, all of which may explain the molecular
origin of AR-Vs. Although a unified hypothesis is currently lacking, existing data suggest that
elevated expression of AR-Vs, which in general occurs quite specifically in a cellular environ-
ment where the canonical AR signaling is suppressed, is driven by both genomic and epige-
nomic features acquired in the development of CRPC.
ª 2020 Editorial Office of Asian Journal of Urology. Production and hosting by Elsevier B.V. This
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1. Introduction

In 1941, Huggins and Hodges [1] demonstrated the clinical
benefit of hormonal manipulation in patients with meta-
static prostate cancer, establishing prostate cancer as an
androgen-dependent disease. Since then, androgen depri-
vation therapy (ADT) has been the mainstay of prostate
cancer treatment. Androgens mediate the biological effects
through the androgen receptor (AR). Given time, patients
with advanced prostate cancer treated with ADT inevitably
progress to castration-resistant prostate cancer (CRPC). In
CRPC, AR expression is often increased, and AR activity is
typically maintained under castrate levels of circulating
testosterone (<50 ng/dL), implicating continued depen-
dence of CRPC on AR signaling [2e4]. The importance of
sustained AR activity in CRPC was further supported by the
successful clinical development of more potent AR-targeting
agents that either antagonize AR (enzalutamide, apaluta-
mide, darolutamide) or further suppress extragonadal
androgen synthesis (abiraterone) [5e12]. Abiraterone blocks
the synthesis of both adrenal and intra-tumoral androgens
through inhibition of CYP17A activity [5,7], while AR an-
tagonists bind to the AR ligand-binding domain (LBD) with
higher affinity [6,8]. Importantly, these relatively novel
agents demonstrated clinical benefits beyond metastatic
CRPC (mCRPC), leading to approved use in earlier disease
settings, including metastatic castration-sensitive prostate
cancer (CSPC) [9] and non-metastatic CRPC [10e12].

Nearly all treated patients will inevitably develop ac-
quired resistance to AR-targeting agents. Mechanisms of
resistance can be broadly categorized into AR-dependent
and AR-indifferent mechanisms [13]. Given the intent of this
review, we will focus on AR signaling mediated by AR splice
variants (AR-Vs) that lack the LBD, the target of all current
AR-targeting agents. Specifically, we will focus on current
knowledge and understanding concerning regulation of AR-V
expression and molecular origin of AR-Vs in prostate cancer.
Readers are directed to recent review articles covering other
topics related to AR-Vs, including AR-V functional mecha-
nisms and therapeutic implications [14,15].

2. Summary of AR-Vs characterized so far

It is an established concept that aberrant AR activation oc-
curs during the development of drug resistance to AR-
targeting therapies. Specific types of AR alterations include
AR gene amplification and overexpression [16e20], AR mu-
tations [21], alterations leading to extragonadal (e.g., ad-
renal or intra-tumoral) androgen synthesis [22e25], and
emergenceof constitutive activeAR-Vs [14e16]. So far,more
than 20 different AR-Vs have been identified (with mRNA
sequences cloned) from both prostate cancer cell lines and
clinical CRPC specimens (summarized in Fig. 1) [26].We have
previously categorized these AR-Vs into three different
groups based on their transcriptional activity, including
constitutively active AR-Vs (e.g., AR-V7, ARv567es), condi-
tionally activeAR-Vs (e.g., AR-V1, AR-V9), and inactiveAR-Vs
(e.g., AR-V13, AR-V14) [26]. Most of these AR-Vs have an
intact transactivation N-terminal domain (NTD) and DNA-
binding domain (DBD), followed by a variant-specific short
peptide that replaces the C-terminal LBD [14,15,27e30].
Relatively novel AR-Vs involving splicing between AR exon 3
and sequences from other segments of the genome (AR-V4/
5a-ups, AR-V4/5b-ups, AR-V4/5c-ups, AR-V4-chr11) were
identified in CRPC specimens recently, with all showing
constitutive AR activity in vitro [31] (Fig. 1).

Among the AR-Vs identified so far, AR-V7 has been
characterized the most extensively and continues to be the
focus of studies on AR-Vs. AR-V7 mRNA and protein
expression studies were first reported in 2009 [28]. It is now
established that AR-V7 expression is specific to CRPC [32],
negatively regulated by signaling mediated by the full-
length AR (AR-FL) coexisting in the same cell [33,34], and
may drive a progressive phenotype when canonical AR
signaling is suppressed [33,35]. Although AR-V7 and AR-FL
share common chromatin binding sites, AR-V7 also dis-
played distinct binding sites by interacting with different
coregulators/repressors [35]. For example, key mediators
such as HOXB13 and ZFX can mediate AR-V7 function
[36,37], and AR-V7 prefers binding to open chromatin re-
gions in prostate cancer cells [37,38]. It is, therefore, not
surprising that AR-V7 drives a distinct transcriptional pro-
gram in an AR-FL-indifferent manner in an earlier study
[33]. Given the focus of this review, however, readers are
directed to a few recent reviews and other published
studies for detailed functional mechanisms and clinical
implications concerning AR-Vs [14,15,26,30,31,33,34].

2.1. AR-V transcription is regulated by AR-FL
signaling

In CRPC, elevated AR expression may reflect AR self-
regulation. Cai et al. [39] showed that AR binds to a site
in intron 2 of the AR gene through recruitment of lysine-
specific demethylase 1 (LSD1). This binding represses AR
expression when androgen is present, suggesting a negative
feedback mechanism of AR transcription. Therefore, it is
possible that suppression of AR-FL signaling will abrogate
LSD1 recruitment and release AR self-repression, leading to
elevated AR transcription which in turn is generally coupled
with occurrence of AR-Vs in CRPC. Although detailed
mechanistic investigation may uncover additional key reg-
ulators, studies in multiple preclinical models have estab-
lished that transcription of AR-Vs can be regulated by
androgen signaling. For example, expression of AR-V7 in
cell lines was shown to be dynamic, and can be rapidly
suppressed by addition of androgens or induced by inhibi-
tion of AR-FL signaling (e.g., through androgen deprivation,
anti-androgen enzalutamide, or AR-FL siRNA) [33,40], and
AR-FL/AR-V expression can be dramatically upregulated
upon castration in prostate cancer xenograft models (VCaP
and LuCaP35) [34], or upon treatment with abiraterone in
two CRPC xenografts (LuCAP35CR and LuCaP23CR) [41].
Increased expression of AR-FL/AR-V7 was also observed in
other prostate cancer cells (e.g., LAPC4 and DuCaP cells)
following long-term culture in the presence of enzaluta-
mide [42]. Collectively, these findings from experimental
models are consistent with the general expression pattern
of AR-Vs that are more frequently and abundantly detected
in CRPC than in CSPC [28,29,32,40,43e47]. Negative regu-
lation of AR-V7 by androgen signaling was recently vali-
dated in a clinical trial of mCRPC patients treated with



Figure 1 Illustration of the AR splice variant transcript nomenclature, functional annotation, exon compositions and specific
peptide sequences. (A) AR gene structure with canonical and cryptic exon splice junctions marked according to GRCh37/hg19
human genome sequences (not drawn to scale); (B) Nomenclature, functional annotation, exon compositions, and variant-specific
mRNA (color matched to A) and peptide sequences (in gray). Modified from Reference [26] with addition of novel AR variants with
unconventional exons (in gold) from structural rearrangements. AR, androgen receptor.
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bipolar androgen therapies (BAT) [48e50], in which the
majority of pre-treatment AR-V7-positive patients (deter-
mined by a blood-based test) turned AR-V7 negative
following BAT [48]. In addition to prostate cancer, AR-FL
and AR-V7 are known to be highly expressed in salivary
duct carcinoma (SDC) collected before ADT [51]. Interest-
ingly, three SDCs with the highest levels of AR-V7 were all
from female patients in whom androgen levels were
generally low and comparable to castrated males. Collec-
tively, these findings suggest that suppression of androgen
signaling may be a prerequisite for generation of constitu-
tively active AR-Vs. In relation to this proposition, we
previously postulated that generation of AR-V7 is coupled
with active transcription from the AR gene locus [15,26].
Thus, the generation of AR-V7 in general will require super-
active transcription from the AR locus.

2.2. The origin of AR-Vs at the genomic level

There are multiple examples of AR-Vs associated with or
explained by AR genomic structural rearrangements (AR-
GSRs). For example, CWR22Rv1 cells which express high level
of AR-Vs harbor an approximately 35-kb intragenic
duplication involving breakpoints at AR intron 2 and 3
[27,52]. In androgen-dependent CWR22Pc parental cells,
only a rare subpopulation of cells harbors this AR-GSR.
However, this AR-GSR is significantly enriched during
castration, and its presence is associated with elevated
expression of AR-Vs in this cell-based model of prostate
cancer progression [52]. However, a recent study found that
AR-V7 expression in the CWR22Rv1 was not affected
following deletion of this duplicated exon 3 [53]. In addition,
Li et al. [54] identified a w48-kb intragenic deletion within
AR intron 1 in 20%e40% of CWR-R1 cells. Again, cells
harboring this AR intron 1 deletion were enriched during
castration, which was accompanied by elevated expression
of AR-V7. Interestingly, single-cell cloning revealed that cells
positive for the 48-kb intron deletion expressed high level of
AR-V7 and displayed enzalutamide resistance. Conversely,
deletion-negative cells expressed very low levels of AR-V7
and were sensitive to anti-androgen [55]. In these models,
generation of AR-V7 is linked to AR-GSR. Nevertheless, the
extent of AR-GSR as a driver of AR-V7 remains unclear,
though it is likely AR-GSR may provide a permissive genomic
context for the generation and regulation of AR-Vs including
AR-V7.
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A low-frequency constitutively active AR-V named
ARv567es represents a relatively clear-cut example of AR-V
expression driven by AR-GSR. An 8579-bp deletion of AR
exons 5e7 was identified in the LuCaP86.2 xenograft
model, providing possible explanation of the origin of high
level of ARv567es expression in this model. In a different
CRPC xenograft model, LuCaP136, a copy-neutral 8.7-kb
inversion encompassing AR exon 5e7 was identified with
exclusive expression of ARv567es [56]. Using TALEN-
mediated genome engineering, Nyquist et al. [56] showed
that rearrangement involving AR exon 5e7 such as deletion
and inversion could result in the expression of ARv567es in
cell line models. The extent of ARv567es expression
explained by AR-GSR, however, remains unknown. It is
worth noting that with respect to the detection of ARv567es
in clinical specimens, potential measurement issues con-
cerning PCR-based detection of ARv567es mRNA were
thoroughly investigated. It was concluded that ARv567es is
not a frequently expressed AR variant [57].

The correlation of AR-GSRs and generation of novel AR-Vs
has been reported in clinical specimens in recent studies
[31,58]. Henzler et al. [31] conducted deep sequencing
analysis of 30 autopsy samples (from 15 mCRPC patients).
AR-GSRs were found to be specific to CRPC. The AR-GSRs
identified in this study were diverse and generally not
recurrent between different patients and specimens. In
general, tumors with high level of AR-GSRs are more likely to
display expression of AR-Vs. However, elevated AR-V7
expression may occur without evidence of AR-GSR, and no
AR splicing alterations of any kind was observed in some
tumors with AR-GSR. In the Henzler study, splicing between
AR exon 3 and upstream exons was detected in one patient
harboring 379 kb AR genomic tandem duplication. Novel
CTD-truncated AR-Vs were identified from this patient and
all of these newly characterized AR-Vs (AR-V4/5a-ups, AR-
V4/5b-ups, AR-V4/5c-ups, AR-V4-chr11) (Fig. 1) process
constitutively active AR transcriptional activity. De Laere
et al. [58] performed low-pass whole-genome sequencing
and targeted sequencing for AR on chromosome X and
identified AR structural variants using cell-free DNA extrac-
ted from plasma. All four structural variants were detected,
including deletion overlapping the AR-LBD, inversion of the
entire AR-LBD, tandem duplication within intron 1 and fusion
of AR-LBD with segments from other chromosomes. Howev-
er, potentially novel AR-V transcripts were not cloned and
characterized in the De Laere study [58]. Similar to the
Henzler study [31], the majority of the AR-GSR positive pa-
tients in the De Laere study expressed AR-Vs with rare ex-
ceptions. Results from these studies using clinical specimens
suggesting a correlation between AR-GSRs and AR-Vs
expression, yet a clear-cut one-to-one correlation between
AR-GSR and AR-Vs were only demonstrated in a few patients.
Because both AR-GSRs and AR-Vs are specific to CRPC and
can occur concurrently or independently, whether there is a
general causal relationship remains to be determined.
2.3. Regulation of AR-Vs by alternative splicing

Given that the production of AR-Vs can be regulated at the
transcriptional level, the general splicing machinery may
also play a key role [59]. For AR-V7, RNA splicing involves
inclusion of cryptic exon 3 (CE3) within the canonical intron
3 [28]. CE3 possesses the canonical splice site as well as 30

polyadenylation signal sequences, and is considered to be
the last exon of the AR-V7 transcript. Not surprisingly, a
number of splicing factors have been found to participate in
the inclusion of CE3, i.e., AR-V7 generation. For example,
the heterogeneous nuclear ribonucleoproteins (hnRNP)
were shown to be involved in AR-V generation in a few
studies. Nadiminty et al. [60] showed downregulation of
hnRNPA1 and hnRNPA2, both regulated by NF-kB, decreased
the expression of AR-V7 in CWR22Rv1 and VCaP cells. The
recruitment of hnRNPA1 and hnRNPA2 to AR-Vs including
AR-V7 splicing sites were enhanced in enzalutamide resis-
tant CRPC cell lines, and could be inhibited by chemical
inhibition of hnRNPA1 [61]. Other hnRNPs such as hnRNPH1,
hnRNPL and hnRNPF were also reported to physically
interact with AR CE3 [62e64]. Liu et al. [65] demonstrated
that two RNA splicing factors, U2AF65 and ASF/SF2, were
recruited to AR pre-mRNA near the AR-V7 splicing sites.
Interestingly, silencing of U2AF65 and ASF/SF2 only down-
regulated the AR-V7 RNA level, but not the AR-FL level. The
expression of AR-Vs can also be regulated by multiple RNA-
binding proteins. Knockdown of DDX39A and DDX39B, which
belong to the DExD/H box family of ATP-dependent RNA-
helicases, significantly downregulated AR-V7 mRNA and
protein levels in CWR22Rv1 and VCaP cells, without
affecting AR-FL mRNA levels [66]. Another RNA-binding
protein Sam68 (encoded by KHDRBS1) controls the inclu-
sion of CE3 and AR-V7 mRNA expression in RNA-binding-
dependent manner [67]. Takayama et al. [68] also re-
ported that the expression of AR-Vs in prostate cancer was
affected by RNA-binding protein PSF. PSF enhances various
splicing factors to promote AR expression and splicing. A
recent study identified SF3B2 as a key splicing factor
required for AR-V7 generation (Kawamura, Cancer
Research, In Press). In addition, disruption of the poly-
adenylation signal in AR CE3 can also inhibit expression of
AR-Vs, and silencing of cleavage and polyadenylation
specificity factor CPSF1 inhibited mRNA expression of AR-Vs
and abrogated androgen-independent growth in CWR22Rv1
and LNCaP95 cells [69].
3. Conclusion

The generation of constitutively active AR-Vs lacking the
LBD is one of the major mechanisms contributing to CRPC
and resistance to AR-targeting therapies. Certain AR-Vs
such as AR-V7 are compatible with blood-based detection
and have shown clinical utility in treatment and patient
selection. In this review, we focused on current data con-
cerning the molecular origin and regulation of AR-Vs in
CRPC. AR-Vs could be generated independently or syner-
gistically through AR genomic rearrangement or aberrant
AR pre-mRNA splicing dynamics. However, a key prerequi-
site is suppression of AR signaling mediated by the canon-
ical full-length AR. For AR-V7, production of its mature RNA
and functional protein is a dynamic and reversible process
through a general mechanism independent of structural
alterations in the AR gene, and may require super-active AR
transcription driven by genomic and/or epigenomic fea-
tures acquired in CRPC or in a low-androgen environment.
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These conclusions are currently supported by data derived
from both preclinical investigations and clinically oriented
studies. Moving forward, the deeper genomic character-
ization of CRPC patients will provide more information on
the molecular origin of AR-Vs. This in-depth understanding
will help to guide the clinical development of therapeutic
strategies, including agents with AR-V-specific activities, in
AR variant-driven CRPC.
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