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ABSTRACT

The Androgen Receptor (AR), transcriptionally activated by its ligands, testosterone and dihydrotes-
tosterone (DHT), is widely expressed in cells and tissues, influencing normal biology and disease
states. The protein product of the AR gene is involved in the regulation of numerous biological
functions, including the development and maintenance of the normal prostate gland and of the
cardiovascular, musculoskeletal and immune systems. Androgen signalling, mediated by AR protein,
plays a crucial role in the development of prostate cancer (PCa), and is presumed to be involved in
other cancers including those of the breast, bladder, liver and kidney. Significant research and
reviews have focused on AR protein function; however, inadequate research and literature exist to
define the function of AR mRNA in normal and cancer cells. The AR mRNA transcript is nearly 11 Kb
long and contains a long 3’ untranslated region (UTR), suggesting its biological role in post-
transcriptional regulation, consequently affecting the overall functions of both normal and cancer
cells. Research has demonstrated that many biological activities, including RNA stability, translation,
cellular trafficking and localization, are associated with the 3’ UTRs of mRNAs. In this review, we
describe the potential role of the AR 3’ UTR and summarize RNA-binding proteins (RBPs) that
interact with the AR mRNA to regulate post-transcriptional metabolism. We highlight the importance
of AR mRNA as a critical modulator of carcinogenesis and its important role in developing therapy-
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resistant prostate cancer.

Introduction

AR is a ligand-dependent transcription factor that binds to
Androgen Response Elements (AREs) in the promoter and
enhancer regions of its numerous target genes and exerts its
biological effects through histone modifications and chroma-
tin remodelling [1,2]. AR plays a crucial role in the normal
growth and maintenance of prostate epithelial cells by trans-
activating regulators of cell growth, cell differentiation and
apoptosis [3]. One of the most well-documented AR target
genes is prostate-specific antigen (PSA), a member of the
Kallikrein family of serine proteases that functions in liquefy-
ing seminal coagulum [4]. However, PSA is more widely
known for its diagnostic potential in PCa indication and
progression [5], since proteolytic cleavage of pro-PSA to
PSA is often ineffective in PCa. Thus, high serum levels of
total PSA usually indicate advanced disease.

PCa initially begins as a localized malignancy. The 5-year
survival rate at this stage is approximately 98% and is typically
cured by tumour removal through surgery or radiation [6].
However, androgen deprivation therapy (ADT) is customarily
the primary treatment method if these procedures fail or if the
cancer metastasizes. Various ADT options are available and may
be combined to prevent AR signalling pathways from fuelling
PCa cells. Such methods include surgical castration, antiandro-
gens and androgen signalling inhibitors. One of the most fre-
quently prescribed ADT therapies is the antiandrogen,

enzalutamide (Enz). Enz is an AR antagonist that binds the
ligand-binding pocket of the AR protein, competes with its
ligand and interferes with its ability to localize to the nucleus
and transcriptionally activate its numerous target genes involved
in cellular proliferation [7].

Because androgens are synthesized from cholesterol, thera-
pies such as the CYP17A inhibitor, Abiraterone Acetate, were
designed to inhibit intratumoral androgen synthesis. These
drugs effectively mimic castration and have high therapeutic
efficacy [8]. However, despite low levels of serum androgens,
AR signalling is maintained through activation by cytokines
or growth factors or by atypical steroids, such as progesterone,
oestrogen and glucocorticoids [9-11]. Consequently, after
approximately 24 months of androgen ablation, many patients
are likely to develop castration-resistant disease. Thus, there is
a pressing need for novel and effective AR- or androgen
signalling-targeted therapies.

While plentiful evidence suggests therapeutically targeting
androgen synthesis and AR-mediated signalling at the protein
level is efficacious, our knowledge regarding the mechanisms
that regulate AR expression and function at the mRNA level is
entirely lacking. Following gene transcription, precursor-
messenger RNA (mRNA) is subjected to several levels of post-
transcriptional regulation and modifications that affect var-
ious aspects of the pre-mRNA including RNA splicing,
mRNA  stability, translocation and translation. Post-
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transcriptional regulation of gene expression often involves
cis-acting RNA elements typically found within the untrans-
lated regions (UTRs) of mRNAs. Such cis elements include
binding sites for miRNAs, long noncoding RNAs (IncRNAs)
and RNA-binding proteins. Interestingly, longer 3> UTRs are
typically associated with downregulated levels of gene expres-
sion, presumably due to the abundance of binding sites for
trans-acting factors, such as RNA-binding proteins and
IncRNAs.

The 11 Kb long AR mRNA contains an unusually lengthy
~6.8 Kb 3> UTR (Fig. 1), suggesting that this region harbours
many sites and motifs potentially involved in post-
transcriptional regulation that govern differential gene expres-
sion and, thus, affects overall cell function. Strong evidence
shows that the shortening of mRNA 3’ UTRs is often observed
in various cancers [12-14]. Thus, various cis-acting elements
and trans-acting factors, including RBPs that interact with the
AR mRNA, can potentially control post-transcriptional regu-
lation during therapy resistance and may present novel stra-
tegies for CRPC therapies. This review summarizes the
current knowledge of cis-acting elements and RBPs that inter-
act with the AR mRNA to presumably affect the central
cellular processes that become differentially perturbed in cas-
tration-sensitive and castration-resistant PCa.

Androgen receptor gene, mRNA and protein
structure and function

The Androgen Receptor (AR) gene is located on the
X chromosome and encodes the AR protein consisting of
919 amino acids [15,16]. The AR mRNA consists of two
regulatory regions, a 1.1 Kb 5 UTR and a ~6.8 Kb 3’ UTR,
flanking a 2.7 Kb open reading frame (ORF) (Fig. 1). UTRs of
mRNAs play a crucial role in mRNA localization, stability and
overall mRNA function, typically through interactions with
various trans-acting factors, reviewed extensively elsewhere
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[17]. Therefore, it is logical to speculate that trans-acting
factors such as miRNAs and RBPs interact with the untrans-
lated regions of the AR mRNA and modulate AR mRNA
properties such as mRNA stability, translatability, export
and subcellular localization, thus ultimately affecting AR pro-
tein translation and subsequent function. However, the reg-
ulatory roles of the 5 and 3° UTRs of the AR mRNA remain
an unexplored aspect of prostate cancer biology.

The AR protein consists of three functional domains
encoded by eight exons (Fig. 1). The N-terminal domain
(NTD), encoded by exon 1, makes up a large portion of the
AR protein and is required for total AR activity [18,19]. The
relatively sizable amino-terminal domain is also the least
conserved among the human population and comprises vary-
ing lengths of polyglutamine (CAG) and polyglycine (GGC)
repeats [20]. Interestingly, polymorphic GGC and CAG tract
lengths have been demonstrated to affect the folding and
alpha-helix structure of the NTD and negatively correlate
with AR transactivation activity and PCa incidence rates
[20,21]. Within the NTD, the activation function 1 (AF1)
region contains two transcription activation units (Tau-1
and Tau-5). These Tau units mediate protein—protein inter-
actions with coactivators and other basal transcription factors
and interactions between the amino and carboxyl terminal
domains of AR, essential for dimerization and ligand associa-
tion, thus affecting overall AR activity [18,19].

The DNA binding domain (DBD) of AR, encoded by
exons 2 and 3, is a region essentially made up of cysteine
residues and plays an important role in target sequence recog-
nition and homodimer binding [22,23]. Like other nuclear
receptor family members, the DBD of AR contains two zinc-
finger motifs regulating a-helical structure, which bind AREs
in promoter regions of AR target genes. The first zinc-finger
contains an a-helix that interacts with the major groove of the
consensus sequence, while the second zinc-finger plays an
essential role in AR protein dimerization, necessary for
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Figure 1. Androgen Receptor gene, mRNA and protein structure. (a, b) The AR gene is located on the X chromosome and consists of eight exons (E1-8) and
seven variable size introns. (c) The AR mRNA is nearly 10.7 kb long, containing a 1.126 kb long 5’ UTR, a 6.778 kb long 3’ UTR and a 2.7 kb long coding region. (d) The
AR protein consists of multiple functional domains: N-terminal domain (NTD), DNA-binding domain (DBD), Hinge region and C-terminal domain (CTD)/Ligand-binding
domain (LBD). The N-terminal domain contains two transcriptional activation units (TAU) imperative for AR function.



binding AREs [16,24]. The DBD also has a carboxy-terminal
extension (CTE) believed to play a role in ARE recognition
and transactivation [25].

Following the DBD, a flexible linker known as the hinge
region connects the DBD and ligand-binding domains (LBD).
The hinge region precedes the LBD in all steroid receptors
and has proven to be involved in the transcriptional activation
of AR [26]. However, this region is better known for compris-
ing most of the nuclear localization signal (NLS), which is
revealed upon ligand binding and allows AR to localize to the
nucleus and exert its effects on target genes [27]. Finally, the
crucial ligand-binding domain (LBD), located at the
C-terminus of AR, is encoded by exons 4 through 8. This
region functions in binding and stabilizing androgens by
interacting with motifs in the N-terminus and plays an impor-
tant role in promoting interactions between AR and chaper-
one proteins [28].

Mechanistically, AR resides in the cytoplasm until acti-
vated by binding androgenic hormones, testosterone or dihy-
drotestosterone (DHT), with DHT being the more potent
activator. Testosterone is converted to DHT in the cytoplasm
by 5-a reductase. Upon ligand binding, AR dimerizes, releases
its heat shock proteins (HSPs) and localizes to the nucleus
where it binds promoter and enhancer regions of target DNA
via its DBD (Fig. 2). AR target genes often include those
involved in cell proliferation via cell cycle regulation and
other cellular events critical for the normal growth and func-
tion of the prostate [29]. However, in PCa, these events often
become perturbed due to AR modifications, such as AR
mutations, AR splice variants and AR gene amplification,
which contribute to PCa progression and ADT resis-
tance [30].

While AR function is largely dependent on ligand binding
through the LBD, a plethora of research has revealed that all
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three domains are critical for full AR activity. Thus, the NTD
and DBD have recently become targets for emerging PCa
treatments. Although most androgen deprivation therapies
rely on ligand binding of AR, castration resistance often
occurs due to the presence of constitutively active splice
variants that lack the LBD or other AR mutations [30].
Therefore, novel therapies are currently being developed to
interfere with the functions of other domains, such as those
required for AR transactivation and DNA binding. It has been
demonstrated that a small-molecule inhibitor of the AR NTD
covalently binds the AF1 region and blocks AR transactiva-
tion without affecting the transactivation of other steroid
hormone receptors [31]. Another small molecule appears to
inhibit the interaction of the DBD with DNA [32]. Overall,
the myriad activities of AR proteins have been extensively
explored and targeted for PCa therapies. However, much
remains to be learned about AR mRNA metabolism in normal
cells as well as in PCa. Thus, investigating the mechanisms
behind AR mRNA regulation would be of value in developing
novel therapies.

Post-transcriptional regulation of AR mRNA
metabolism

The AR gene consists of eight exons and seven introns tran-
scribed into an mRNA with a 1.1 Kb 5 UTR, a 2.7 Kb open
reading frame (ORF) and a ~6.8 Kb 3 UTR (Fig. 1).
Numerous experimentally validated miRNAs and IncRNAs
interact with the AR 3" UTR and modulate AR gene expres-
sion [33-37]. However, not much is known about the trans-
acting RBPs that regulate AR mRNA metabolism. RBPs elicit
a multitude of effects on cell function by regulating mRNA
splicing, polyadenylation, translation, decay and localization,
mediated by several RNA-binding domains [38]. Thus,
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Figure 2. Androgen and cellular signalling alterations observed in AR-mediated transcriptional pathways during therapy resistance. (a) In the classical
pathway, androgens such as Testosterone (T) present in the cytoplasm are converted to the highly potent Dihydrotestosterone (DHT) in the presence of 5-a
reductase. DHT then binds to AR, inducing conformational changes, which results in the release of heat-shock proteins, followed by dimerization and translocation to
the nucleus. In the nucleus, AR binds to Androgen response elements (AREs) and regulates the expression of AR target genes, and consequently the growth and
survival of the cell. During PCa progression, changes in AR, such as AR splice variants, especially AR-V7 (b), and AR mutations (c), influence AR’s response to
alternative ligands which can activate the AR signalling cascade, promoting the development of castration-resistant prostate cancer.



822 (&) E. LIKOS ET AL.

AAAA 3’

Translational ~ Translational mRNA Stability
Repression Control I
! o
DDX3 EBP1
A 5. sutR \ ORF

[
U2AF65

/PCBP1
PCBPy
UC-rich 3'UTR iJISI
EB!

P
Increased mRNA Stability,
Translation

s

Exon1 j/\[_ E2 D f

\
Exomt |} [ E2

AR-FL [

s
&

AR-V7 L

(g}

= hnRNP1\
tﬂf\ﬁ\ EN s )

Figure 3

Figure 3. RNA-binding proteins that interact with the Androgen Receptor mRNA. (a) Various RNA-binding proteins including DDX3, EBP1, HuR, PCBP1/2 and
MSI2 interact with AR mRNA within the 5'UTR, ORF and 3'UTR to control translation and stability. (b) Splicing factors including U2AF65 and hnRNP1 interact with an
intronic splicing enhancer (ISE) while Sam68 and ASF/SF2 interact with an exonic splicing enhancer (ESE) located within the 3’ splice site of exon 3b. This results in
cryptic exon splicing and generation of AR-V7 variant. PSF is predicted to bind within intron 3. (c) mRNA structure of AR-V7 lacking exons 5 through 8 (the ligand

binding domain).

alterations in RBP expression can substantially affect central
cellular processes controlled by mRNAs. Such alterations in
RBP expression and function have been shown to contribute
to diseases such as cancer by altering cell division, invasion,
migration and proliferation [39,40]. A compilation of the
currently known RBPs that may be involved in AR mRNA
metabolism is illustrated in Fig. 3.

RNA-binding proteins targeting the androgen
receptor

HuR and poly C-binding proteins 1 and 2

The earliest discovered RNA-binding proteins that bind AR
mRNA include HuR and poly(C)-binding proteins 1 and 2
(PCBP1 and PCBP2). HuR is a multifaceted RNA-binding
protein that is involved in various RNA processing events
that are critical for regulating gene expression [41]. Three
RNA recognition motifs (RRMs) assist in the binding of
HuR to various mRNAs, eliciting various effects on cell func-
tion [42]. HuR was first identified for its role in mRNA
stabilization [43] but has recently been determined to have
additional functions within the cell, such as modulating
mRNA translation and nuclear shuttling [44]. Because HuR
has such a diverse array of roles in RNA metabolism within
the cell, its role in cancer biology has been extensively scru-
tinized. HuR typically interacts with AU- and U-rich
sequences within UTRs to stabilize target mRNAs [43,45].
Incidentally, in many cancers, HuR is overexpressed and
stabilizes mRNAs that contribute to the over-proliferative
properties of cancer cells [46,47]. Furthermore, HuR is also
known to localize to the nucleus more frequently in malignant
versus healthy cells [48,49]. Thus, HuR seems to participate in
many aspects of carcinogenesis. PCBP1 and 2 share similar

functions with HuR by modulating mRNA turnover and
translation; however, these RBPs typically bind C-rich
sequences within the UTRs of mRNAs [50,51].

The AR mRNA contains a well-conserved, 51 nucleotide
UC-rich region located within the 3” UTR, 153-156 nucleo-
tides downstream from the stop codon [52]. This UC-rich
region was shown to reduce luciferase expression by 30%
when cloned downstream of the transgene, luciferase, com-
pared to luciferase vector alone in the AR-positive cell line,
LNCaP [52]. UC-rich motifs are often targets of RNA-binding
proteins (RBP); thus, an RNA electrophoretic mobility shift
assays (REMSA) discovered RBPs associated with this motif
and revealed interactions with several cytoplasmic and nuclear
proteins in human prostate and breast cancer cells [52].
Experiments using anti-HuR and anti-PCBP1 or PCBP2 anti-
bodies led to the discovery that both HuR and PCBPI1 are
associated with the AR mRNA UC-rich motif [52].
Mutational analyses of the potential-binding sites in the AR
mRNA 3’ UTR region indicated that a composite of multiple
U-rich sequences within the UC-rich motif enables the opti-
mal binding of HuR, while both CCC triplets flanking
a central U in the CCCUCCC motif are critical for PCBP1
and PCBP2 binding. It is likely that these RBPs are potentially
contributing to continued AR function in CRPC by stabilizing
the AR mRNA, therefore affecting its translatability and onco-
genic functions.

Since the discovery that HuR interacts with and stabilizes
AR mRNA, several studies have investigated the implications
of this RBP in PCa progression. HuR is highly expressed in
human prostate cancer tissues as well as in LNCaP and PC3
PCa cell lines compared to non-cancerous samples [53]. The
interaction of HuR with AR mRNA affects cellular properties
such as cell proliferation, invasion and wound healing, con-
tributing to carcinogenesis in castration-sensitive and -



resistant cells [53]. Interestingly, several PCa-related genes
have been suggested to be regulated by HuR. For example,
the enzyme that converts arachidonic acid to prostaglandins,
COX-2, is highly expressed in PCa, stabilized by HuR, and is
strongly correlated with cytoplasmic HuR expression
(P = 0.0005) [54,55]. Similarly, the receptor tyrosine kinase
ERBB-2, which is also overexpressed in PCa, exhibits
increased levels that are lined with HuR-mediated events in
PCa cells. HuR appears to antagonize miR-133-3p-mediated
downregulation of ERBB-2 in PCa cells, presumably by occu-
pying the miR-133-3p binding site and affecting the formation
of the RNA-protein complex for miRNA-mediated repression
of mRNA translation [56]. HuR and PCBP1 likely become
dysregulated during PCa progression, leading to dysregulation
of target mRNAs, contributing to disease progression.
However, only a handful of studies have dissected the
mechanisms encompassing the HuR and PCBP1-mediated
modulation of AR mRNA in PCa. Because the UC-rich
motif to which HuR and PCBPI1 and 2 bind is highly con-
served, this motif has the potential to be an ideal target for
novel PCa therapies. The aspects of HuR and PCBPs illu-
strated above suggest that the interplay between HuR, PCBP
and other RBPs or miRNAs can contribute to mRNA stabili-
zation or destabilization of target genes, potentially producing
undesirable, heterogeneous patterns of gene expression in
prostate carcinogenesis.

Musashi 2

Musashi2 (MSI2) is a member of the Musashi family of RNA-
binding proteins involved in translational control and regula-
tion of stem cell fate [57]. Two conserved RNA recognition
motifs located at the N-terminus of MSI proteins promote
binding to motifs within the 3> UTR of target mRNA [58].
Numerous results indicate a unique role for mammalian MSI2
in the regulation of haematopoietic stem cell repopulation and
differentiation while also playing an important role in the
progression of leukaemia [57,59-62]. In chronic myeloid leu-
kaemia (CML), disease progression from the chronic phase to
the blast crisis is thought to be partially regulated by the
Musashi2-Numb signalling pathway, which governs differen-
tiation of CML cells [62]. Interestingly, the increased MSI2
protein levels are correlated with decreased patient survival
[59,63], thus suggesting a role for Musashi2 as a prognostic
marker for the development and progression of CML.

While MSI2 has been extensively investigated for its role in
leukaemia, MSI2 expression has also been shown to be altered
or thought to play a role in the progression of gastric [64],
pancreatic [65] and hepatocellular cancers [66]. Recently,
a potential role for MSI2 in prostate cancer progression has
been described [67]. First, MSI2 expression is upregulated in
human PCa tumours, and various PCa cell lines compared to
normal tissue [67]. Moreover, MSI2 immunohistochemistry
staining of prostate tumour samples with various Gleason
scores revealed that MSI2 expression was significantly higher
in samples with a Gleason score >7 compared to those with
Gleason scores <7 (P < 0.001), suggesting a role for MSI2
during the progression of localized cancer to metastasis [67].
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Additionally, in vitro knockdown experiments using lenti-
virus-mediated shMSI2 indicated that MSI2 knockdown in
both castration-sensitive and resistant cell lines led to
decreased AR mRNA and protein expression, cell prolifera-
tion and colony formation [67]. Similar results were reflected
in vivo using a nude mouse model. Mice overexpressing MSI2
exhibited 30% tumour incidence rates compared to 60% in
MSI2-downregulated animals. In the MSI2 downregulated
phenotype, decreased tumour growth, tumour weight and
AR protein expression were observed, suggesting the function
of MSI2 in conjunction with AR expression in PCa [67].
Furthermore, the role of MSI2 in mRNA decay and protein
stability helped linked its direct role in the regulation of AR
stability. MSI2 overexpression appears to play a role in AR
mRNA stability, demonstrated by RNAi knockdown experi-
ments in which reduced levels of MSI2 lead to expedited
mRNA decay in multiple PCa cell lines. RNA-IP and RNA
pull down assays elucidated direct interactions between MSI2
and AR 3" UTR [67]. Results of a cycloheximide assay demon-
strated that AR protein degrades more quickly in MSI2
knockdown conditions, supporting a role for MSI2 in AR
mRNA stabilization and expression. Therefore, mechanisti-
cally, MSI2 may play a vital role in cancer development by
binding to the AR 3° UTR and mediating AR stability.
Together, these data strongly indicate a role for MSI2-
mediated control of AR mRNA metabolism during prostate
tumorigenesis.

ErbB3-binding protein 1 (EBP1)

In CRPC, ADT is no longer effective due to progression to
a castration-resistant stage. Importantly, AR protein often
remains present and active during this stage, but the mechan-
isms of PCa progression and the roles of androgens and AR
during this stage remain poorly understood. Currently, it is
accepted that AR becomes activated by compensating signal
transduction pathways, such as cytokines and growth factors
involved in protein kinase pathways, and that members of the
ErbB receptor family play a role during CRPC development
[68,69]. Members of this receptor family, such as ErbB2, are
expressed at higher levels in castration-resistant cell lines
compared to castration-sensitive cell lines and can activate
ligand-independent AR signalling, evidenced by increases in
transcriptional activation of the AR target gene, PSA [70].
Moreover, ErbB2 expression levels increase accordingly dur-
ing progression to castration-resistance, are amplified in PCa
patients and negatively correlate with patient survival [71-73].
More recently, HER2/ErbB3 signalling has been suggested to
mediate AR function in which HER2 kinase stabilizes AR
protein and enhances the binding of AR to AR-regulated
promoters [74]. Thus, cross-talk between growth factor and
AR signalling pathways likely occurs during carcinogenesis.
Recently, a role for EBP1, an ErbB3 binding protein, in
PCa progression has been described. EBP1 was originally
identified as a repressor of AR-mediated transcription and
transactivation [72] and binds to nuclear receptors via its
LXXLL motif [75]. EBP1 has been shown to directly bind
AR in vitro and in vivo [72]. Further studies indicated that
ectopic expression of EBP1 led to a 40% or more reduction of
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AR-responsive gene expression, a 90% decrease in colony
formation, significantly decreased growth rate (P < 0.05),
increased doubling time in vitro and decreased tumorigenesis
of PCa xenografts [76]. Interestingly only in the presence of
the antiandrogen, bicalutamide is EBP1 recruited to the PSA
promoter. Furthermore, EBP1 expression is decreased in
castration-resistant ~ xenografts,  together  delineating
a potential role for EBP1 in combating drug resistance by
acting as an intermediary between antiandrogens and
AR [76].

Ectopic expression of EBP1 has been shown to cause
a significant decrease in AR protein in vitro [76]. Thus, it
has been postulated that EBP1 is participating in post-
transcriptional regulation of AR mRNA stability, therefore
affecting translation. Indeed, a study demonstrated that
EBP1 interacts with AR mRNA through a UC-rich region
within the AR 3” UTR and stimulates AR mRNA decay [77].
This interaction allows EBP1 to regulate AR mRNA turnover,
indicated by significantly decreased luciferase activity and
accelerated mRNA decay of the reporter gene, firefly lucifer-
ase containing the AR UC-rich region in the 3 UTR [77].
This same AR UC-rich region is a binding site for HuR and
PCBPs, both RBPs known for their involvement in destabiliz-
ing AR. Therefore, it is likely that this AR UC-rich region
within the 3" UTR plays a pivotal role in regulating AR mRNA
stability [78].

Another binding site for EBP1 was discovered within the
AR mRNA coding region. This region contains the widely
studied CAG repeats that are located near the 5 end of the
open reading frame and vary in length among the human
population. These CAG repeats have been implicated in PCa
and repeat length has been shown to negatively correlate with
PCa incidence rates and to reduce the transactivation function
of AR [79-81]. A biotin pulldown assay utilizing His-tagged
EBP1 demonstrated that EBP1 is associated with CAGOY,
CAG20 and CAG42 repeat lengths. Furthermore, an in vivo
pulldown assay indicated that endogenous EBP1 is associated
with CAG20 repeat length in cell lysates expressing EBP1, but
not in EBP1-silenced lysates [77]. Paradoxically, the domain
of EBP1 that associated with AR mRNA was mapped to the
C-terminal end of EBP1 and was found to bind both the
mRNA CAG repeats and the AR mRNA 3’ UTR. Thus, this
domain is critical for EBP1 association with AR mRNA and
affects AR expression and function. Lastly, EBP1 knockout
cells exhibited a shift in the association of AR mRNA with
more translationally active polysomes, suggesting that EBP1
may also enhance the translation of AR mRNA [77].
Together, these data define the importance of EBP1 during
PCa progression and suggest that decreases in EBP1 expres-
sion observed during later stages of PCa may contribute to
dysregulation and anomalous expression of AR.

Dead-box helicase 3 X-linked (DDX3)

While AR-positive CRPC phenotypes continuously express
AR protein, other CRPC classifications include AR-low and
AR-negative prostate cancers, which bypass their dependency
on AR by relying on other signalling pathways, such as MAPK
and FGF [82]. One CRPC cell line in particular, PC-3, was

isolated from an AR-null bone metastasis and is often used to
study novel therapies targeting AR-null PCa. Once CRPC cells
experience a phenotypic shift and become resistant to AR-
targeting therapies, such as Enz, treatment options become
limited.

To further define the mechanisms contributing to the loss
of AR expression and ADT responsiveness in AR-low or AR-
negative (ARL/-) subtypes, the ability of the RBP, DEAD-box
helicase 3 (DDX3), to suppress AR translation in ARL/- CRPC
cells was investigated. DDX3 is an RNA helicase with a wide
variety of functions in multiple cellular compartments [83].
DDX3 modulates translation initiation by interacting with
translation initiation factors and unwinding RNA secondary
structures [84]. DDX3 also participates in directing mRNAs to
stress granules (SGs) during conditions that evoke cellular
stress [85]. Incidentally, DDX3 is overexpressed in cancers
including PCa [86]. Staining of patient samples of various
PCa subtypes with anti-DDX3 antibody revealed that cyto-
plasmic DDX3 expression is increased in AR-low/negative
CRPC LuCaP PDX subtype samples compared to AR-
positive and in castration-resistant compared to castration-
sensitive samples, with the highest expression found in AR-
low/negative CRPC LuCaP PDX subtypes [87]. These data
indicate a correlation between AR depletion and enhanced
DDX3 expression in CRPC. Furthermore, to elucidate poten-
tial interactions between DDX3 and AR, RIP-qPCR analysis
was conducted, revealing DDX3 interacts with AR mRNA and
that this interaction is enhanced in the CRPC cell lines, BCaP
MT10 and LNCaP-C42, compared to parental cell lines, BCaP
NT1 and LNCaP [87]. RNAi-mediated knockdown and phar-
macological inhibition of DDX3 activity using the small-
molecule inhibitor, RK33, upregulated AR protein expression,
but not AR mRNA in the AR-low/negative CRPC subtype,
suggesting that DDX3 modulates AR mRNA metabolism [87].
Furthermore, siDDX3 and RK33 also increased AR transacti-
vation function, evidenced by an increase in PSA mRNA and
protein expression [87].

In CRPC xenografts, co-staining of DDX3 and the stress
granule marker, PABPI, revealed that DDX3 and PABPI1
colocalize to the cytoplasmic puncta and that this colocaliza-
tion was found to have an inverse correlation with AR protein
[87]. Under hypoxic conditions, sodium azide-treated AR-
positive cells displayed increased DDX3 expression and loca-
lization of DDX3 to cytoplasmic puncta, decreased AR expres-
sion and increased binding of AR mRNA to DDX3 [87].
Together, these data suggest that cellular stress mechanisms
evoked during CRPC may induce DDX3-mediated regulation
of AR mRNA metabolism and translation, leading to
decreased AR expression and responsiveness to ADT in AR-
null phenotypes. Therapeutically targeting DDX3 may sensi-
tize the PCa cells to ADT by inhibiting its interaction with the
AR mRNA, affecting its stability and translation.

RNA-binding proteins that function as splicing factors

One of the most notable mechanisms by which AR alterations
engender therapy resistance occurs through the generation of
constitutively active AR splice variants that bypass reliance on
their cognate ligands and androgens. Multiple AR splice



variants (AR Vs) have been reported in CRPC samples, many
of which contain a truncated C-terminal domain [88-91]. The
most well-studied and abundant of these variants is the var-
iant, AR-V7, which lacks the LBD of AR and thus, is unaf-
fected by therapeutics that interfere with ligand binding [92-
94]. Although AR splice variants lack various exons present in
WT AR, they remain fully capable of translocating to the
nucleus and activating gene transcription of AR-regulated
genes, promoting cancer cell growth even under androgen
ablation [95]. In this way, AR becomes aberrantly reactivated
and cells are no longer responsive to androgen deprivation
therapies such as Enz. Rather, fully functional AR-Vs are
highly expressed in castration-resistant PCa and are capable
of continuously activating AR target genes, contributing to
carcinogenesis. However, although many of these splice var-
iants have been identified, few studies have investigated the
factors that participate in the splicing event that induces exon
skipping and generates these AR splice variants.

To identify splicing factors (SFs) that potentially contribute
to the generation of AR-V7, a recent study investigated the
RBPs, U2AF65 and ASF/SF2, which seem to generate AR-V7
by interacting with AR pre-mRNA. Initially, various SFs
imperative for normal gene splicing were examined, including
hnRNP1, UlA, PSF, p54nrb, U2AF65 and ASF/SF2 [96].
While none of these proteins experienced alterations in
expression following dihydrotestosterone (androgen) or enza-
lutamide treatment, ChIP analysis utilizing primers designed
against the 5 and 3’ splice sites of WT AR and AR-V7
indicated that ADT enhanced the association of all the SFs
mentioned to AR mRNA, excluding PSF and hnRNP1 [96].
To identify the exonic splicing enhancers (ESEs) contributing
to AR-V7 generation, an AR-V7 minigene under the control
of the CMV promoter was created to test the interaction of
a putative ISE and an ESE at the 3’ splice site of cryptic exon
3b with the SFs hnRNP1 and ASF/SF2, respectively.
Transfection of this minigene construct (AR-V7 WT) and
constructs containing point mutations within the splicing
enhancers (ESEm and ISEm) revealed that ESEm and ISEm
led to decreased AR-V7 mRNA expression compared to AR-
V7 WT, but not WT AR in PCa cells. Furthermore, co-
transfection of the AR-V7 minigene (AR-V7 WT) and
siRNAs targeting the three splicing factors significantly
reduced AR-V7 levels. This effect was rescued in samples co-
transfected with those constructs containing point mutations
within the splicing enhancers (ESEm and ISEm), verifying
that the SFs are responsible for this reduction in AR-V7 iso-
form generation. Thus, interactions between U2AF65,
hnRNP1 and ASF/SF2, and the ESEs and ISEs they bind to
play a paramount role in alternative splicing of AR mRNA to
generate the AR-V7 isoform [96]. RNA pulldown experiments
using RNA oligonucleotides led to the discovery that hnRNP1
and U2AF65 interact with the AR pre-mRNA region contain-
ing the ISE and ESE, respectively. These interactions were
disrupted using mutant ISEm and ESEm constructs, confirm-
ing specific interactions of RBPs with the AR pre-mRNA.
Moreover, anti-ASF/SF2, hnRNP1, and U2AF65 all precipi-
tated AR pre-mRNA in the region containing both the ESE
and the ISE [96]. Enzalutamide treatment increased the asso-
ciation of all three SFs to the 3’ splice site of the exon 3b.
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However, not all SFs were recruited to the 5 splice site of AR
and AR-V7 or to the 3’ splice site of AR, indicating ADT-
regulated enhanced recruitment or binding of SFs to the ESE
and ISE may contribute to generation of AR-V7 isoform [96].
Knockdown of all three SFs using RNA silencing methods led
to decreased AR-V7 levels, but hnRNP1I also affected WT AR
levels, suggesting that this SF does not exclusively regulate
alternative splicing of AR-V7. On the other hand, U2AF65
and ASF/SF2 knockdown did not alter AR mRNA or protein
levels, indicating their specificity in participating in AR-V7
pre-mRNA splicing only [96].

In another study, siRNA-mediated knockdown of the SFs
hnRNPA1 and hnRNPA2 led to decreases of AR-V7 mRNA
and protein in 22Rvl and VCaP cell lines [97]. Interestingly,
RIP experiments utilizing anti-hnRNPA1 and hnRNPA2 anti-
bodies indicated that the association of the two SFs to the AR-
V7 splice sites was increased in enzalutamide-resistant 22Rv1
and C4-2B cell lines, compared to the parental cell lines,
a trend not observed with WT AR. Moreover, siRNA knock-
down of hnRNPA1 and 2 in the Enz-resistant 22Rv1 cells led
to regained responsiveness of these cells to ADT [97].
Another RBP, Samé68 was also found to interact with both
WT AR and AR-V7 proteins through the NTD, regulate exon
3b expression and promote AR-V7 transcriptional activity
[98]. Lastly, an SF known to interact with various components
of the spliceosome, PSF, has also been shown to be
a prominent factor in AR and AR-V7 splicing [99]. Taken
together, these data suggest that the interactions between
various SFs and AR pre-mRNA require further dissection to
understand the mechanism by which SFs differentially pro-
mote AR-V7 mRNA in CRPC and contribute to the survival
of cancer cells and development of therapy resistant PCa.

Discussion

CRPC is the aggressive form of PCa in which no viable
treatment options are currently available. Mechanisms that
contribute to castration-resistance involve alterations to AR,
such as AR mutations, leading to reduced ligand specificity,
AR gene amplification/overexpression, the generation of con-
stitutively active AR splice variants, dysregulation of AR cor-
egulators, intratumoral androgen biosynthesis and activation
by other ligands and factors. While all these mechanisms are
attributed to AR protein function, to what extent AR mRNA
metabolism contributes to one or all of these mechanisms is
unknown. In this review, we have discussed several RBPs
associated with AR mRNA during PCa and modulate AR
mRNA features, such as stability, localization to stress gran-
ules and alterations of AR pre-mRNA splicing. RBPs are
frequently dysregulated in cancers, leading to dysregulation
of their target mRNA and the central cellular processes that
the protein products of these mRNAs control. Therefore,
differential gene regulation can influence various processes
involved in cancer development and progression. The over-
expression of RBPs that regulate stability, such as HuR, in PCa
leads to modulation of target mRNA stability and expression.
Furthermore, RBPs that function as splicing factors seem to
play a critical role in promoting AR-splice variants for the
survival of ADT-treated cells. RBPs that suppress AR function
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by directing AR mRNA to stress granules, such as DDX3,
allow for the development of ADT-insensitivity. Overall, RBPs
are critical players in modulating various cell functions.
While RBPs modulate various aspects of mRNA metabolism,
post-transcriptional regulation of gene expression is a multi-
component process that includes other elements interacting
through various axes. Given the central importance of AR in
prostate carcinogenesis, several longstanding questions still need
to be answered, including splicing of AR pre-mRNA, AR mRNA
epigenetic modifications and AR mRNA cellular trafficking, to
name a few. Thus, much remains to be learned about the post-
transcriptional regulatory mechanisms modulating AR and the
interplay between cis-acting elements within AR mRNA and
other trans-factors, including RBPs, miRNAs and long noncod-
ing RNAs. Since aberrant androgen signalling is a direct con-
sequence of dysregulated AR expression and transactivation,
understanding the factors and mechanisms that contribute to
the regulation of AR during CRPC could aid in the discovery of
novel therapeutic targets. Learning about AR mRNA metabo-
lism is significant from basic biology and clinical perspectives
and will help identify disease recurrence mechanisms and, con-
sequently, lay a foundation for novel therapeutic interventions.
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