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Abstract: Significant advances in our understanding of continued androgen receptor (AR) signaling in castration-
resistant prostate cancer have led to the development and FDA approval of two next-generation androgen-directed 
therapies, abiraterone and enzalutamide. These new therapies heralded a new era of prostate cancer therapy. 
However, disease progression during androgen-directed therapies remains the most critical challenge in the clinical 
management of prostate cancer. Accumulating evidence points to an important contribution of constitutively-active 
AR splice variants to AR-driven tumor progression during androgen-directed therapies. In this review, we will focus 
on the structure, activity, detection, clinical relevance, and mechanisms of production of AR splice variants. 
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Introduction

Prostate cancer is the most common non-skin 
cancer and the second leading cause of cancer 
mortality in men in the United States. Androgen 
deprivation therapy, which disrupts androgen 
receptor (AR) signaling by reducing androgen 
levels through surgical or chemical castration, 
or by administration of anti-androgens that 
compete with androgens for binding to AR [2], is 
the first-line treatment for metastatic and local-
ly advanced prostate cancer. While this regi-
men is effective initially, progression to the 
presently incurable and lethal stage, termed 
castration-resistant prostate cancer (CRPC), 
invariably occurs [1, 2]. With a median survival 
of ~16-18 months [3], CRPC accounts for the 
majority of disease-related mortality. Mounting 
evidence suggests that resurgent AR drives 
therapeutic failure and castration-resistant 
progression [1, 2]. A number of ligand-depen-
dent and -independent mechanisms have been 
proposed to underlie AR reactivation during 
androgen deprivation therapy [1, 2]. While 
these mechanisms are thoroughly reviewed by 
many, this review is focused on the discussion 
of the role of constitutively-active AR splice vari-

ants that lack the functional ligand-binding 
domain (LBD) in AR-signaling reactivation. 

Structure and activity of the AR splice variants

The canonical AR protein is 919 amino acids 
long, encoded by 8 exons on the X-chromosome 
(Xq12) [4]. Structurally, the full-length AR (AR-
FL) resembles other members of the steroid 
receptor family, consisting of 4 domains (Figure 
1). The N-terminal domain (NTD) contains an 
activation function 1 (AF1) domain that func-
tions as a ligand-independent transcriptional 
activation domain. Another important function 
of NTD is recruitment of coregulators. The DNA-
binding domain (DBD) contains two zinc fingers 
that are involved in DNA recognition, dimeriza-
tion, and stabilization. The hinge domain (H) 
provides flexibility to the protein and regulates 
the nuclear translocation of the receptor 
through a canonical nuclear localization signal. 
The C-terminal LBD contains a ligand-binding 
pocket that mediates high affinity ligand-bind-
ing. A second activation function domain (AF2) 
is located in the LBD and regulates transcrip-
tional activation in a ligand-dependent manner. 
All hormonal therapies currently accepted in 
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the clinic for treatment of prostate cancer, 
including the recent FDA-approved abiraterone 
[5] and enzalutamide [6], target the LBD de 
facto.

Recently, a cadre of AR splice variants (AR-Vs) 
that are devoid of a functional LBD have been 
identified (Figure 1). Structurally, these vari-
ants either have insertions of cryptic exons 
immediately downstream of the exons encod-
ing the DBD or have deletions of the exons 
encoding the LBD, resulting in a disrupted AR 
open reading frame and the expression of trun-
cated proteins [7-12]. Since the NTD and DBD 
remain intact in the majority of the AR-Vs identi-
fied to date, many variants display constitutive 
activity [7-12]. Others are considered condition-
ally active because these variants display 
ligand-independent activity only in certain cell 
models [12]. Two major AR-Vs, AR-V7 (also 
known as AR3) and ARv567es (a.k.a. AR-V12), 
have been shown to be capable of regulating 
target gene expression in the absence of the 
AR-FL  signaling [8-10, 13]. Gene expression 
profiling showed that AR-V7 and ARv567es regu-
late the expression of both canonical andro-
gen-responsive genes and a distinct set of tar-
gets enriched for cell-cycle function [9, 10, 13]. 
However, there exists significant difference in 
the AR-V transcriptome identified by different 

studies [8-10, 13], possibly due to the use of 
different model systems. 

Notably, not all AR-Vs function as a transcrip-
tion factor. For example, AR8 lacks a functional 
DBD, and has been shown to localize mainly to 
the plasma membrane [14]. AR8 may play a 
role in mediating Src kinase activation as well 
as AR-FL tyrosine phosphorylation and subse-
quent nuclear translocation in response to EGF 
treatment, possibly by forming a membrane-
associated signaling complex that includes 
AR8, AR-FL, Src kinase, and EGFR [14]. Dep- 
letion of AR8 by RNA interference compromised 
EGF-induced Src activation and AR phosphory-
lation, as well as inhibited cell proliferation and 
induced cell death [14]. Thus, AR8 activates 
the AR signaling pathway and promotes cell 
survival via a nongenomic mechanism.

Potentiation of AR-FL activity is not limited to 
the transcriptionally inactive AR8. In cells co-
expressing ARv567es and AR-FL, ARv567es could 
bind to AR-FL and facilitate the nuclear translo-
cation of AR-FL in the absence of ligand [10]. 
Similarly, AR-V7 could also facilitate the nuclear 
translocation of AR-FL in an androgen depleted 
condition or in the presence of the potent AR 
antagonist enzalutamide (Cao et al., manu-
script under review). 

Figure 1. Schematic representation of the structure of AR-FL and AR-V proteins. U, unique sequence; ZF, zinc finger.
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Detection of AR-V expression

The majority of AR-V transcripts can be detect-
ed by reverse transcription polymerase chain 
reaction (RT-PCR), taking advantage of their 
unique exon compositions and exon-exon junc-
tions. A collation of published PCR primers for 
AR-Vs is presented in Table 1. Although RT-PCR 
provides a sensitive and specific assay for the 
mRNA, the results do not always correlate with 
protein expression. For example, the transcript, 
but not the protein product, of AR-V7 has been 
detected in the LNCaP cell line [15]. To date, 
isoform-specific antibodies have only been 
reported for AR-V7 [8, 9] and AR8 [14], and the 
only commercially available antibody is for 
AR-V7 (Precision Antibodies, Columbia, MD). To 
overcome this limitation, Zhang et al. devel-
oped an immunohistochemical assay to detect 
the expression of AR-Vs by using two antibodies 
recognizing the N- and C-terminus of AR, 
respectively [16]. A decrease of AR nuclear 
staining by the C-terminal antibody when com-
pared to that by the N-terminal antibody was 
used to indicate the presence of LBD-truncated, 
transcriptionally active AR-Vs. The authors 

reported a significant loss in AR C-terminal 
nuclear immunoreactivity in CRPC specimens, 
but not in tissues from primary cancers, sug-
gesting the prevalence of AR-Vs in CRPC. The 
results were further corroborated by RT-PCR 
[16]. Despite the demonstrated success, this 
approach requires significant efforts in assay 
optimization and standardization. There is a 
great demand for the development of addition-
al isoform-specific antibodies for AR-Vs. The 
unique C-terminal peptide sequences of AR-Vs 
are presented in Figure 1. 

Clinical relevance of AR-Vs

AR-Vs are prevalently upregulated in CRPC com-
pared to hormone-naïve cancers, and may 
emerge as an adaptive response to therapies 
targeting the androgen signaling axis [8-11, 16, 
17]. It is important to recognize the existence of 
discrepancy between the relative abundance of 
AR-V mRNAs and that of AR-V proteins in clini-
cal specimens. Although the levels of AR-V 
mRNAs in metastatic CRPCs have been shown 
to constitute at most 7% of the AR-FL mRNA 
level [11, 17], Western analyses of 13 CRPC 

Table 1. Isoform-specific PCR primers for detecting AR-Vs
AR-Vs Alias PCR Primers Primer locations Product size (bp) Ref.
AR-V1 AR4 F: 5’-CCATCTTGTCGTCTTCGGAAATGTTATGAAGC-3’

R: 5’-CTGTTGTGGATGAGCAGCTGAGAGTCT-3’
Exon 3

CE1
149 [8]

F: 5’-CTACTCCGGACCTTACGGGGACATGCG-3’
R: 5’-GATTCTTTCAGAAACAACAACAGCTGCT-3’

Exon 1
Exon 3/CE1

322 [9]

AR-V2 N/A [8]

AR-V3 AR1/2/2b N/A [7, 8]

AR-V4 AR1/2/3/2b, AR5 F: 5’-CTACTCCGGACCTTACGGGGACATGCG-3’
R: 5’-CTTTTAATTTGTTCATTCTGAAAAATCCTC-3’

Exon 1
CE2

323 [9]

AR-V5 N/A [8]

AR-V6 N/A [8]

AR-V7 AR3 F: 5’-CCATCTTGTCGTCTTCGGAAATGTTATGAAGC-3’
F: 5’-TTTGAATGAGGCAAGTCAGCCTTTCT-3’

Exon 3
CE3

125 [8]

F: 5’-CTACTCCGGACCTTACGGGGACATGCG-3’
R: 5’-TGCCAACCCGGAATTTTTCTCCC-3’

Exon 1
Exon 3/CE3

314 [9]

AR-V8 N/A [11]

AR-V9 F: 5’-CCATCTTGTCGTCTTCGGAAATGTTATGAAGC-3’
R: 5’-TTAGTTCTACTTCTTAACAACGTGATCCCA-3’

Exon 3
CE5

128 [12]

AR-V10 N/A [11]

AR-V11 N/A [11]

AR-V12 ARv567es F: 5-GCCTTGCCTGATTGCGAG
R: 5’-CATGTGTGACTTGATTAGCAGGTCAAA

Exons 4/8
Exon 8

64 [12]

F: 5’-CCAAGGCCTTGCCTGATTGC-3’
R: 5’-TTGGGCACTTGCACAGAGAT-3’

Exons 4/8
Exon 8

124 [10]

AR-V13 N/A [12]

AR-V14 N/A [12]

AR8 F: 5’-CGACTTCACCGCACCTGATG-3’
R: 5’-CTCTTTCTTCGGGTATTTCGCATG-3’

Exon 1
Exons 1/3’

150 [14]
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bone metastases demonstrated that the levels 
of AR-V proteins could constitute a median of 
32% of the AR-FL protein level (ranging from 0 
to 95%) [17]. In fact, in 38% of these CRPC 
bone metastases, the AR-V proteins are 
expressed at a level comparable to that of the 
AR-FL protein [17]. The relative high abundance 
of AR-V proteins is also supported by data from 
immunohistochemistry analysis. With the use 
of an antibody specific to AR-V7, several groups 
show that AR-V7 is readily detectable in pros-
tate cancer specimens [9, 13, 18]. Using the 
two-antibodies approach described above, 
Zhang and colleagues analyzed 50 primary 
prostate cancer and 162 metastatic CRPC tis-
sues and found that 24% of these CRPC tissues 
display a staining pattern similar to that of the 
LuCaP86.2 xenograft, which predominantly 
expresses AR-V [16]. 

It is also important to recognize that the abso-
lute levels of AR-Vs may not be as important as 
that of AR-FL for their respective activity. This is 
because AR-FL is located in the cytoplasm in 
the absence of ligand and translocates to the 
nucleus and activates target-gene expression 
upon ligand binding, whereas constitutively-
active AR-Vs localize to the nucleus and acti-
vate target-gene expression in the absence of 
ligand [8-12, 19]. Strikingly, higher expression 
of AR-V7 in hormone-naïve prostate tumors 
predicts increased risk of biochemical recur-
rence following radical prostatectomy [8, 9], 
and patients with high levels of expression of 
AR-V7 or detectable expression of ARv567es have 
a significantly shorter survival than other CRPC 
patients [17], indicating an association between 
AR-V expression and a more lethal form of pros-
tate cancer. Collectively, the existing data sup-
port that AR-V proteins are expressed at a sig-
nificant level in clinical specimens and should 
not be trivialized simply based on their relative 
low mRNA abundance. 

Preclinical studies have pointed to an impor-
tant role of AR-Vs in mediating castration resis-
tance. Ectopic expression of AR-V7 or ARv567es 
confers castration-resistant growth of LNCaP 
xenograft tumors [9-11]. Conversely, knock-
down of AR-V7 attenuates the growth of castra-
tion-resistant 22Rv1 xenograft tumors [9]. 
Targeted expression of ARv567es in prostate epi-
thelium induces de novo prostate cancer devel-
opment and promotes castration-resistant pro-
gression of the tumors in transgenic mice [20]. 

Although only prostatic intraepithelial neopla-
sia lesions are observed in AR-V7 transgenic 
mice, the majority of AR-V7-positive cells in cas-
trated AR-V7 transgenic mice are ck5+/ck8+ 
intermediate cells, indicating a role of AR-V7 in 
maintaining or expanding prostate progenitor 
cell population during androgen deprivation 
[21]. 

AR-Vs have also been indicated to confer resis-
tance to abiraterone and enzalutamide in pre-
clinical studies. AR-Vs are increased in CRPC 
xenografts that recurred after abiraterone [22] 
or enzalutamide treatment (Cao et al., manu-
script under review). Knockdown of AR-Vs sen-
sitizes 22Rv1 cells and NFκB p52-transfected 
LNCaP cells to enzalutamide inhibition of 
growth [23, 24]. Reducing AR-V levels with 
small-molecule drugs improves enzalutamide 
efficacy against the growth of 22Rv1 cells and 
xenografts [25]. Intriguingly, ectopic expression 
of AR-V7 in AR-FL-overexpressing LNCaP xeno-
grafts does not affect the growth inhibitory effi-
cacy of enzalutamide [11]. A plausible explana-
tion for the discrepancy is that, in the context of 
AR overexpression, the growth of LNCaP tumors 
may be driven mainly by the AR-FL signaling, 
making enzalutamide highly effective irrespec-
tive of AR-V expression. Nonetheless, our data 
showed that, when the ectopically-expressed 
AR-FL is lost in these xenografts, they can 
become resistant to enzalutamide, and the 
resistance is accompanied by increased exp- 
ression of AR-Vs (Cao et al., manuscript under 
review). Thus, prostate cancers may evade all 
androgen-directed therapies through shifting 
towards AR-V-mediated signaling. 

Mechanisms of AR-V production

Two mechanisms have been proposed for AR-V 
production, AR gene rearrangement [26, 27] 
and increased pre-mRNA splicing [23]. Modeling 
gene rearrangement in prostate cancer cells 
showed expression of ARv567es without AR-FL in 
clonally selected cells [27]. While AR gene rear-
rangement could contribute to AR-V production 
in a subset of prostate cancers, AR-V produc-
tion at the expense of AR-FL appears to be 
inconsistent with the tight correlation between 
AR-V and AR-FL mRNAs observed in individual 
clinical specimens and in xenograft [11, 17] or 
co-expression of AR-FL and AR-V7 in CRPC 
specimens, as indicated by overlapping AR-FL 
and AR-V7 immunohistochemistry staining of 
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adjacent tumor sections [13]. Moreover, while a 
clonal selection process is required for gene-
rearrangement-mediated AR-V production to be 
manifested at the level of tumor tissues, 
change in AR-V levels in response to androgen 
deprivation was rather rapid in xenograft 
tumors [10, 11]. Further, different AR-Vs can be 
expressed in the same tissues. Clonal expan-
sion of cells with one type of gene arrangement 
could lead to expression of one specific AR-V 
but may not be able to account for the expres-
sion of different AR-Vs. Compared to gene 
arrangement, increased splicing appears to be 
more generalizable. RNA splicing is closely cou-
pled with gene transcription [28]. Androgen 
deprivation was shown to enhance the rate of 
AR-gene transcription and thereby indirectly 
contribute to increased AR pre-mRNA splicing 
to produce both AR-FL and AR-V7 [23]. A com-
prehension of the mechanisms of AR-V produc-
tion is paramount for developing effective 
means to suppress AR-V expression.

Conclusion

AR signaling is active in CRPC although the can-
cer is no longer responsive to androgen depri-
vation therapy. LBD-truncated AR splice vari-
ants not only may play a role in maintaining the 
canonical AR transcriptome in a genuine ligand-
independent manner, but may also regulate a 
unique subset of target genes. Accumulating 
clinical and preclinical data suggest that AR-Vs 
are critically involved in the treatment failure of 
first- and second-line hormonal therapies. 
Therefore, targeting the AR-Vs appears to an 
important concept and a fruitful direction of 
therapeutic development. To this end, several 
natural or synthetic compounds have been 
shown pre-clinically to inhibit AR-V actions [18, 
29-34], and proof of efficacy in clinical trials is 
keenly awaited. Furthermore, the expression of 
constitutively active AR-Vs could serve as a 
prognostic and response biomarker to guide 
treatment decisions. 
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