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Abstract

Prostate cancer kills one man every 45 minutes. Androgen receptor splice variants (AR-V)
appear to play a critical role in the progression of metastatic prostate cancer. AR-Vs are
truncated AR isoforms that lack the AR ligand binding domain and remain constitutively
active in the absence of androgen, promoting cancer cell proliferation through aberrant
activation of AR-mediated cell survival pathways. Consequently, AR-Vs have been proposed
to contribute to not only treatment resistance against anti-androgen therapies, but also radio-
resistance in patients receiving combination androgen deprivation therapy and radiation by
bolstering DNA repair mechanisms. AR-Vs such as androgen receptor variant 7 (AR-V7)
have been associated with worse clinical outcomes, however attempts to specifically inhibit
or prevent formation of AR-Vs have to date been unsuccessful. Thus, novel therapeutic
strategies are desperately needed to address the action of AR-Vs that drive lethal forms of
prostate cancer. Disruption of alternative splicing through modulation of the spliceosome is
one such potential therapeutic avenue, however our understanding of the inner workings of
the spliceosome, and how it contributes to prostate cancer remains incomplete, reflected in
the dearth of therapeutic agents able to target the spliceosome. This review outlines our
current understanding of the role of the spliceosome in the progression of prostate cancer and
explores the therapeutic utility of manipulating this cellular network to improve patient care.



Introduction

Prostate cancer is the second most frequently diagnosed cancer amongst men worldwide [1],
with one man dying of prostate cancer every 45 minutes in the United Kingdom [2]. Since the
pioneering work of Charles Huggins and Clarence Hodges, who first demonstrated the
benefits of androgen deprivation therapy (ADT) in patients with metastatic prostate cancer
[3], our understanding of its pathogenesis has increased significantly, particularly with
regards to the fundamental importance of the androgen receptor (AR) in all stages of disease
from tumorigenesis, to progression and ultimately treatment resistance and death [4].

The androgen receptor and prostate cancer

The AR is a ligand-activated transcription factor that plays a central role in male sexual
development. It is a member of the steroid and nuclear hormone receptor super-family and is
encoded by the AR gene located on chromosome Xql12 [5], the transcriptional activity of
which is modulated by its interactions with more than 200 different transcriptional co-
regulators [6]. In prostate cancer, in addition to these regulators, genomic aberrations such as
AR copy number gain, mutations and rearrangements are also thought to play a significant
role in AR gene expression with AR overexpression in particular being key to the
development and progression of castration resistant prostate cancer (CRPC) [7].

The full-length product of AR gene transcription was first reported in 1988 [8] and has a
molecular weight of 110 kDa. The AR is comprised of four discrete functional domains
(figure 1) namely, an N-terminal transcriptional domain (NTD) which is highly variable and
inherently disordered [5], a DNA binding domain (DBD) which consists of a highly
conserved 66-residue core made up of two zinc-nucleated modules [9], a hinge region and a
C-terminal ligand binding domain (LBD) [10]. Of note, while the C-terminal and DBD have
been crystalized, the crystal structure of the N-terminus remains elusive, hindering the
development of N-terminal targeting agents.

Under normal conditions, the AR is sequestered within the cytoplasm by a complex of heat
shock protein (HSP) chaperones [11] and their co-chaperones such as BCL-2-associated-
athanogene-1L (BAG-1L). In the presence of androgens, namely dihydrotestosterone (DHT),
and to a lesser degree, testosterone, the AR undergoes conformational change [10] and
dimerises with other ligand-bound AR to form homodimers. The nuclear localisation of the
AR is dependent on the AR bipartite nuclear localisation sequence (NLS), which is highly
conserved between many nuclear receptors and contains two clusters of basic amino acids
[12]. The NLS is recognised by the transport adaptor proteins, alpha and beta importin, which
regulate the shuttling of the AR homodimers into the cell nucleus. In addition, the NLS is
also recognised and bound by dynein, a motor protein that interacts with cellular
microtubules to enhance AR nuclear translocation via a cytoskeletal transport network [13].
Once in the nucleus, AR binds DNA at specific sites known as androgen-response elements
(ARE) through its DBD. In this way, the AR can up- or down-regulate the transcription and
activation of various genes, many of which are involved with regulating crucial cellular
functions such as growth and proliferation. As a consequence of this ability to regulate cell
survival, persistent activation of the AR has been shown to be a pivotal driving force in the
carcinogenesis and progression of prostate cancer. Furthermore, inhibition of AR signalling
through androgen deprivation remains the standard of care in the treatment of prostate cancer
to this day [14]. However, while nearly all patients initially respond to ADT, the duration of
response varies from months to years, and ultimately all patients eventually acquire resistance
and progress to lethal CRPC [15].



CRPC was long thought of as being an androgen independent entity, however more recently
the continuing importance of the AR in the progression of advanced prostate cancer has been
better appreciated, culminating in the introduction of abiraterone and enzalutamide into
routine clinical practise, which have been shown to provide additional survival benefit in
patients with CRPC [16, 17]. Despite the success of these second-generation AR-targeted
therapies, treatment resistance continues to be a major challenge, leaving patients with only a
limited number of meaningful treatment options following disease progression, namely
taxane chemotherapy, which is not without its limitations such as cytopenia and neurotoxicity
[18, 19], and targeted therapies that are only efficacious in a subgroup of patients, such as
PARP inhibitors or carboplatin in homologous repair DNA repair defective prostate cancers
(as yet unapproved) and PD-1 immune checkpoint targeting for mismatch repair defective
disease [20]. In addition, with clinical evidence emerging that use of abiraterone at diagnosis
of castration sensitive prostate cancer (CSPC) provides improved outcome [21, 22], it is
foreseeable that in the future these agents will be used much earlier in the treatment of
patients’ cancers and potentially result in resistance to anti-androgens occurring at the time of
progression from first line therapy rather than as a later event, opening the door to new
clinical dilemmas.

The many faces of the androgen receptor

While full-length AR (AR-FL) has been well described in the literature [10, 23], more
recently a variety of alternate versions of AR have been shown to exist. Evidence for this first
emerged through the work of Dehm and colleagues who identified two truncated AR
isoforms lacking the C-terminal domain in 22Rv1 prostate cancer cell lines, encoded by
mRNAs with a novel exon 2b at their 3’ end [24]. In addition, they demonstrated that these
AR isoforms remained constitutively active, and maintained the proliferation of 22Rv1 cells
in the absence of androgen [24]. Since this original work, and with the development of more
advanced sequencing techniques, numerous other truncated forms of AR have been reported
[23, 25, 26].

AR protein expression results from the transcription and translation of the AR gene.
However, due to the discontinuous nature of eukaryotic genes, with regions of non-coding
DNA (introns) interspersed between stretches of coding DNA (exons), when first transcribed
the resultant precursor messenger RNA (pre-mRNA) transcript contains both sequences.
Therefore prior to translation, nascent pre-mRNA transcripts are edited through the process
of splicing, removing unwanted introns and producing mature messenger RNA (mRNA) that
can be correctly translated.

Splicing is performed by complex cellular machinery referred to as the spliceosome, the
importance of which has recently gained increased recognition with the discovery that
through the alternative inclusion and exclusion of exons and introns, termed alternative
splicing, a single gene can encode multiple proteins [27], enabling eukaryotic cells to
transform a genome that contains only 20,000 genes, into a significantly larger and more
diverse proteome of approximately 95,000 proteins [28].

As such, awareness of the role of the spliceosome in numerous diseases, including cancer is
growing. However, our understanding of its underlying biological mechanisms remains
incomplete, making it an important area of Clinical Research.

The Spliceosome



The spliceosome is a dynamic cellular machine composed of small nuclear
ribonucleoproteins (SNRNP) and associated protein co-factors. The biosynthesis and assembly
of the spliceosome is outlined in Box 1.

Importantly, all major steps in spliceosome formation are reversible, suggesting a proof-
reading mechanism in operation during splicing, with in vitro studies having shown that
partially assembled spliceosomes are able to disassemble and reassemble onto alternative
splice sites [29], particularly in the early stages of spliceosome assembly, as commitment to
splicing increases as spliceosome assembly progresses [29].

Spliceosome regulation

The core constituents of the spliceosome complex are able to define exon-intron boundaries,
however, splicing sequences within nascent mRNA precursors often contain too little
information to unambiguously define splice sites [30]. In addition, human introns often
contain sequences with a high degree of similarity to authentic splice sites. As such,
additional cis- and trans-regulatory factors are required to accurately define exon-intron
junctions and maintain fidelity. cis-regulatory RNA elements are nucleotide sequences within
pre-mRNA transcripts that can modify the splicing of the same pre-mRNA transcript in
which they are located. As such, these sequences are referred to as splicing regulatory
elements (SRESs) and contribute to splicing in a context dependent manner, whereby they can
serve as either splicing enhancers or silencers depending on their position within the pre-
MRNA transcript [31]. SREs exert their action by recruiting trans-acting splicing factors,
auxiliary proteins of the spliceosome such as serine/arginine-rich (SR) proteins and
heterogeneous nuclear ribonuclear proteins (hnRNP). These proteins interact with core
components of the spliceosome, often the sSnRNPs U1 and U2, to either activate or suppress
the splicing reaction by impacting the early steps of spliceosome assembly. In addition, as
with SREs, trans-acting splicing factors modify splicing in a context dependent manner. For
example, SR proteins can promote splicing when bound to SREs located within exons, but
can inhibit splicing when associated with SREs in introns [32].

Other factors contributing to splicing regulation include tissue-restricted protein splicing
factors (such as the neuro-oncological ventral antigen (NOVA) [33] and feminizing gene on
X (FOX) [34]), the rate of transcription elongation [35], tissue hypoxia [36, 37], heat stress
[38, 39], genotoxic stress [40], chromatin structure and nucleosome positioning [41].
Recently this complexity has been furthered with the finding that not only can most splicing
factors recognise multiple SREs, but each SRE is often bound by multiple different factors,
suggesting the presence of a complex network of protein-RNA interactions working
alongside the spliceosome, regulating splicing to not only protect the proteome from error but
also to provide cellular plasticity [27].

Alternative splicing

Splicing typically occurs at constitutive splice sites containing a consensus sequence. Splice
site selection is reported to crudely depend on the ‘strength’ of a splice site, with sites that are
more adjusted to the consensus sequence producing strong splice sites that are more
efficiently recognised by the spliceosome and selected for over weaker sites. However,
predominantly through trans-acting splicing factors, the spliceosome’s regulatory network
can modify the strength of these competing sites by silencing stronger splice sites and
enhancing weaker ones. In this way, the interplay between these competing spliceosomal
‘homing’ signals within a nascent pre-mRNA can lead to the preferential selection of non-
canonical splice site and result in alternative splicing.



High throughput RNA sequencing studies have shown that alternative splicing is a routine
biological process, with 90-95% of human multi-exon gene transcripts demonstrating
alternative splicing events, thereby generating protein diversity [42]. Patterns of alternative
splicing range from alternative 3° or 5’ splice site recognition, to retained introns and
mutually exclusive exons, however cassette exon skipping is the most common event in
humans [43] (figure 2).

Despite the abundance of alternative splicing events, the functional roles of the many spliced
isoforms remain uncertain, although we have clear evidence that alternative splicing can play
key roles in regulating the functions of many proteins [44-46]. While many speculate
alternative splicing is a fundamental factor in biodiversity and evolution [47], it has also been
implicated in the pathogenesis of a number of diseases including cancer [43, 48, 49].

The spliceosome in prostate cancer

The role of the spliceosome in prostate cancer is currently a major area of current Clinical
Research. While alternatively spliced variants of the AR that remain constitutively active in
the absence of androgen are the most well described splicing aberrations in prostate cancer,
the spliceosome has been implicated in the pathogenesis of prostate cancer in a number of
other ways (figure 3).

Mutations of spliceosome regulators

Recurrent somatic mutations in genes encoding splicing factors have been identified in a
variety of different cancers such as uveal melanoma [50], pancreatic ductal adenocarcinoma
[51], lung adenocarcinoma [52], breast cancer [53] and prostate cancer [54]. Despite this
diversity in tumour origin however, most reported spliceosomal mutations occur in one of
four genes, namely splicing factor 3B subunit 1 (SF3B1), SR protein splicing factor 2
(SRSF2), U2AF1 and zinc finger RNA-binding motif and serine/arginine-rich 2 (ZRSR2)
[55]. Of these, mutations of the SF3B1 gene are the most common and have been observed in
both haematological and solid malignancies [55], including prostate cancer [56]. Its protein
product, SF3BL1, is a core spliceosomal protein that binds upstream of the pre-mRNA branch
site, and is thought to be required for the recognition of most 3’ splice sites [27]. As such,
available evidence suggests that SF3B1 mutations are associated with enhanced recognition
of cryptic 3’ splice sites and favour the formation of alternative spliced protein isoforms [57],
which are considered an important mechanism of treatment resistance and disease
progression in CRPC. However, with a reported incidence in the region of 1% in prostate
cancer [54, 56], the contribution of SF3B1 mutations to treatment resistance may prove to be
limited.

Alterations in spliceosome regulator activity

Changes in the activity of splicing factors have been reported to directly impact on
tumorigenesis and disease progression in prostate cancer. For example, Src-Associated
substrate in Mitosis of 68 kDa (Sam68) is a nuclear splicing factor involved in regulating the
splicing of Cyclin D1 (CCND1) [58], which is a central component of cell cycle control.
However, Sam68 is activated through extracellular signal-regulated kinase (ERK)-mediated
phosphorylation [59], which is dysregulated in approximately a third of human cancers [60]
including prostate. As such, Sam68 has been found to be frequently upregulated in prostate
cancer [45], and consequently has been associated with the increased expression of a
truncated CCND1b isoform, rather than the canonical CCNDla gene product, which
promotes the proliferation and survival of prostate cancer cells [45].



Splicing factor upregulation has also been linked with prostatic epithelial-mesenchymal
transition (EMT) and disease progression in CRPC. Following androgen deprivation,
upregulation of the splicing factor serine/arginine repetitive matrix 4 (SRRM4) has been
shown to cause the alternative splicing of RE1-silencing (REST) [61], a neuronal master
regulator which normally prevents the expression of neuronal genes such as synaptophysin
(SYP) in non-neuronal cells [62]. Consequently, this produces a truncated form of REST that
lacks its canonical transcriptional repressor domain and gives rise to a more AR-independent,
neuroendocrine (NE) phenotype, which confers a poorer prognosis [63].

As well as directly contributing to disease progression, the upregulation of canonical splicing
factors has also been shown to be pivotal in the pathogenesis of other drivers of prostate
cancer, such as oncogenes. The proto-oncogene c-MYC is reported to be overexpressed in up
to 90% of all primary human prostate cancer lesions [64]. MYC hyperactivation amplifies
pre-mRNA production leading to stress on the spliceosome [65]. As such, these cancers are
equally dependent on the availability of splicing factors to sustain proliferation and survival
as they are on MYC [65], demonstrated by the upregulation of a number of splicing factors
such as SRSF1, hnRNPA1l and hnRNPA2 in MYC overexpressing tumours, and the
disruption of many vital cell processes which occurs when they are inhibited [65-68].

Alternative splicing of cellular signal transduction pathways

The spliceosome and its associated proteins are involved in the routine operation of a wide
range of cellular processes including DNA repair, transcription and nonsense-mediated RNA
decay (NMD). For example, through chromatin immunoprecipitation (ChIP) studies, SF3B1
and U2AF1 have been shown to interact with BRCAL following DNA damage [69].

Kruppel-like factor 6 (KLF6) is a key tumour suppressor gene that is often mutated in
prostate cancer. It encodes a member of the Kruppel-like family of transcription factors
which binds DNA and regulates growth-related signal transduction pathways, cell
proliferation, apoptosis, and angiogenesis [70]. While wild-type KLF6 has inhibitory effects
on cell growth, a common KLF6 germline single nucleotide polymorphism (IVS1-27
G>A/IVSAA) results in the production of an alternatively spliced isoform, KLF6 splice
variant 1 (KLF6 SV1), which enhances cell proliferation, colony formation, and invasion.
Furthermore, upregulation of KLF6 SV1 in prostate cancer is associated with worse
prognosis [44, 71].

As well as effecting important protein signal transducers, the alternative splicing of cell
surface receptors leading to aberrant activation of key survival pathways is an equally
important part of the spliceosome’s contribution to prostate cancer progression. For example,
the fibroblast growth factor-2 receptor (FGFR2) is a tyrosine kinase receptor which when
activated by the binding of fibroblast growth factor (FGF), is involved in the regulation of
numerous key cellular processes such as proliferation and differentiation which contribute to
cell survival [72]. Under normal physiological conditions, the FGFR2 exist in a number of
isoforms, which tend to be cell type specific with isoform I11b expressed in epithelial cells
and isoform Illc expressed in mesenchymal cells. In prostate cancer however, this
distribution has been found to change, with isoform Illc becoming more prevalent [73]. This
alters the receptors ligand binding specificity to favour the binding of FGF8b [73], the major
FGF isoform expressed in prostate cancer and which is thought to have an important role in
disease progression, as evidenced by its association with higher Gleason grade and clinical
stage [74].



Splicing therefore impacts on prostate carcinogenesis in a multitude of ways, and while the
breadth of these splicing changes suggests the key to endocrine therapy resistance is likely to
be multifactorial, currently the most significant role of the spliceosome in the progression of
prostate cancer is considered to be its involvement in the generation of alternatively spliced
AR receptor isoforms.

Androgen receptor splice variants

To date, a number of AR splice variants (AR-V) have been identified and examined in
metastatic CRPC specimens [25, 75, 76] (figure 1), however of these, AR splice variant 7
(AR-V7) is the most well studied and has been associated with both an increased risk of
biochemical relapse [77] and poorer overall survival [75, 78-80]. More recently, AR-V9 has
been shown to not only be co-expressed with AR-V7, but also shares a common 3' terminal
cryptic exon [81]. Furthermore, AR-V9 may also lead to the ligand-independent growth of
prostate cancer cells, with high AR-V9 mRNA expression having been reported to be
predictive of primary resistance to abiraterone [81], however the clinical significance of this
remains uncertain.

AR-V7 is a truncated isoform of the canonical AR-FL protein that lacks the AR LBD but
retains both the AR DBD, which mediates AR dimerization and DNA interactions, and the
NTD which is responsible for the majority of AR transcriptional activity [82]. Crucially, this
conformatory change has been shown to maintain AR-V7 in a constitutively active state in
the absence of an androgen ligand, resulting in persistent tumour cell aberrant AR survival
signalling [5]. Furthermore, this structural difference may also enable AR-V7 to induce a
distinct set of transcriptional programs compared to AR-FL. For example, expression of AR-
V7, but not AR-FL, has been positively correlated with the expression of the Ubiquitin
Conjugating Enzyme E2 C (UBE2C) gene, which encodes a protein required for the
destruction of mitotic cyclins and cell cycle progression in clinical CRPC specimens [83].
However, while this may suggest a shift toward AR-V mediated signalling following anti-
androgen therapy in a subset of CRPC tumours, it should be noted that attempts to
disentangle the functional role of AR-V7 from that of AR-FL have been challenging and this
continues to be an area of active investigation, with further evidence being required before
firm conclusions can be drawn on this possibility.

AR-V7 is the most commonly expressed AR-V [25, 82] and its prevalence increases
significantly as patients progress to CRPC [26, 84, 85]. This can in part be explained as a
consequence of treatment with ADT through two mechanisms. Firstly, AR-V7 expression is
intimately linked with AR gene transcription [77] which is increased approximately 10-fold
in response to androgen deprivation [82], as such AR-V7 expression is consequently also
increased. Secondly, as ligand-dependent AR signalling decreases AR-V7 transcription,
inhibition of AR signalling with ADT results in the loss of this negative feedback and
upregulates AR-V7 expression [5, 82].

Ultimately however, the processes determining the expression of AR-V7, as opposed to
canonical AR-FL, remain unclear, although there is increasing appreciation for the
importance of the spliceosome in this process.

AR-V7 and the spliceosome



The AR-V7 protein product arises from the alternative splicing of AR mRNA at cryptic exon
3 (CE3) as opposed to the canonical AR-FL 3’ss (figure 1). While AR gene copy number
gain is considered an important determinant of AR-V7 mRNA levels in CRPC metastases
[86], this alone does not explain why a proportion of encoded AR mRNA becomes
alternatively spliced. For example, in LNCap95 cells, which are not reported to possess this
AR copy gain, AR-V7 RNA is still expressed at levels comparable to VVCaP cells where AR
is amplified [77], whereas the parent cell line LNCaP expresses no AR-V7. Therefore, rather
than the alternative splicing of AR mRNA occurring because of random splicing error as a
consequence of increased substrate concentration, this instead points towards the existence of
a regulatory mechanism responsible for splice site selection.

In preclinical prostate cancer models, Liu and colleagues reported that androgen deprivation
increases spliceosomal recruitment to the AR gene, facilitating both AR and AR-V7 splicing
[77]. Furthermore, treatment with the anti-androgen Enzalutamide specifically enhances
recruitment of a number of splicing factors to the P2 region of the AR mRNA [77] which
contains the AR-V7 3’ splice site. This group further demonstrated that splicing factors
U2AF65 and SRSF1 acted as ‘pioneer’ factors, directing the recruitment of the spliceosome
to the SREs adjacent to the AR-V7 3’ss, and increasing the expression of AR-V7 RNA.
Interestingly, while knockdown of these splicing factors resulted in a reduction in AR-V7
RNA levels in both VCAP and LnCap95 cell lines, it did not affect AR-FL levels [77].
Coupling this data with the finding that the expression of U2AF65 is increased in CRPC
compared to primary prostate cancer [87], suggests that U2AF65 in particular may play a key
role in the progression of CRPC and, more specifically, be important in AR-V7 splicing.
HNRNP1 has also been proposed as a regulator of AR-V7 splicing, however the evidence for
this is less conclusive. Work by Nadiminty et al. has shown that overexpression of hnRNPA1L
significantly up-regulates protein levels of AR-V7, while down-regulation both reduces AR-
V7 protein expression and re-sensitises castrate-resistant cell lines to enzalutamide [88].
However, hnRNP1 knock-down has also been shown to reduce AR-FL levels [77],
suggesting that hnRNP1 may serve as a general regulator of AR mRNA splicing rather than
one specific to AR-V7.

Importantly, and in keeping with the concept of a proof-reading process within the
spliceosomal network, AR-V7 splicing appears to be a dynamic and plastic process. For
example, the re-introduction of androgen to androgen-deprived cell lines has been shown to
repress levels of AR-V7 RNA, with this occurring within 24 hours in VCaP cells. Similarly,
in primary cultures from enzalutamide-resistant VVCaP xenograft models, both AR and AR-
V7 RNA levels significantly decreased when DHT was added [77]. As an interesting aside, it
may be the rapidity of this plasticity that contributes to the encouraging efficacy
demonstrated by bipolar androgen therapy (BAT) in a recent phase 2 clinical trial. Teply et al
observed that 52% of patients with metastatic CRPC that had previously progressed on
enzalutamide achieved a 50% reduction in PSA following further treatment with
enzalutamide after having received BAT, where patients receive intermittent doses of high-
dose testosterone whilst remaining on ADT [89]. While this may suggest that re-sensitisation
of treatment resistant prostate cancer to enzalutamide is potentially possible through
manipulation of AR-FL and AR-V expression levels by modulating an individual’s exposure
to testosterone, definitive conclusions regarding this possibility are difficult to elucidate from
this cohort given that patient AR-V7 status in this study was determined through analysis of
circulating tumour cells (CTC) rather than tissue-based assessment. As such, because over
half of the patients included were found to be CTC negative, a large proportion of this cohort
could not be assessed for AR-V7 status, and so a number of AR-V7 positive patients could
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have been omitted from analyses. Furthermore, pre-clinical evidence in support of this
possibility remains inconclusive [90].

Alternative splicing and treatment resistance

Over recent years, appreciation for the role of alternative splicing in the development of
treatment resistance against anti-cancer therapies has greatly increased. For example,
alternative splicing of Survivin, a member of the inhibitor of apoptosis protein (IAP) family
has been reported to confer resistance to taxanes in pre-clinical models of ovarian cancer
[91], while the alternative splicing of B-lymphocyte antigen CD19 may promote resistance to
immunotherapy with adoptive T cells expressing chimeric antigen receptors (CAR-T) against
CD19 in pre-clinical models of B-cell acute lymphoblastic leukaemia [92].

Similarly, even though the development of genome sequencing has heralded the arrival of
various new targeted anti-cancer therapies, evidence is emerging that these therapeutic agents
are equally vulnerable to the development of resistance as a consequence of alternative
splicing. For example, a subset of BRAF mutant melanomas have been reported to acquire
resistance to vemurafenib through the expression of a variant BRAF isoform, BRAF(V600E),
which lacks exons 4-8, a region that encompasses the RAS-binding domain [93].
Furthermore, and perhaps more pertinently with regards to prostate cancer, alternative
splicing has been suggested to promote resistance to PARP inhibition [94].

The PARP inhibitor olaparib utilises the concept of synthetic lethality to exert a therapeutic
effect in DNA-repair defective cancers by inhibiting Poly (ADP-ribose) polymerase (PARP),
a protein that is important for repairing DNA single-strand breaks. Inhibiting the repair of
single strand breaks in this way results in the generation of double strand breaks during cell
division, which in tumour cells possessing an inherent inability to repair double strand breaks
due to loss or mutation of DNA-repair proteins such as BRCAL and 2, results in tumour cell
death. As such, olaparib has recently been shown to improve overall survival in patients with
DNA-repair deficient metastatic Prostate cancer with a response rate of 88% in biomarker
positive patients [20], marking a significant step forward in the management of this patient
group. PARP inhibition has also demonstrated efficacy in other cancers such as breast [95]
and ovarian [96], however of note, evidence is emerging from these cancer types to suggest
alternative splicing may contribute to treatment resistance to olaparib. Wang et al. report that
a proportion of patients whom possesses PARP-sensitising BRCA1 germline mutations either
do not respond to, or eventually develop resistance to, PARP inhibition as a result of
frameshift mutations to exon 11, leading to NMD of full-length BRCA1 and the increased
expression of an alternatively spliced BRCA1 isoform, BRCALl-Allq. In this way, the
authors suggest that BRCAL deficient cancer cells utilise mRNA splicing mechanisms to
remove deleterious germline BRCA1 mutations by producing alternatively spliced protein
isoforms that retain residual activity and contribute to therapeutic resistance [94]. While it
should be noted that BRCA2 mutations are much commoner in prostate cancer than BRCAL
mutations, whether similar patterns and mechanisms of resistance will emerge in prostate
cancer will be born out through clinical trials of novel targeted therapies such as these. These
examples do however serve to highlight the clinical implications of alternative splicing and
add weight to the rationale of harnessing the spliceosome as a novel therapeutic target.

Overall, however, notwithstanding this growing body of literature, currently with regards to
CRPC, AR-Vs represent the most well-established, and clinically important, mechanism
through which alternative splicing is thought to contribute to treatment resistance.
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AR splice variants and treatment resistance

AR-Vs have been proposed as a biologically credible mechanism of treatment resistance
through the restoration of AR signalling. Preclinical studies have shown that inhibition of
AR-V7 can re-sensitise enzalutamide-resistant prostate cancer cell lines to anti-androgen
treatment [97-99]. Furthermore, AR-Vs have also been implicated in treatment failure in
patients receiving combined ADT and radiotherapy, with AR-V aberrant signalling bolstering
the DNA damage response and increasing the clonogenic survival of prostate cancer cells
after irradiation [100].

However, the evidence to support AR-Vs role in resistance remains inconclusive. Despite the
advantageous characteristics conferred by their structural properties, which allow AR-Vs to
remain constitutively active in the absence of androgen, in practise only a minority of AR-Vs
have demonstrated this ability in AR transactivation reporter assays [4], raising questions
regarding the clinical significance of the majority of AR-Vs. A proposed explanation for this
observation is that most AR-Vs are truncated after exon 3 and lack a complete NLS, therefore
are expected to be predominantly sequestered within the cytoplasm [101]. AR-V7 is however
the exception to this rule, and despite having an incomplete NLS, has been shown to have a
significant nuclear residence time [5].

AR-Vs have therefore been counter-proposed as being a consequence of the physiological
response to androgen deprivation. In support of this is the rapidity of their increase following
ADT. In xenograft models, protein levels of both AR-FL and AR-V7 have been shown to
increase in just two days following castration and reach peak levels at two weeks, with AR-
V7 mRNA being only a fraction of total AR-FL levels [101]. In addition, the re-introduction
of androgen in these models returns these levels to baseline in only eight days [101]. Thus, if
AR-Vs were to cause treatment resistance, one would expect this to occur much sooner than
seen clinically [16, 17]. In support of this argument, while a number of clinical studies
corroborate reports that AR-V7 expression confers a worse prognosis and contributes to
treatment resistance, some groups have failed to validate this relationship. For example, in a
study by Watson et al. overexpression of AR-V7 in LNCaP cell lines, which do not innately
express AR-V7, did not confer resistance to enzalutamide both in vitro and in vivo [101].
Furthermore, retrospective analyses of patient records by Bernemann et al. identified six out
of 21 AR-V7 positive patients who experienced a beneficial response to treatment with
abiraterone or enzalutamide, suggesting a subgroup of AR-V7 positive patients may obtain
benefit from novel anti-androgen therapy despite detection of AR-V7 splice variants in their
circulating tumour cells [102]. Similarly, a prospective study by To el al. found no significant
difference in PSA response nor median PSA progression free survival between AR-V7 and
AR-V9 positive and negative patients treated with novel anti-androgen therapy, concluding
that AR-V expression did not predict outcome in metastatic CRPC patients receiving
abiraterone or enzalutamide [103].

However, it is important to recognise that nearly all studies reported to-date rely on the
identification of AR-V7 status from CTCs. Therefore, both positive and negative associations
of AR-V7 expression with clinical outcomes in CRPC have to be interpreted with careful
consideration of the validity of AR-V7 assays utilised, with multiple lines of evidence clearly
indicating limitations to these binary assays [75, 79-82, 102, 103]. Firstly, the ability of each
assay to only determine AR-V7 status (whether mRNA or protein) in patients with CTCs
needs to be considered; CTC positive AR-V7 negative patients are not the same as CTC
negative patients in which AR-V7 status cannot be determined, though CTC negative patients
were recently shown to have the best prognosis after treatment with abiraterone and
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enzalumaide [104]. Secondly, although assays measuring AR-V7 protein expression
overcome concerns with regard AR-V7 mRNA stability, they remain susceptible to antibody
off-target liabilities with the Abcam/Epitomics antibody previously described in the EPIC
AR-V7 assay having this major limitation [105]. Moreover, consideration needs to be given to
the possibility that in any one patient there may be large numbers of AR-V7 negative cells
despite AR-V7 positivity which may mean that these patients will still benefit from
abiraterone or enzalutamide. Finally, these molecular association studies will need to be
supported by further understanding of AR-V7 biology and the development of novel
therapies that abrogate AR-V7 signalling, and induce robust responses in patients with
CRPC. Only then will the biological and clinical significance of AR-V7 be truly confirmed;
this remains a priority of for the field and an unmet urgent clinical need.

Utilising the spliceosome to overcome treatment resistance
There are a number of strategies currently under investigation to therapeutically utilise the
spliceosome as summarised in table 1.

Targeting the core spliceosome complex

Through large-scale drug screens, a number of bacterial fermentation products have been
identified which demonstrate potent anticancer activity through modulation of the core
spliceosome complex, and can be broadly categorised into three drug classes, namely
pladienolides, herboxidienes and spliceostatins (table 1). While these compounds are
structurally distinct, they share a common mechanism of action whereby they all bind SF3B1
[106]. Under normal conditions, SF3B1 interacts with U2AF65 to recruit U2 to the intron
3’ss. However, by binding to SF3B1, these compounds interfere with these early stages of
spliceosome assembly and destabilise the interaction between U2 and its pre-mRNA target,
modifying splice site selection [107]. This perturbation of U2 also causes an accumulation
on unspliced pre-mRNA in the cell nucleus, of which a small proportion has been shown to
‘leak out’ into the cytoplasm and undergo translation, generating aberrant proteins products
which themselves can be cytotoxic [108, 109]. In addition, a number of these compounds
have also been shown to decrease levels of vascular endothelial growth factor (VEGF),
inhibiting tumour angiogenesis in vivo [110].

However, while the clinical utility of these agents has been well demonstrated in pre-clinical
studies, for example the dose-dependent growth inhibition seen in prostate cancer xenografts
following treatment with pladienolide B [111], early phase clinical trial results have been
more mixed. Two phase 1, open-label, single-arm, dose-escalation studies have assessed the
pladienolide E7107 in patients with locally advanced or metastatic solid tumours, which
although showed that E7107 was generally well tolerated and produced both dose-dependent
and reversible inhibition of pre-mRNA processing in target genes in vivo[112], both were
suspended as a result of unexpected incidences of bilateral optic neuritis [112, 113].

H3B-8800, a small molecule modulator of SF3B1 [114] has also entered a phase 1 clinical
trial (NCT02841540) to determine the maximum tolerated dose and recommended Phase 2
dose in patients with Myelodysplastic Syndromes (MDS), Acute Myeloid Leukaemia (AML),
or Chronic Myelomonocytic Leukaemia (CMML) where recurrent heterozygous mutations of
SF3B1 are though to play a pathological role. If found to be efficacious in subsequent phase 2
and 3 trials, H3B-8800 could provide proof of principle that targeting the spliceosome is a
genuine treatment strategy, and opens the door to a variety of new therapeutic avenues.
However, the toxicity and tolerability of these agents will equally prove to be important
factors as to whether or not these agents make their way into routine clinical use.
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Targeting spliceosomal regulatory proteins

Rather than target the core spliceosome, an alternative approach to modulating splicing is to
target its protein regulators. For example, a variety of compounds have been identified that
can inhibit SR protein phosphorylation, which has been shown in lab models to inhibit
splicing [115]. TG-003, a benzothiazole, is one such agent and functions as an inhibitor of
CLK1, CLK2 and CLK4, members of the CDC2-like (or LAMMER) family of dual
specificity protein kinases. These kinases are typically involved in the phosphorylation of SR
proteins in the cell nucleus [116], inhibition of which results in the inhibition of splicing and
dissociation of spliceosomal nuclear speckles [116].

More recently, bromodomain and extra-terminal (BET) inhibition, a promising therapeutic
approach currently undergoing clinical evaluation in CRPC (NCT03150056, NCT02711956),
has also been shown to effect alternative splicing by modulating spliceosomal regulators
[117]. In a study by Asangani et al. the BET inhibitor JQ1 was found to decrease the
expression of AR-V7 in pre-clinical models of CRPC by down-regulating the activity of
splicing factors SRSF1 and U2AF65, and in doing so re-sensitised resistant prostate cancer
cells to AR targeted therapy [118]. However, as with therapeutic agents targeting the core
spliceosomal complex, the long-term success of BET inhibition as a clinically useful
therapeutic modality will hinge on the toxicity profile BET inhibitors demonstrate in ongoing
clinical trials.

Other small molecule inhibitors of the spliceosome

A number of other small molecules have also been identified as being capable of modulating
the spliceosome, some of which have been reported to have efficacy in cancer. However,
these studies have generally been limited by their use of cell-free and non-mammalian
models [119], as such, currently the therapeutic application of these agents is considered
limited. Despite this, some interesting results have been seen with a number of these agents.
For example, NB-506, a glycosylated indolocarbazole derivative that inhibits the capacity of
topoisomerase | to phosphorylate SRFS1, has been shown in vitro to disrupts early
spliceosome assembly and produces a cytotoxic effect in murine P388 leukaemia cells [120].
In addition, anti-tumour activity has also been shown pre-clinically with the biflavonoid
natural plant product isoginkgetin, at least in part through its ability to interfere with the
recruitment of the snRNP U4/U5/U6 and inhibiting splicing by precluding the transition from
spliceosomal complex A to B [121].

Targeting the spliceosome in oncogene-driven cancers

As described previously, MYC overexpression places considerable oncogenic stress on the
spliceosome resulting in cells becoming equally dependent on the spliceosome for survival,
as they are on MYC. This has led to the hypothesis that in these tumours, inhibition of the
spliceosome may produce an anticancer effect. In support of this view recently it has been
reported that in xenograft models of MYC dependent breast cancer, spliceosome
dysregulation through the inhibition of SF3B1 with sudemycin D increases survival and
limits metastases [65]. Ultimately however, while intriguing, whether this is a principle will
be applicable to other similarly important genomic aberrations, or if the clinical utility of this
approach will be limited to MY C dependent cancers in a subset of tumour types remains to be
seen.

Targeting alternatively spliced variants
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When devising therapeutic strategies to target pathological alternatively spliced variants, in
addition to considering those generated through the action of the spliceosome as discussed
previously, it is equally important to take into account protein variants resulting from
alternative means such as genomic fusions or rearrangements which have been described in
many cancers to impact key proteins including AR and PD-L1 [86]. As such, while targeting
the spliceosome remains a key consideration in this process, given the multiple routes
through which alternatively spliced variants can arise, the concept of directly targeting these
protein variants, rather than their mechanism of origin seems logical.

Efforts to target alternatively spliced proteins remain attractive but doing so directly with
small molecule inhibitors has to date proved challenging, often due to the inherent nature of
these alternatively spliced variants. For example, as truncated alternatively spliced AR
variants lack the AR LBD, alternative target sites are required to facilitate their inhibition.
However, the disordered nature of the AR NTD, renders a consistent target site difficult to
ascertain and has hindered drug development along this avenue, requiring the development of
novel therapeutic strategies. One such approach that has been proposed is the use of
monoclonal antibodies such as GP369, which specifically blocks the Illb splice variant of
FGFR2 [122]. GP369 showed efficacy in inhibiting tumour growth in pre-clinical studies of
human cancer cell lines and tumour xenografts driven by activated FGFR2 signalling [123],
however while a phase | trial in patients with advanced stage solid tumours known to express
FGFR2 was opened (NCT02368951), the trial was terminated early. Despite this setback, the
ability to target alternatively spliced protein isoforms using monoclonal antibodies may yet
help circumvent the difficulties associated with directly inhibiting splice variants which have
hampering drug discovery efforts in this regard to date.

Oligonucleotide therapy

Oligonucleotide-based therapies utilise engineered oligonucleotides designed to hybridize
with RNA sequences known to be responsible for specific splicing events, to prevent their
alternate splicing and the production of pathological erroneous protein products. The
potential of these therapeutics has so far been best realised in neurodegenerative conditions
where late-stage clinical trials are underway in Duchenne muscular dystrophy [124] and
spinal muscular atrophy [125]. However, while the question remains as to whether
oligonucleotide therapy is a viable treatment approach in cancer, particularly where these
splicing events are more diverse, evidence in support of this approach stems from work by
Smith et al. who have developed a novel RNA splice-switching oligonucleotide designed to
induce skipping of exon 11 of the BRCAL gene, which is key to the function of BRCAL in
DNA damage repair [126]. In doing so the authors report to have successfully rendered wild-
type BRCAL expressing cell lines more susceptible to PARP inhibitor treatment [126].
However, while this provides a fascinating potential therapeutic strategy for targeting
BRCAL-functional cancers, the challenge in this setting would be to maintain BRCA1
functionality in non-cancer cells to minimise potentially widespread toxicity.

Conclusion

Splicing events represent a plausible mechanism of treatment resistance and disease
progression in CRPC and have been proposed as a potential therapeutic target. Drug
discovery efforts to date have however been challenging and utilising the spliceosome as a
therapeutic tool seems attractive. However, as yet no spliceosome inhibitors have made an
impact in prostate cancer clinical practise, largely due to the complexity of the spliceosome,
and a lack of understanding of its biology.
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Further research is therefore required to discover the mechanisms underpinning the splicing
abnormalities thought to contribute to the progression of CRPC, as well as the consequences
of inhibiting these factors, before the true utility of these therapies can be realised.
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Fig. 1 |AR splice variants. A schematic diagram depicting the full- length androgen receptor (AR- FL) alongside a
selection of its truncated protein isoforms, the androgen receptor (AR) splice variants (AR- Vs) AR- V7 , AR- V9,
and ARv567es. These proteins share identical amino- terminal domains (NTDs) and DNA- binding domains
(DBDs) but have unique carboxy- terminal extensions. AR- V7 and AR- V9 have a common 3'-terminal cryptic
exon (CE), while ARv567es has a complete hinge region and nuclear localization signal, similar to that of the full-
length protein, but lacks a ligand- binding domain (LBD).
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Fig. 2 |Summary of constitutive and alternative splicing events.a| Graphic depiction of constitutive splicing where
introns are removed and sequential exons are ligated to produce mature mRNA. b,c| Alternative splicing, in which
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changes in 5" and 3' splice site selection can result in the generation of alternatively spliced protein variants such
as androgen receptor (AR) splice variant 7 (AR- V7), which possesses a 3'-terminal cryptic exon. d| Exon
skipping, in which a cassette exon is spliced out of the nascent mMRNA transcript altogether, along with its
adjacent introns. e| Intron retention; an intron that does not form part of the canonical mRNA transcript is not
removed and remains within the mature mRNA. f| Splicing, in which complex events that give rise to mutually
exclusive alternative splicing events, in which only one of a set of two or more exons in a gene is included in the
final transcript can also occur. Orange exons indicate those that are part of the canonical MRNA sequence; blue
or purple exons indicate alternative sequences that might or might not be included in the mature mRNA. Black
lines indicate introns, green lines indicate constitutive splicing patterns, and red lines indicate alternative splicing
events.
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Fig. 3 [Mechanisms through which the spliceosome contributes to tumorigenesis and disease progression in
prostate cancer.a| Alternative splicing of cell- surface receptors such as the FGFR have been reported to cause
aberrant activation of key survival pathways in the absence of circulating androgens. b| Constitutively active
splice variants of intracellular transcription factors such as the androgen receptor (AR; red ovals) have been
linked with disease progression in patients with castration- resistant prostate cancer and are correlated with
inferior overall survival outcomes. c| Gain- of-function mutations in cis- regulatory elements have been proposed
to increase AR transcription in the absence of circulating androgens. d| Alternative splicing of key cellular
regulatory proteins (orange triangles) such as G1-S- specific cyclin D1 (CCND1), a central component of cell
cycle control, can promote the proliferation and survival of prostate cancer cells. €| Upregulation, as well as
alternative splicing, of nuclear splicing factors (green circles) such as Kruppel-like factor 6 (KLF6) is able to
increase cellular proliferation, colony formation, and invasion, as well as epithelial-mesenchymal transition, which
contributes to AR-independent treatment resistance.
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Actions

Targeting the core spliceosome complex

Pladienolides = Herboxidiene FR901463,

A-G  [127, (GEX1A)[129] @ FR901464 and

128] FR901465
[130]

E7107 [111] Meayamycin B

[131]

Spliceostatin
A [108]

Bind to and inhibit SF3B1 to destabilise

recruitment of sSnRNP U2
Decrease levels of VEGF

Cell cycle arrest in G1 and G2/M
Disrupts spliceosome assembly

Generate truncated form of cell cycle inhibitor p27
which is still functional but more robust

Reduce number of nuclear speckles

Reduced tumour angiogenesis

H3B-8800
[114]

Small molecule
modulator  of
SF3B1

Preferential
lethality toward
spliceosome-
mutant cancer
cells due to
retention of
short, GC-rich
introns

Currently in
Phase | clinical
trial

(NCT02841540)

TG003 [116]

Competitive
antagonist  of
CLK binding of
ATP

Inhibition of
CLK enzymatic
phosphorylation
and activation
of splicing
factors e.g. SR
proteins

Dissociation of
nuclear
speckles

Targeting spliceosomal regulatory proteins

SRPIN340 [132]

Competitive
antagonist  of
SRPK1 and

SRPK2 binding
of ATP

Nicotinamide
inhibitor

Inhibits ~ SRPK
phosphorylation
and activation of
splicing factors
e.g. SR proteins

Modulates
splicing of
VEGF

Cpd-1, Cpd-2 and Cpd-3
[133]

Inhibition of both CLKs
and SRPKs, components
of the splicing
machinery that are
crucial for exon
selection

CLK1, CLK2, SRPK1
and SRPK2

Reduced
phosphorylation of SR
proteins

Causes enlargement of
nuclear speckles

Causes widespread
splicing alterations

GSK525762
[134]

ZEN003694
[135]

OTX105/MK-
8628 [118]

Inhibitors of
bromodomain
and extra-
terminal  (BET)
proteins BRD2,
BRD3, BRD4
and BRDT

Downregulate
expression of
splicing factors

Decrease
alternative
splicing events in
pre-clinical
models

Currently
ongoing clinical
evaluation
(NCT03150056,
NCT02711956)
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Other small molecule inhibitors

Isoginkgetin [121]

Biflavonoid natural
plant product that
interferes with the
recruitment of the
snRNP U4/U5/U6

Prevents  transition
from  spliceosomal
complex Ato B

NB -506 [120]

Inhibits the SRFS1
phosphorylation by
topoisomerase |

In vitro disrupts early
spliceosome
assembly and
produces a cytotoxic
effect

Table 1: Small molecules reported to have effect on splicing. snRNP = small nuclear ribonuclearprotein, CLK = CDC2-like kinase; SRPK = serine and
arginine protein kinase; SRPIN340 = N-(2-(piperidin-1-yl)-5-(trifluoromethyl)phenyl; VEGF = vascular endothelial growth factor.



19

References

1. Ferlay, J., et al., Cancer incidence and mortality worldwide: sources, methods and major
patterns in GLOBOCAN 2012. Int J Cancer, 2015. 136(5): p. E359-86.

2. UK, C.R. Prostate cancer mortality statistics. [cited 2018; Available from:
http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-
cancer-type/prostate-cancer/mortality.

3. Huggins, C., et al., Studies on prostatic cancer: li. the effects of castration on advanced
carcinoma of the prostate gland. Archives of Surgery, 1941. 43(2): p. 209-223.

4, Watson, P.A., V.K. Arora, and C.L. Sawyers, Emerging mechanisms of resistance to androgen
receptor inhibitors in prostate cancer. Nat Rev Cancer, 2015. 15(12): p. 701-11.

5. McCrea, E., et al., Androgen receptor variation affects prostate cancer progression and drug
resistance. Pharmacol Res, 2016. 114: p. 152-162.

6. Agoulnik, I.U. and N.L. Weigel, Coactivator selective regulation of androgen receptor activity.
Steroids, 2009. 74(8): p. 669-74.

7. Karantanos, T., P.G. Corn, and T.C. Thompson, Prostate cancer progression after androgen
deprivation therapy: mechanisms of castrate resistance and novel therapeutic approaches.
Oncogene, 2013. 32: p. 5501.

8. Chang, C.S., J. Kokontis, and S.T. Liao, Molecular cloning of human and rat complementary
DNA encoding androgen receptors. Science, 1988. 240(4850): p. 324-6.

9. Shaffer, P.L., et al., Structural basis of androgen receptor binding to selective androgen
response elements. Proc Natl Acad Sci U S A, 2004. 101(14): p. 4758-63.

10. Davey, R.A. and M. Grossmann, Androgen Receptor Structure, Function and Biology: From
Bench to Bedside. Clin Biochem Rev, 2016. 37(1): p. 3-15.

11. Azad, A.A., et al., Targeting heat shock proteins in metastatic castration-resistant prostate
cancer. Nat Rev Urol, 2015. 12(1): p. 26-36.

12. Cutress, M.L., et al., Structural basis for the nuclear import of the human androgen receptor.
J Cell Sci, 2008. 121(Pt 7): p. 957-68.

13. Guo, Z. and Y. Qiu, A New Trick of an Old Molecule: Androgen Receptor Splice Variants
Taking the Stage?! Int ) Biol Sci, 2011. 7(6): p. 815-22.

14. Hellerstedt, B.A. and K.J. Pienta, The current state of hormonal therapy for prostate cancer.
CA Cancer J Clin, 2002. 52(3): p. 154-79.

15. Scher, H.I. and C.L. Sawyers, Biology of Progressive, Castration-Resistant Prostate Cancer:
Directed Therapies Targeting the Androgen-Receptor Signaling Axis. Journal of Clinical
Oncology, 2005. 23(32): p. 8253-8261.

16. de Bono, J.S., et al., Abiraterone and increased survival in metastatic prostate cancer. N Engl
J Med, 2011. 364(21): p. 1995-2005.

17. Scher, H.1., et al., Increased survival with enzalutamide in prostate cancer after
chemotherapy. N Engl J Med, 2012. 367(13): p. 1187-97.

18. Petrylak, D.P., et al., Docetaxel and estramustine compared with mitoxantrone and
prednisone for advanced refractory prostate cancer. N Engl J Med, 2004. 351(15): p. 1513-
20.

19. Machiels, J.P., et al., Prospective randomized study comparing docetaxel, estramustine, and
prednisone with docetaxel and prednisone in metastatic hormone-refractory prostate cancer.
J Clin Oncol, 2008. 26(32): p. 5261-8.

20. Mateo, J., et al., DNA-Repair Defects and Olaparib in Metastatic Prostate Cancer. N Engl J
Med, 2015. 373(18): p. 1697-708.

21. James, N.D,, et al., Abiraterone for Prostate Cancer Not Previously Treated with Hormone
Therapy. New England Journal of Medicine, 2017. 377(4): p. 338-351.

22. Fizazi, K., et al., Abiraterone plus Prednisone in Metastatic, Castration-Sensitive Prostate

Cancer. N Engl J Med, 2017. 377(4): p. 352-360.


http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/prostate-cancer/mortality
http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/prostate-cancer/mortality

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.

46.

20

Marques, R.B., et al., Androgen receptor modifications in prostate cancer cells upon long-
termandrogen ablation and antiandrogen treatment. Int J Cancer, 2005. 117(2): p. 221-9.
Dehm, S.M,, et al., Splicing of a novel androgen receptor exon generates a constitutively
active androgen receptor that mediates prostate cancer therapy resistance. Cancer Res,
2008. 68(13): p. 5469-77.

Lu, C. and J. Luo, Decoding the androgen receptor splice variants. Transl Androl Urol, 2013.
2(3): p. 178-86.

Hu, R., et al., Ligand-independent androgen receptor variants derived from splicing of cryptic
exons signify hormone-refractory prostate cancer. Cancer Res, 2009. 69(1): p. 16-22.
Matera, A.G. and Z. Wang, A day in the life of the spliccosome. Nat Rev Mol Cell Biol, 2014.
15(2): p. 108-21.

Nilsen, T.W. and B.R. Graveley, Expansion of the eukaryotic proteome by alternative splicing.
Nature, 2010. 463(7280): p. 457-63.

Hoskins, A.A., et al., Ordered and dynamic assembly of single spliceosomes. Science, 2011.
331(6022): p. 1289-95.

Daguenet, E., G. Dujardin, and J. Valcarcel, The pathogenicity of splicing defects: mechanistic
insights into pre-mRNA processing inform novel therapeutic approaches. EMBO Rep, 2015.
16(12): p. 1640-55.

Wang, Z. and C.B. Burge, Splicing regulation: From a parts list of regulatory elements to an
integrated splicing code. Rna, 2008. 14(5): p. 802-13.

Fu, X.D. and M. Ares, Context-dependent control of alternative splicing by RNA-binding
proteins. Nat Rev Genet, 2014. 15(10): p. 689-701.

Ule, J., et al.,, An RNA map predicting Nova-dependent splicing regulation. Nature, 2006.
444(7119): p. 580-6.

Lee, J.A., Z.Z. Tang, and D.L. Black, An inducible change in Fox-1/A2BP1 splicing modulates
the alternative splicing of downstream neuronal target exons. Genes Dev, 2009. 23(19): p.
2284-93.

Ip, J.Y., et al., Global impact of RNA polymerase Il elongation inhibition on alternative splicing
regulation. Genome Res, 2011. 21(3): p. 390-401.

Weigand, J.E., et al., Hypoxia-Induced Alternative Splicing in Endothelial Cells. PLoS One,
2012. 7(8).

Hang, X., et al., Transcription and splicing regulation in human umbilical vein endothelial cells
under hypoxic stress conditions by exon array. BMC Genomics, 2009. 10: p. 126.

Yamamoto, K., et al., Control of the heat stress-induced alternative splicing of a subset of
genes by hnRNP K. Genes Cells, 2016. 21(9): p. 1006-14.

Keller, M., et al., Alternative splicing in tomato pollen in response to heat stress. DNA Res,
2017. 24(2): p. 205-17.

Busa, R., R. Geremia, and C. Sette, Genotoxic stress causes the accumulation of the splicing
regulator Sam68 in nuclear foci of transcriptionally active chromatin. Nucleic Acids Res,
2010. 38(9): p. 3005-18.

Kornblihtt, A.R., et al., Alternative splicing: a pivotal step between eukaryotic transcription
and translation. Nature Reviews Molecular Cell Biology, 2013. 14: p. 153.

Wang, E.T., et al., Alternative Isoform Regulation in Human Tissue Transcriptomes. Nature,
2008. 456(7221): p. 470-6.

Scotti, M.M. and M.S. Swanson, RNA mis-splicing in disease. Nat Rev Genet, 2016. 17(1): p.
19-32.

Narla, G., et al., Targeted inhibition of the KLF6 splice variant, KLF6 SV1, suppresses prostate
cancer cell growth and spread. Cancer Res, 2005. 65(13): p. 5761-8.

Paronetto, M.P., et al., Alternative splicing of the cyclin D1 proto-oncogene is requlated by
the RNA-binding protein Sam68. Cancer Res, 2010. 70(1): p. 229-39.

Sette, C., Alternative Splicing Programs in Prostate Cancer. Int J Cell Biol, 2013. 2013.



47.

48.

49,

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

21

Ifiguez, L.P. and G. Herndndez, The Evolutionary Relationship between Alternative Splicing
and Gene Duplication. Front Genet, 2017. 8.

Cuajungco, M.P., et al., Tissue-specific reduction in splicing efficiency of IKBKAP due to the
major mutation associated with familial dysautonomia. Am J Hum Genet, 2003. 72(3): p.
749-58.

Ibrahim, E.C., et al., Weak definition of IKBKAP exon 20 leads to aberrant splicing in familial
dysautonomia. Hum Mutat, 2007. 28(1): p. 41-53.

Harbour, J.W., et al., Recurrent mutations at codon 625 of the splicing factor SF3B1 in uveal
melanoma. Nat Genet, 2013. 45(2): p. 133-5.

Biankin, A.V., et al., Pancreatic cancer genomes reveal aberrations in axon guidance pathway
genes. Nature, 2012. 491(7424): p. 399-405.

Imielinski, M., et al., Mapping the hallmarks of lung adenocarcinoma with massively parallel
sequencing. Cell, 2012. 150(6): p. 1107-20.

Stephens, P.J., et al., The landscape of cancer genes and mutational processes in breast
cancer. Nature, 2012. 486(7403): p. 400-4.

Armenia, A.M., SA; Liu, D; Gao, J; Kundra, R; Reznik, Ed; Chatila, W.K; Chakravarty, DG; Han,
C; Coleman, L; Montgomery, B; Pritchard, C; Morrissey, C; Barbieri, C.E; Beltran, H; Sboner,
A; Zafeiriou, Z; Miranda, S; Bielski, CM; Penson, AV; Tolonen, C; Huang, F.W; Robinson, D;
Wu, Y.M; Lonigro, R; Garraway, L.A; Demichelis, F; Kantoff, P.W; Taplin M,E; Abida, W; Taylor
B.S; Scher, H,I; Nelson, P.S; de Bono, JS, Rubin, M.A; Sawyers, C.L; Chinnaiyan, A.M;
PCF/SU2C International Prostate Cancer Dream Team, Schultz, N; Van Allen, E.M, The long
tail of oncogenic drivers in prostate cancer. Nature Genetics, 2017.

Dvinge, H., et al., RNA splicing factors as oncoproteins and tumour suppressors. Nat Rev
Cancer, 2016. 16(7): p. 413-30.

Je, E.M., et al., Mutational analysis of splicing machinery genes SF3B1, U2AF1 and SRSF2 in
myelodysplasia and other common tumors. Int J Cancer, 2013. 133(1): p. 260-5.

DeBoever, C., et al., Transcriptome sequencing reveals potential mechanism of cryptic 3'
splice site selection in SF3B1-mutated cancers. PLoS Comput Biol, 2015. 11(3): p. €1004105.
Busa, R., et al., The RNA-binding protein Sam68 contributes to proliferation and survival of
human prostate cancer cells. Oncogene, 2007. 26(30): p. 4372-82.

Bielli, P., et al., The RNA-binding protein Sam68 is a multifunctional player in human cancer.
Endocr Relat Cancer, 2011. 18(4): p. R91-r102.

Dhillon, A.S., et al., MAP kinase signalling pathways in cancer. Oncogene, 2007. 26(22): p.
3279-90.

Li, Y., et al., SRRM4 Drives Neuroendocrine Transdifferentiation of Prostate Adenocarcinoma
Under Androgen Receptor Pathway Inhibition. European Urology. 71(1): p. 68-78.
Schoenherr, C.J. and D.J. Anderson, The neuron-restrictive silencer factor (NRSF): a
coordinate repressor of multiple neuron-specific genes. Science, 1995. 267(5202): p. 1360-3.
Beltran, H., et al., Aggressive Variants of Castration Resistant Prostate Cancer. Clin Cancer
Res, 2014. 20(11): p. 2846-50.

Koh, C.M,, et al., MYC and Prostate Cancer. Genes Cancer, 2010. 1(6): p. 617-28.

Hsu, T.Y., et al., The spliceosome is a therapeutic vulnerability in MYC-driven cancer. Nature,
2015. 525(7569): p. 384-8.

Ushigome, M., et al., Up-regulation of hnRNP A1 gene in sporadic human colorectal cancers.
Int J Oncol, 2005. 26(3): p. 635-40.

Cui, H., et al., Up-regulation and subcellular localization of hnRNP A2/B1 in the development
of hepatocellular carcinoma. BMC Cancer, 2010. 10: p. 356.

Zhou, 1., et al., Expression of early lung cancer detection marker: hnRNP-A2/B1 and its
relation to microsatellite alteration in non-small cell lung cancer. Lung Cancer, 2001. 34(3): p.
341-50.



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

22

Savage K, |., et al., Identification of a BRCA1-mRNA Splicing Complex Required for Efficient
DNA Repair and Maintenance of Genomic Stability. Mol Cell, 2014. 54(3): p. 445-59.

Black, A.R., J.D. Black, and J. Azizkhan-Clifford, Sp1 and kruppel-like factor family of
transcription factors in cell growth regulation and cancer. J Cell Physiol, 2001. 188(2): p. 143-
60.

Liu, X.M., et al., KLF6 Loss of Function in Human Prostate Cancer Progression Is Implicated in
Resistance to Androgen Deprivation. Am J Pathol, 2012. 181(3): p. 1007-16.

Turner, N. and R. Grose, Fibroblast growth factor signalling: from development to cancer.
Nat Rev Cancer, 2010. 10(2): p. 116-29.

Carstens, R.P., et al., Alternative splicing of fibroblast growth factor receptor 2 (FGF-R2) in
human prostate cancer. Oncogene, 1997. 15(25): p. 3059-65.

Kwabi-Addo, B., M. Ozen, and M. Ittmann, The role of fibroblast growth factors and their
receptors in prostate cancer. Endocr Relat Cancer, 2004. 11(4): p. 709-24.

Antonarakis, E.S., et al., AR-V7 and resistance to enzalutamide and abiraterone in prostate
cancer. N EnglJ Med, 2014. 371(11): p. 1028-38.

Efstathiou, E., et al., Molecular characterization of enzalutamide-treated bone metastatic
castration-resistant prostate cancer. Eur Urol, 2015. 67(1): p. 53-60.

Liu, L.L., et al., Mechanisms of the androgen receptor splicing in prostate cancer cells.
Oncogene, 2014. 33(24): p. 3140-50.

Hornberg, E., et al., Expression of androgen receptor splice variants in prostate cancer bone
metastases is associated with castration-resistance and short survival. PLoS One, 2011. 6(4):
p. e19059.

Scher, H.1., et al., Association of AR-V7 on Circulating Tumor Cells as a Treatment-Specific
Biomarker With Outcomes and Survival in Castration-Resistant Prostate Cancer. JAMA Oncol,
2016. 2(11): p. 1441-1449.

Scher, H.1., et al., Nuclear-specific AR-V7 Protein Localization is Necessary to Guide
Treatment Selection in Metastatic Castration-resistant Prostate Cancer. Eur Urol, 2017.
71(6): p. 874-882.

Kohli, M., et al., Androgen Receptor Variant AR-V9 Is Coexpressed with AR-V7 in Prostate
Cancer Metastases and Predicts Abiraterone Resistance. Clin Cancer Res, 2017. 23(16): p.
4704-4715.

Antonarakis, E., et al., Androgen receptor variant-driven prostate cancer: clinical implications
and therapeutic targeting. Prostate Cancer Prostatic Dis, 2016. 19(3): p. 231-41.

Hu, R., et al., Distinct transcriptional programs mediated by the ligand-dependent full-length
androgen receptor and its splice variants in castration-resistant prostate cancer. Cancer Res,
2012.72(14): p. 3457-62.

Guo, Z,, et al., A novel androgen receptor splice variant is up-regulated during prostate
cancer progression and promotes androgen depletion-resistant growth. Cancer Res, 2009.
69(6): p. 2305-13.

Luo, J., et al., Role of Androgen Receptor Variants in Prostate Cancer: Report from the 2017
Mission Androgen Receptor Variants Meeting. Eur Urol, 2018. 73(5): p. 715-723.

Henzler, C., et al., Truncation and constitutive activation of the androgen receptor by diverse
genomic rearrangements in prostate cancer. Nat Commun, 2016. 7: p. 13668.

Stockley, J., et al., The RNA-binding protein Sam68 regulates expression and transcription
function of the androgen receptor splice variant AR-V7. Sci Rep, 2015. 5: p. 13426.
Nadiminty, N., et al., NF-kappaB2/p52:c-Myc:hnRNPA1 Pathway Regulates Expression of
Androgen Receptor Splice Variants and Enzalutamide Sensitivity in Prostate Cancer. Mol
Cancer Ther, 2015. 14(8): p. 1884-95.

Teply, B.A., et al., Bipolar androgen therapy in men with metastatic castration-resistant
prostate cancer after progression on enzalutamide: an open-label, phase 2, multicohort
study. Lancet Oncol, 2018. 19(1): p. 76-86.



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.

23

Schweizer, M.T., et al., Effect of bipolar androgen therapy for asymptomatic men with
castration-resistant prostate cancer: results from a pilot clinical study. Sci Transl Med, 2015.
7(269): p. 269ra2.

Vivas-Mejia, P.E., et al., Silencing Survivin Splice Variant 2B Leads to Antitumor Activity in
Taxane-Resistant Ovarian Cancer. Clin Cancer Res, 2011. 17(11): p. 3716-26.

Sotillo, E., et al., Convergence of Acquired Mutations and Alternative Splicing of CD19
Enables Resistance to CART-19 Immunotherapy. Cancer Discov, 2015. 5(12): p. 1282-95.
Poulikakos, P.1., et al., RAF inhibitor resistance is mediated by dimerization of aberrantly
spliced BRAF(V600E). Nature, 2011. 480(7377): p. 387-90.

Wang, Y., et al., The BRCA1-Deltallq Alternative Splice Isoform Bypasses Germline
Mutations and Promotes Therapeutic Resistance to PARP Inhibition and Cisplatin. Cancer
Res, 2016. 76(9): p. 2778-90.

Litton, J., et al., Abstract GS6-07: EMBRACA: A phase 3 trial comparing talazoparib, an oral
PARP inhibitor, to physician&#039;s choice of therapy in patients with advanced breast
cancer and a germline &It;em&gt;BRCA&It;/em&gt; mutation. Cancer Research, 2018. 78(4
Supplement): p. GS6-07.

Gelmon, K.A,, et al., Olaparib in patients with recurrent high-grade serous or poorly
differentiated ovarian carcinoma or triple-negative breast cancer: a phase 2, multicentre,
open-label, non-randomised study. Lancet Oncol, 2011. 12(9): p. 852-61.

Liu, C., et al., Niclosamide inhibits androgen receptor variants expression and overcomes
enzalutamide resistance in castration-resistant prostate cancer. Clin Cancer Res, 2014.
20(12): p. 3198-3210.

Liu, C., et al., Niclosamide enhances abiraterone treatment via inhibition of androgen
receptor variants in castration resistant prostate cancer. Oncotarget, 2016. 7(22): p. 32210-
20.

Li, Y., et al., Androgen receptor splice variants mediate enzalutamide resistance in castration-
resistant prostate cancer cell lines. Cancer Res, 2013. 73(2): p. 483-9.

Yin, Y., et al., Androgen Receptor Variants Mediate DNA Repair after Prostate Cancer
Irradiation. Cancer Res, 2017. 77(18): p. 4745-4754.

Watson, P.A,, et al., Constitutively active androgen receptor splice variants expressed in
castration-resistant prostate cancer require full-length androgen receptor. Proc Natl Acad Sci
USA, 2010. 107(39): p. 16759-65.

Bernemann, C., et al., Expression of AR-V7 in Circulating Tumour Cells Does Not Preclude
Response to Next Generation Androgen Deprivation Therapy in Patients with Castration
Resistant Prostate Cancer. Eur Urol, 2017. 71(1): p. 1-3.

To, S.Q,, et al., Expression of Androgen Receptor Splice Variant 7 or 9 in Whole Blood Does
Not Predict Response to Androgen-Axis&#x2013;targeting Agents in Metastatic Castration-
resistant Prostate Cancer. European Urology.

Antonarakis, E.S., et al., Clinical Significance of Androgen Receptor Splice Variant-7 mRNA
Detection in Circulating Tumor Cells of Men With Metastatic Castration-Resistant Prostate
Cancer Treated With First- and Second-Line Abiraterone and Enzalutamide. ) Clin Oncol,
2017.35(19): p. 2149-2156.

Welti, J., et al., Analytical Validation and Clinical Qualification of a New
Immunohistochemical Assay for Androgen Receptor Splice Variant-7 Protein Expression in
Metastatic Castration-resistant Prostate Cancer. Eur Urol, 2016. 70(4): p. 599-608.

Lee, S.C.W., Therapeutic Targeting of Splicing in Cancer. 2016. 22(9): p. 976-86.

Bonnal, S., L. Vigevani, and J. Valcarcel, The spliceosome as a target of novel antitumour
drugs. Nat Rev Drug Discov, 2012. 11(11): p. 847-59.

Kaida, D., et al., Spliceostatin A targets SF3b and inhibits both splicing and nuclear retention
of pre-mRNA. Nat Chem Biol, 2007. 3(9): p. 576-83.



109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

24

Kotake, Y., et al., Splicing factor SF3b as a target of the antitumor natural product
pladienolide. Nat Chem Biol, 2007. 3(9): p. 570-5.

Furumai, R., et al., Spliceostatin A blocks angiogenesis by inhibiting global gene expression
including VEGF. Cancer Sci, 2010. 101(11): p. 2483-9.

Iwata, M., et al., EZ7107, a new 7-urethane derivative of pladienolide D, displays curative
effect against several human tumor xenografts. Cancer Research, 2004. 64(7 Supplement):
p. 691.

Eskens, F.A., et al., Phase | pharmacokinetic and pharmacodynamic study of the first-in-class
spliceosome inhibitor E7107 in patients with advanced solid tumors. Clin Cancer Res, 2013.
19(22): p. 6296-304.

Hong, D.S., et al., A phase |, open-label, single-arm, dose-escalation study of E7107, a
precursor messenger ribonucleic acid (pre-mRNA) splicesome inhibitor administered
intravenously on days 1 and 8 every 21 days to patients with solid tumors. Invest New Drugs,
2014. 32(3): p. 436-44.

Seiler, M., et al., H3B-8800, an orally available small-molecule splicing modulator, induces
lethality in spliccosome-mutant cancers. Nat Med, 2018. 24(4): p. 497-504.

Prasad, J., et al., The Protein Kinase Clk/Sty Directly Modulates SR Protein Activity: Both
Hyper- and Hypophosphorylation Inhibit Splicing. Mol Cell Biol, 1999. 19(10): p. 6991-7000.
Muraki, M., et al., Manipulation of alternative splicing by a newly developed inhibitor of Clks.
J Biol Chem, 2004. 279(23): p. 24246-54.

Welti, J., et al., Targeting bromodomain and extra-terminal (BET) family proteins in
castration resistant prostate cancer (CRPC). Clin Cancer Res, 2018.

Asangani, |.A., et al., BET Bromodomain Inhibitors Enhance Efficacy and Disrupt Resistance to
AR Antagonists in the Treatment of Prostate Cancer. Mol Cancer Res, 2016. 14(4): p. 324-31.
Aukema, K.G., et al., Small molecule inhibitors of yeast pre-mRNA splicing. ACS Chem Biol,
2009. 4(9): p. 759-68.

Pilch, B., et al., Specific Inhibition of Serine- and Arginine-rich Splicing Factors
Phosphorylation, Spliceosome Assembly, and Splicing by the Antitumor Drug NB-506. Cancer
Research, 2001. 61(18): p. 6876.

O'Brien, K., et al., The biflavonoid isoginkgetin is a general inhibitor of Pre-mRNA splicing. )
Biol Chem, 2008. 283(48): p. 33147-54.

Chae, Y.K., et al., Inhibition of the fibroblast growth factor receptor (FGFR) pathway: the
current landscape and barriers to clinical application. Oncotarget, 2017. 8(9): p. 16052-74.
Bai, A,, et al., GP369, an FGFR2-Illb-specific antibody, exhibits potent antitumor activity
against human cancers driven by activated FGFR2 signaling. Cancer Res, 2010. 70(19): p.
7630-9.

Cirak, S., et al., Exon skipping and dystrophin restoration in patients with Duchenne muscular
dystrophy after systemic phosphorodiamidate morpholino oligomer treatment: an open-
label, phase 2, dose-escalation study. Lancet, 2011. 378(9791): p. 595-605.

Zanetta, C., et al., Molecular therapeutic strategies for spinal muscular atrophies: current
and future clinical trials. Clin Ther, 2014. 36(1): p. 128-40.

Smith Lindsay, D., et al., Novel splice-switching oligonucleotide promotes BRCA1 aberrant
splicing and susceptibility to PARP inhibitor action. International Journal of Cancer, 2017.
140(7): p. 1564-1570.

Sakai, T., et al., Pladienolides, new substances from culture of Streptomyces platensis Mer-
11107. I. Taxonomy, fermentation, isolation and screening. J Antibiot (Tokyo), 2004. 57(3): p.
173-9.

Mizui, Y., et al., Pladienolides, new substances from culture of Streptomyces platensis Mer-
11107. lll. In vitro and in vivo antitumor activities. ) Antibiot (Tokyo), 2004. 57(3): p. 188-96.



129.

130.

131.

132.

133.

134,

135.

25

Sakai, Y., et al., GEX1 compounds, novel antitumor antibiotics related to herboxidiene,
produced by Streptomyces sp. I. Taxonomy, production, isolation, physicochemical properties
and biological activities. ) Antibiot (Tokyo), 2002. 55(10): p. 855-62.

Nakajima, H., et al., New antitumor substances, FR901463, FR901464 and FR901465. II.
Activities against experimental tumors in mice and mechanism of action. ) Antibiot (Tokyo),
1996. 49(12): p. 1204-11.

Albert, B.J., et al., Total syntheses, fragmentation studies, and antitumor/antiproliferative
activities of FR901464 and its low picomolar analogue. } Am Chem Soc, 2007. 129(9): p.
2648-59.

Fukuhara, T., et al., Utilization of host SR protein kinases and RNA-splicing machinery during
viral replication. Proc Natl Acad Sci U S A, 2006. 103(30): p. 11329-33.

Araki, S., et al., Inhibitors of CLK Protein Kinases Suppress Cell Growth and Induce Apoptosis
by Modulating Pre-mRNA Splicing. PLoS One, 2015. 10(1).

Vaishampayan, U.N., et al., A phase Ib open-label, dose escalation and expansion study to
investigate the safety, pharmacokinetics, pharmacodynamics and clinical activity of
GSK525762 in combination with abiraterone or enzalutamide in metastatic castrate-resistant
prostate cancer. Journal of Clinical Oncology, 2018. 36(6_suppl): p. TPS391-TPS391.
Tsujikawa L., N.K., Calosing C., Attwell S., Gilham D., Sharma N., Tobin J., Haager M.,
Jahagirdar R., Lakhotia S., et al., Preclinical development and clinical validation of a whole
blood pharmacodynamic marker assay for the BET bromodomain inhibitor ZEN-3694 in
metastatic castration-resistant prostate cancer (mCRPC) patients. Proceedings of the AACR
Annual Meeting 2017; Washington, DC, USA, 2017.



