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Abstract

Prostate cancer is the second leading cause of male cancer death in the United States. The androgen receptor (AR)
transcription factor is a master regulator of normal glandular homeostasis in the prostate, as well as growth and survival of
prostate cancer cells. Therefore, AR-targeted therapies are effective for improving overall survival of patients with advanced
prostate cancer that is incurable by surgery or radiation. However, prostate cancer will inevitably progress on AR-targeted
therapies to a castration-resistant prostate cancer (CRPC) phenotype that accounts for virtually all prostate cancer-specific
death. mRNA transcript variants of the AR gene are expressed in CRPC cells and can be translated to produce AR variant
(AR-V) proteins that function as ligand-independent, constitutively active transcription factors. AR-Vs are able to support
growth of CRPC cells by promoting expression of AR target genes that are normally suppressed by AR-targeted therapies.
Knowledge of mechanisms that govern expression of AR-Vs is incomplete. Studies have shown genomic rearrangements of
the AR gene underlie expression of diverse AR-Vs in certain CRPC tumors, but post-transcriptional processes represent a
broader regulatory mechanism for expression of AR-Vs in CRPC. This review focuses on alternative splicing, 3′ end
processing, miRNA-mediated mRNA repression, of AR and AR-V expression and the potential these mechanisms hold as
therapeutic targets for CRPC.

Introduction
Prostate cancer is the most common non-cutaneous cancer
in men. While localized disease can be cured by radiation or
surgery, locally advanced or metastatic prostate cancer presents
a clinical challenge. Advanced prostate cancer can initially be
treated by endocrine therapies targeting the androgen receptor
(AR), a ligand-dependent transcription factor that mediates
the actions of androgens such as testosterone (1). AR-targeted
therapies improve overall survival, but patients will inevitably
progress to a lethal castration-resistant prostate cancer (CRPC)
phenotype (2). Based on significant evidence that reactivation
of AR transcriptional activity drives progression to CRPC (3,4),
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potent second-generation AR-targeted drugs such as abiraterone
and enzalutamide were developed and shown to extend overall
survival in phase III clinical trials of post-chemotherapy CRPC
patients (5,6). Subsequent phase III trials have tested abiraterone
and enzalutamide in pre-chemotherapy CRPC patients as well
as castration-sensitive prostate cancer patients and showed sig-
nificantly better overall survival compared to standard of care
(7–11). These trials have indicated that the earlier these second-
generation AR-targeted drugs are used in advanced prostate
cancer patients, the better the overall survival. Despite these
clinical advances, all patients will eventually succumb to the
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Figure 1. Genomic alterations and RNA-based mechanisms that regulate expression of AR and AR-Vs. (A) Canonical splicing of the AR gene to generate full-length

AR mRNA and AR protein. (B) Example of a genomic alteration that causes expression of the AR-V ARv567es. Genomic deletion of exons 5 through 7 in the AR gene

causes truncation of AR protein and loss of the LBD. (C) Examples of RNA-based mechanisms that regulate expression of AR-V7 and AR-V9. Alternative splicing and/or

alternative polyadenylation can promote splicing of cryptic exons to generate mRNAs that encode truncated AR-Vs lacking the LBD. miRNAs can reduce stability

or translation of AR-V mRNAs, causing reduced AR-V protein expression. NTD = N-terminal transcriptional domain, DBD = DNA-binding domain, LBD = C-terminal

ligand-binding domain, CE5 = cryptic exon 5, CE3 = cryptic exon 3, PAS = polyadenylation site.

disease, often with rising serum levels of prostate-specific anti-
gen (encoded by the AR-regulated KLK3 gene). This emphasizes
a continued need to understand mechanisms that drive AR
expression and activity during CRPC progression.

AR is a master regulator transcription factor in cells of pro-
static lineage as evidenced by AR being required for development
of the prostate gland as well as homeostasis of the adult prostate
(12). The AR gene contains eight canonical exons that encode

four discrete functional domains in the AR protein (13). Exon
1 encodes an N-terminal transactivation domain (NTD), exons
2 and 3 encode a DNA-binding domain (DBD), exon 4 encodes
a hinge region, and exons 5 through 8 encode a C-terminal
ligand-binding domain (LBD) (Fig. 1A). Binding of androgen lig-
and to the LBD induces a conformational change in the AR
protein that promotes nuclear localization, DNA binding and
transcriptional activation of target genes (14). AR target genes
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regulate crucial cellular functions such as growth, proliferation
and survival (15).

Research on the genomic landscape of CRPC patients has
identified multiple alterations of the AR gene that lead to over-
expression of AR and aberrant AR activity that can promote
activation of downstream target genes. Amplification or copy
number gain of the AR gene body or upstream enhancer in
patient samples has been found to cause AR overexpression,
which sensitizes CRPC cells to castrate levels of androgens (3,16).
Somatic mutations in the AR ligand-binding domain (LBD) have
also been identified, which can broaden the repertoire of lig-
ands that activate AR transcriptional activity (3,16). Further, AR
structural rearrangements such as deletions and inversions have
been identified in CRPC tumors, which can promote high-level
expression of diverse AR variant (AR-V) species such as ARv567es
(Fig. 1B) (17,18).

There are many additional AR-Vs expressed in CRPC that do
not appear to be expressed as a result of underlying AR gene
rearrangements. The well-studied AR variant-7 (AR-V7) is gen-
erated through alternative splicing of AR pre-mRNA, which has
high clinical relevance because detection of AR-V7 in circulating
tumor cells (CTCs) from patients with CRPC has been found
to predict resistance to enzalutamide and abiraterone (19–22).
Because of this, AR-V7 in CTCs is being used as a treatment selec-
tion biomarker for CRPC patients (23). Accordingly, mechanisms
that regulate expression of AR-V7 and other AR-Vs have become
an area of significant interest. While genomic alterations of AR in
CRPC patients are well-documented (3,4,18), post-transcriptional
regulation of AR and AR-V mRNA has emerged as another level
of regulation that is manipulated in advanced prostate cancer
(Fig. 1C). This review will focus on the multiple RNA-based mech-
anisms that regulate AR and AR-V expression and the potential
these mechanisms hold as therapeutic targets in CRPC.

Androgen receptor variants in
castration-resistant prostate cancer
Several well-characterized AR-Vs, such as AR-V7 and AR variant-
9 (AR-V9), arise from splicing of different cryptic exons (CEs)
located within intron 3 of the AR gene. When these CEs are
spliced downstream of AR exon 3, they contain in-frame trans-
lation stop codons that cause truncation of the protein (Fig. 1C).
Because the translation stop codon occurs after exon 3, AR-Vs
contain the same NTD and DBD as full-length AR but lack the
LBD encoded by exons 5 through 8. For example, AR-V7 mRNA is
encoded from spliced AR exons 1, 2, 3 and CE3, and AR-V9 mRNA
arises from spliced AR exons 1, 2, 3 and CE5 (Fig. 1C). AR-V7, AR-
V9 and many other related AR-Vs have been shown to func-
tion as ligand-independent, constitutively active transcription
factors (24–32). Numerous AR-Vs have been discovered in CRPC
patient samples (33), and research has focused on the function of
AR-Vs in metastatic prostate cancer progression and treatment
resistance.

AR-Vs have been shown to support growth of CRPC cells
by targeting genes that are normally suppressed by endocrine
therapies (24–32,34–40). AR-V7 and AR-V9 are broadly enriched
in CRPC cell lines and patient samples (35,41,42), and expression
of AR-Vs is proposed to confer resistance to second-generation
AR inhibitors in patients because these isoforms lack the
ligand-binding domain (LBD) that is targeted by these inhibitors
(Fig. 1B and C) (19,20).

It should be noted that the clinical relevance of AR-Vs as
drivers of CRPC resistance to AR-targeted therapies remains a

controversial topic. Excellent recent reviews have covered this
topic (43,44). This debate in the field illustrates the need for con-
tinued research on the molecular regulation of AR-V expression
and biological effects of these regulatory mechanisms to better
understand the role of AR-Vs in CRPC.

Alternative AR mRNA splicing
Alternative splicing of AR pre-mRNA is responsible for the gener-
ation of many AR-Vs such as AR-V7 and AR-V9, but factors that
specifically regulate the inclusion and exclusion of exons and
introns of the AR gene are still not well-understood. Virtually all
studies on splicing regulation of AR-Vs have focused on splicing
of full-length AR versus AR-V7, and many of these studies have
employed an AR minigene reporter first described in 2014 (45).
The AR minigene reporter contains exon CE3 of the human AR
gene and its flanking ∼400 bp nucleotide sequence in intron
3 (Fig. 2A). Using this AR minigene reporter, the authors found
that a 5′ATGTCTCTCTTTCATAC intronic splicing enhancer (ISE)
and a 5′CCCTGAAGAAAGGCTGAC exonic splicing enhancer (ESE)
near the 3′ splice site of exon CE3 were necessary for optimal
splicing of AR exon 3 to exon CE3 in hormone-sensitive VCaP and
LNCaP prostate cancer cells (45). Using RNA oligo-nucleotides
that mimicked the ISE and ESE sequences, they found that
serine/arginine-rich splicing factor 1 (SRSF1) bound to the ESE
site and that polypyrimidine tract-binding protein 1 (PTBP1)
and 65 kDa U2 auxiliary factor (U2AF65) bound to the ISE site
(Fig. 2A). They found depletion of U2AF65 and SRSF1 in VCaP cells
significantly reduced expression of AR-V7 mRNA and protein
but not full-length AR mRNA or protein. However, depletion of
PTBP1 in VCaP cells reduced expression of both AR-V7 and full-
length AR mRNA and protein, suggesting PTBP1 is a non-specific
regulator of AR transcription and/or splicing of all AR isoforms.

Additional studies employing this AR minigene reporter
determined histone demethylases function in the splicing of
AR-V7. One study found overexpression of a member of the
Jumonji C (JmjC) KDM4 histone lysine demethylase (KDM) family,
KDM4B, induced expression of AR-V7 mRNA and protein in
LNCaP cells, whereas depletion of KDM4B reduced expression
of AR-V7 mRNA and protein in VCaP and 22Rv1 cells (46).
They found KDM4B bound to an intronic sequence located
upstream of exon CE3 in the AR minigene reporter. Using RNA
oligonucleotide binding assays, they found that a 5′TAA motif
was necessary for this interaction (Fig. 2A). Another study found
the histone demethylase KDM3A also promotes the alternative
splicing of AR-V7 through the recruitment of heterogeneous
nuclear ribonucleoprotein F (HNRNPF) (47). The authors showed
knockdown of either KDM3A or HNRNPF reduced expression of
AR-V7 mRNA and protein but not full-length AR mRNA or protein
in 22Rv1 cells. In RNA oligonucleotide binding assays, they found
HNRNPF bound to a G-tract sequence in exon CE3 (Fig. 2A),
adjacent to the 3′ splice site. In the AR minigene reporter, binding
of HNRNPF to this G-tract sequence was required for recruitment
of KDM3A (47). The authors validated these interactions in cells,
finding both HNRNPF and KDM3A directly bound the G-tract of
endogenous AR pre-mRNA in 22Rv1 cells (Fig. 2B).

In addition to studies that have explored regulation of an AR
minigene reporter, several studies have examined regulation of
endogenous AR splicing. For instance, a recent study identified
splicing factor 3b subunit 2 (SF3B2) as an important regulator
of AR-V7 splicing (48). The authors used genome engineering in
22Rv1 cells to knock in a GFP reporter downstream of exon CE3 in
the endogenous AR locus, which they used as a surrogate for AR-
V7 expression. Using this reporter line, they showed knockdown
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Figure 2. Cis-elements and trans-acting factors that regulate expression of AR and AR-Vs. (A) Diagram of a minigene splicing reporter to mimic AR and AR-V7 alternative

splicing. The reporter contains AR exon and flanking ∼400 bp nucleotide sequence from AR intron 3. Factors found to directly recognize and regulate splicing of the

reporter are illustrated. (B) Schematic of the endogenous AR gene including the 5′UTR, 3′UTR and exon CE3. Factors found to directly recognize and regulate splicing of

endogenous AR pre-mRNAs are illustrated. UTR = untranslated region, CE3 = cryptic exon 3, PAS = polyadenylation site, CMV = human cytomegalovirus promoter.

of SF3B2 caused reduced AR-V7/GFP reporter expression. They
performed photoactivatable ribonucleoside-enhanced cross-
linking and immunoprecipitation (PAR-CLIP) analysis of SF3B2,
which revealed that SF3B2 bound to AR exons 1 and CE3.
Accordingly, disruption of the SF3B2 recognition motif in exon
CE3 (Fig. 2B) significantly increased the number of 22Rv1 cells
that were GFP-negative for the AR-V7 reporter, suggesting this
motif functions in AR-V7 splicing (48). Noteworthy, high SF3B2
levels were correlated with adverse pathology as determined by
Gleason scoring as well as shortened progression-free survival
in prostate cancer patients (48).

Another study examining endogenous AR-V7 splicing deter-
mined that overexpression of the splicing factor heterogeneous
nuclear ribonucleoprotein A1 (HNRNPA1) in 22Rv1 cells resulted
in increased AR-V7 mRNA and protein expression (49). Addi-
tionally, knockdown of HNRNPA1 reduced expression of AR-V7
mRNA and protein and re-sensitized 22Rv1 cells to enzalutamide
(49). Using immunohistochemistry, the authors found that
HNRNPA1 was overexpressed in prostate tumors compared with

benign prostate tissue. Further, enzalutamide-resistant CRPC
cells were found to exhibit higher levels of HNRNPA1, suggesting
this splicing factor may contribute to treatment resistance (49).
Several HNRNPA1 binding sites (5′TAGGGA) were identified in
AR, and through RNA immunoprecipitation experiments in
enzalutamide-resistant 22Rv1 cells, HNRNPA1 was found to be
enriched near the poly(A) signal in AR exon CE3 (Fig. 2B) (49).
Interestingly, knockdown of HNRNPA1 also reduced full-length
AR mRNA and protein expression in VCaP cells (49), suggesting
this factor may regulate AR expression through non-specific
mechanisms such as decreased transcription of the AR gene or
inhibition of global splicing.

Lastly, a study examining global expression of splicing factors
in prostate cancer identified dysregulation of numerous splicing
factors compared to benign tumor adjacent regions (50). They
found high expression of splicing factors such as small nuclear
ribonucleoprotein U5 subunit 200 (SNRNP200), serine/arginine-
rich splicing factor 3 (SRSF3), and serine/arginine repetitive
matrix protein 1 (SRRM1) in prostatectomy specimens was
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associated with high Gleason score, metastasis, biochemical
recurrence, and high AR-V7 expression, suggesting these
splicing factors may also contribute to AR-V production.
Together, these studies illustrate trans-acting splicing factors
can function specifically to regulate AR-V expression. These
factors represent new drug targets for future studies to examine
as an alternative or to complement traditional CRPC therapies.

AR mRNA 3′ end processing
mRNA cleavage and polyadenylation, which defines the 3′

end of mRNA transcripts, is another post-transcriptional
mechanism that governs gene expression. The process of mRNA
polyadenylation was discovered nearly 50 years ago (51–53), but
recent research has found dysregulation of this mechanism in
numerous cancers including prostate cancer (54–57). mRNA
species undergo cleavage and polyadenylation at a canonical
5′AAUAAA polyadenylation (poly(A)) sequence that is typically
located within the 3′UTR encoded by the last exon of the
transcript. Alternative polyadenylation is the usage of a poly(A)
site that is proximal or distal to the predominant poly(A) and
provides a mechanism to modify the 3′ end of mRNA transcripts,
which can also modify the amino acid sequence and/or length of
protein C-termini. Four core complexes recognize and bind the
poly(A) site to promote endonucleolytic cleavage: the cleavage
and polyadenylation specificity factor (CPSF) complex, the
cleavage stimulation factor (CstF) complex, the cleavage factor I
(CFIm) complex, and the CFIIm complex (58).

Our group showed that a poly(A) site in AR exon CE3 is utilized
in CRPC cells to generate an abundance of AR-Vs, including
AR-V7 and AR-V9 (55). Further, the CPSF complex component
CPSF1 regulated selection of this alternative poly(A) site based
on the finding that knockdown of CPSF1 in 22Rv1 cells reduced
expression of AR-Vs and increased expression of full-length AR
(Fig. 2B) (55). Thus, similar to alternative splicing, alternative
polyadenylation is an additional RNA-based mechanism that
controls levels of AR and AR-Vs and highlights targetable cis-
elements and trans-acting factors that function in the selection
of the poly(A) site in exon CE3 of AR.

miRNA-mediated repression of AR

Another well-studied mechanism of post-transcriptional gene
regulation is miRNA-mediated repression. miRNAs regulate
the expression of genes by directly binding mRNAs through
sequence elements typically located within the 3′UTR and
reducing stability or translation of the target mRNA (59).
The full-length AR mRNA contains numerous miRNA binding
sites (60,61), and studies have explored the role of miRNA-
mediated repression as a mechanism of regulating AR and AR-V
expression in prostate cancer.

miR-124 binding sites are found in the 3′UTRs of both full-
length AR and AR-V7 mRNAs (Fig. 2B), as well as the 3′UTR of
other AR-Vs (62,63). Administering miR-124 to 22Rv1 cells grown
in vitro or as mouse xenografts in vivo reduced AR-V7 protein
expression and tumor growth (63). Full-length AR protein or
mRNA was not examined in this study, and it remains unknown
whether miR-124 regulates AR-V7 specifically. Importantly, the
authors found expression of miR-124 also promoted sensitivity
of 22Rv1 cells to enzalutamide in vitro and in vivo, suggesting this
miRNA has potential to overcome enzalutamide resistance.

Another study found significantly lower levels of miR-212 in
prostate tumors relative to normal prostate tissue and showed
ectopic expression of miR-212 mimics in C4-2B CRPC cells

reduced expression of full-length AR and AR-V7 mRNA and
protein (64). Interestingly, this study found ectopic expression of
miR-212 also reduced levels of the splicing regulator HNRNPH1
and showed HNRNPH1 directly interacted with AR pre-mRNA
(Fig. 2B). The authors suggested that lower levels of HNRNPH1
could reduce transcription and/or splicing of AR and AR-Vs,
suggesting miRNAs may also indirectly regulate AR and AR-V
expression.

miR-145 is another miRNA shown to target AR, and ectopic
expression of miR-145 in 22Rv1 cells reduced expression of both
full-length AR and AR-V protein (65). The authors found that
miR-145 expression inversely correlated with the occurrence
of metastases and androgen deprivation therapy response in a
prostate cancer cohort, suggesting this miRNA may also function
in treatment resistance. However, whether miR-145 regulates
full-length AR and AR-V expression through direct or indirect
mechanisms is unclear.

Lastly, a library of over 800 miRNA mimics was screened to
identify regulators of AR activity, leading to the finding that
miR-30 family members functioned as direct AR inhibitors
(Fig. 2B) (60). This study identified reductions in expression
of miR-30c-5p and miR-30d-5p in metastatic CRPC compared
to normal prostate tissue and reduction of miR-30d-5p in
primary prostate cancer compared to normal prostate tissue.
They found that ectopic expression of miR-30d-5p and miR-
30b-3p reduced expression of full-length AR protein in LNCaP
cells and AR-V7 protein in VCaP cells. The authors also found
inhibition of miR-30d-5p and miR-30b-3p promoted androgen-
independent growth of LNCaP cells, suggesting these miRNAs
may be important for sustaining normal androgen-dependent
growth of prostate cancer cells.

Together these studies emphasize the importance of miR-
NAs in regulating AR and AR-V expression, but it still remains
unclear whether miRNAs are capable of specifically targeting
AR-Vs. Interestingly, an additional study identified circular RNAs
to be depleted in enzalutamide-resistant CRPC cells compared
to enzalutamide-sensitive cells, suggesting circular RNAs may
regulate prostate cancer therapeutic responses (66). The authors
identified numerous miRNA binding sites in the circular RNA
sequences, including miR-124 sites. This finding suggests that
circular RNAs may function as sponges for miRNAs, effectively
decreasing the availability of these miRNAs to regulate endoge-
nous targets. Future work is warranted to understand the coor-
dinate regulation of miRNAs such as miR-124 and miR-212, as
well as interplay with circRNAs, and their resultant effects on
AR and AR-V expression. These factors could hold potential as
therapeutic targets for CRPC.

Post-transcriptional drug targets of AR-Vs and
future directions
While second-generation AR-targeted therapies such as enza-
lutamide improve overall survival of prostate cancer patients,
these therapies are not curative. This highlights the need for
development of new therapies for CRPC. AR-Vs are insensitive
to ligands such as enzalutamide because AR-Vs lack the LBD
targeted by these drugs. The mechanisms of RNA-based regu-
lation of AR and AR-Vs described in this review highlight new
opportunities for drug development in CRPC, which could serve
as alternatives or complements to current therapies.

Antisense nucleic-acid based therapies have been investi-
gated as potential therapeutics in CRPC. For instance, inhibition
of AR-V7 splicing with antisense oligo-nucleotides was shown to
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be effective in reducing androgen-independent growth of CRPC-
derived 22Rv1, DuCaP, and VCaP cell lines (67). Our group devel-
oped an antisense morpholino targeted to the alternative poly(A)
sequence in AR exon CE3, and found this morpholino reduced
growth of 22Rv1 cells in androgen-deficient medium but not
androgen-proficient medium (55). These studies highlight the
potential of antisense nucleic acid-based strategies for inhibiting
AR-Vs in CRPC.

miRNA mimics are another promising option and have
shown success in other cancer models including liver cancer
(68) and non-small cell lung cancer (69). miR-124 mimics have
already shown effectiveness in targeting and repressing AR-V7
in animal models (63), and represent another therapy option to
inhibit AR-V7 expression in CRPC.

Pladienolide B is a macrolide compound with antitumor
activity that has been shown to inhibit mRNA splicing (70).
Pladienolide B binds to SF3B3 and inhibits interactions with
other splicing factors such as SF3B1 (71,72) to disrupt down-
stream splicing. Treatment of 22Rv1 cells with pladienolide B
reduced expression of AR-V7 and full-length AR mRNA, but
the effect was more pronounced for AR-V7 (48). Additionally,
Pladienolide B inhibited the growth of 22Rv1 xenografts in mice
(48). Pladienolide B as well as other splicing inhibitors could
provide yet another opportunity for alternative treatment for
CRPC that does not respond to traditional treatments such as
enzalutamide.

The RNA-based mechanisms presented in this review are
important levels of regulation manipulated by prostate cancer
and provide an exciting avenue for druggable targets outside of
the traditional therapies that target the AR. Continued research
on the trans-acting factors and cis-elements that regulate these
mechanisms will bring us closer to the reality of manipulating
these pathways in CRPC patients for better long-term survival.
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