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Abstract

The relevance of androgens to prostate cancer (PCa) has long been appreciated. The cellular
effects of androgens are exerted by their interaction with the ligand-binding domain (LBD) of
the androgen receptor (AR). Targeting AR signalling through suppression of circulating
testosterone with androgen deprivation therapy (ADT) or direct receptor inhibition using
antiandrogens is the clinical mainstay for treatment of metastatic PCa. Whilst these can elicit
substantial clinical responses, a significant number of patients will relapse despite castrate

levels of serum testosterone.

It is now recognised that this disease state, castrate resistant prostate cancer (CRPC),
continually activates AR through a number of mechanisms including alternative mRNA
splicing of androgen receptor-variants (AR-Vs). AR-Vs splice cryptic exons (CEs) in place of the
LBD, obviating the need for androgen binding and rendering them immune to targeting with
antiandrogens. AR-Vs, in particular AR-V7 which splices cryptic exon 3 (CE3), are linked with

therapeutic resistance and poor clinical outcomes.

There is currently a lack of knowledge regarding factors that mediate splicing of AR-V7. Here,
two contemporary biotechnologies have been employed to identify novel splicing factors.
This work has combined RNA-targeting CRISPR protein Cas13 with proximity biotinylation
enzyme APEX2 to biotinylate, enrich, and identify local protein interactors of CE3 mRNA in
CRPC cell line CWR22Rv1. This has created a rich source of potential AR-V7 splicing regulators,
of which TRA2B has shown particular promise. Subsequent validation has confirmed TRA2
proteins as regulators controlling alternative splicing decisions of the AR gene, and their

clinical relevance is vindicated by analysis of patient datasets.

Therefore, development of these methodologies represents a powerful proof of concept that

could in theory be applied to any mRNA region of interest.
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Chapter 1 — Introduction

1.1 The prostate, carcinogenesis and disease burden

1.1.1 Anatomy and development of the prostate

The prostate is a walnut-sized gland found in males, surrounding the urethra at the base of
the penis and bladder (Figure 1.1A). Through the prostatic ducts it secretes the lipids, enzymes
and metal ions that make up prostatic fluid, crucial to the protection and function of
spermatozoa (Kumar and Majumder, 1995). Three distinct regions make up the glandular
‘zones’ of the prostate: the peripheral, transition and central zones. The majority of glandular
epithelium is found in the peripheral zone, comprising ~70% of the prostate (Ittmann, 2018).
The transition zone consists of two portions located either side of the prostatic urethra,
making up only 5-10% of the gland in young males, however it commonly enlarges with age
as the site of benign prostate hyperplasia (BPH). The central zone is a cone shaped tissue
surrounding the ejaculatory ducts, the point of which lies at the ducts’ confluence with the
urethra (Figure 1.1B) (Ittmann, 2018; Hammerich et al., 2008). In addition to glandular
epithelium, the prostate contains a fibromuscular stroma dominated by smooth muscle cells,

fibroblasts and elastic connective tissue (Hagglof and Bergh, 2012; Shafik et al.,2006).
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Figure 1.1 — Anatomical location of the prostate gland and glandular zones

A. lllustration of prostate gland location between the base of the penis and bladder, surrounding the ejaculatory
ducts and urethra (Figure taken from Roberts et al., 2000). B. Location of the peripheral, transition and central
zones, in relation to the seminal vesicles and urethra (Figure taken from Hammerich et al., 2008)



Cytologically, prostate glandular tissue contains three epithelial cell types: luminal, basal and
neuroendocrine (NE) (Liu and True, 2002). Prostatic lumens are lined by luminal cells, which
perform the organ’s major secretory functions. These are surrounded by a layer of basal cells,
responsible for extracellular matrix (ECM) deposition, luminal cell survival and ductal
structural integrity (Figure 1.2A) (Rebello et al., 2021; Kurit et al., 2004). NE cells are a rare
subpopulation, comprising only ~1% of prostate epithelia. Their function is poorly
characterised, they are known to secrete peptide hormones and are proposed to
communicate with other epithelial cell types in a paracrine manner (Butler and Huang, 2021).
Each epithelial cell type can be identified biochemically based on protein expression (Figure
1.2B). Furthermore an ‘intermediate’ epithelial phenotype has been identified, with
expression characteristics of both luminal and basal cells (Hudson et al., 2001; van Leenders

et al., 2003).
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Figure 1.2 - Structure and epithelial cell subtypes of prostatic ducts

A. Luminal epithelial cells line the lumen of prostatic ducts and carry out the major secretory functions. These
lie above a layer of basal cells and rare neuroendocrine subpopulations (Figure taken from Rebello et al., 2021)
B. Prostate epithelial cells express unique combinations of protein markers, and are apical to a layer of
extracellular matrix and stroma (Figure adapted from Rebello et al., 2021)

Human prostate development starts around embryonic week 10. At this point epithelial buds
emerge from the embryonic urogenital sinus (UGS), driven by interactions between
urogenital sinus epithelia (UGE) and urogenital sinus mesenchyme (UGM). Developmental
responses to this interaction rely on androgens, produced by foetal testes from around week
8 (Cunha et al., 2010; Cunha et al., 2018). Epithelial outgrowths accelerate between weeks
11-14, whereupon they develop into tubulo-acinar glands (Kasper, 2008; Cunha et al., 2018;

Kellokumpu-Lehtinen et al., 1980). Epithelia differentiate into basal and luminal phenotypes



as the prostate grows throughout male fetal development. Cunha et al. (2018) divide prostate
development into six stages: i) pre-bud UGS, ii) epithelial bud development from UGE, iii) bud
elongation and branching, iv) epithelial cord canalization, v) luminal-basal epithelial

differentiation, and vi) secretory cytodifferentiation (Figure 1.3).
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Figure 1.3 - Visual summary of key stages in embryonic prostate epithelia development

Interactions between UGE (green) and UGM (blue) at the embryonic UGS induce epithelial bud development
and UGE elongation into the UGM, a process that relies on androgens testosterone and dihydrotestosterone
(DHT). UGE buds then continues to elongate, branch and canalize, forming channels. Over time UGE
differentiates into the epithelial cell subtypes that form functional prostate glandular epithelium as outlined in
Figure 1.2 (Figure adapted from Meeks and Schaeffer, 2011)

1.1.2 Prostate cancer: clinical statistics

Prostate cancer (PCa) is the second most diagnosed cancer in men globally, whilst in many
countries including the UK and USA PCa incidence exceeds that of any other non-cutaneous
cancer (Figure 1.4A) (Sung et al., 2021). Furthermore, incidence rates per 100,000 men are
projected to increase up to at least the year 2035 (Smittenaar et al., 2016). The UK sees
approximately 52,000 cases and 12,000 deaths from PCa annually comprising, respectively,
27% and 14% of all male cancer diagnoses and deaths (Figure 1.4B, C) (Cancer Research UK,
2019).
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Figure 1.4 - Summary of prostate cancer clinical statistics

A. Global summary of countries coloured by most diagnosed non-cutaneous cancer type in males. Countries in
dark green are those in which prostate cancer is most common (Figure taken from Sung et al., 2021) B. UK
summary of highest incidence rate cancers in males, with number of prostate cancer cases per annum
highlighted (Figure adapted from Cancer Research UK, 2019) C. Summary of most prevalent contributors to
male cancer mortality in the UK, with number of prostate cancer deaths per annum highlighted (Figure adapted
from Cancer Research UK, 2019)

1.1.3 Prostate carcinogenesis: risk factors and disease progression

Some 75% of PCa cases develop in the peripheral zone of the gland (Adler et al., 2012).
Furthermore, the vast majority (>90%) of PCa arises from glandular epithelium as
adenocarcinoma (Leslie et al., 2022; Alizadeh and Alizadeh, 2014; Grignon 2004).
Epidemiological analyses identify inherent risk factors associated with PCa development.
These include: i) age, as for all cancers risk of PCa development rises sharply with age; ii) race,
black ethnicity has been noted as a significant risk factor; and iii) inherited mutations,
including in genes involved in mismatch repair (MLH1, MSH6), homologous recombination
(BRCA1/2, PALB2, ATM), and transcription factors such as the HOXB13 GA48E mutation
(Bostwick et al., 2004; Jones and Chinegwundoh, 2014; Lynch et al., 2016; Vietri et al., 2021,

Ewing et al., 2012). Lifestyle exposures linked to PCa have also been researched including diet,
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alcohol consumption, smoking and exposure to heavy metals eg cadmium. However,
evidence related to these exogenous factors is inconclusive (Bostwick et al., 2014; Leitzmann

and Rohrmann, 2012).

Multiple stages exist between healthy prostate and invasive metastatic disease (mPCa)
(Figure 1.5). It is recognised that intraluminal hyperplasia, termed prostatic intraepithelial
neoplasia (PIN), exists as a precursor to PCa (McNeal and Bostwick, 1986; Bostwick and
Brawer, 1987). PIN is characterized by luminal epithelial proliferation and in high-grade cases
significant basal cell disruption may occur. PIN also shares cytological and histological changes
with PCa; however, it is crucially distinguished by a lack of basement membrane penetration
(Brawer, 2005; Bostwick and Qian, 2004; Bostwick, 1995). Transition to PCa is signified by
significant disruption of and/or invasion through the basement membrane into the
surrounding stroma, where it may progress locally (Bostwick and Brawer, 1987). Advanced
mPCa involves metastatic colonization of other anatomical sites, most commonly osteoblastic
lesions of the spine, pelvis and ribs (Logothetis and Lin, 2005; Bagi, 2003). Other frequently
observed sites of metastasis are the lymph nodes, liver and lungs (Gandaglia et al., 2014;

Pezaro et al., 2014; Bubendorf et al., 2000).
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Figure 1.5 — Stages of progression from normal prostate epithelia to metastatic prostate cancer

Prostate epithelia can evolve from localised intraepithelial proliferation (PIN) to invasive adenocarcinoma and
metastatic cancer. Numerous molecular and genomic events involved in this progression have been
characterised, some of the most prominently studied of which are highlighted above (black boxes). A more



extensive summary of the molecular regulators of prostate carcinogenesis can be found in Table 1.1 (Figure
created using biorender.com)

The most widely used assessment of PCa tumours by biopsy, the Gleason grade, scores
tumour tissue from 1 to 5, with a grade of 1 indicating well-differentiated, uniform glands and
a grade of 5 comprising sheets of anaplastic cells with necrotic regions. Gleason scoring is a
valuable prognostic marker, with higher grades predictive of more aggressive disease
(Hoogland et al., 2014; Humphrey, 2004; Egevad et al., 2002; Gleason and Mellinger, 1974;
Gleason, 1966). PCa has long been identified as a multifocal disease, with observations seen
of a prostate ‘field effect’ containing multiple independent neoplasia (Arora et al., 2004;
Cheng et al., 1998; Miller and Cygan, 1994; Andreoiu and Cheng, 2010). This multifocality
makes tumour grading and prognostication challenging, as one prostate gland may contain

multiple cancers with differing grades (Andreoiu and Cheng, 2010; Arora et al., 2004).

1.1.4 Molecular biology and genetics of prostate carcinogenesis

Numerous somatic molecular and genetic events involved in PCa development have been
identified (Figure 1.5, black boxes. Table 1.1). For example homeobox gene NKX3.1 maps to
locus 8p21 which is frequently deleted in PIN (Emmert-Buck et al., 1995). Mouse knockout
models demonstrate NKX3.1 haploinsufficiency, as loss of one allele is sufficient to induce PIN
(Bhatia-Gaur et al.,, 1999; Abdulkadir et al., 2002; Magee et al., 2003). MYC oncogene
overexpression has been observed in both high-grade PIN and advanced PCa, suggesting it is
another early event in prostate carcinogenesis (Gurel et al., 2004; Iwata et al., 2010; Ellwood-
Yen et al., 2003; Qiu et al., 2022). Another prominent event is a genetic translocation on
chromosome 21, creating a fusion between the promoter of androgen-responsive gene
TMPRSS2 and the coding sequence of proto-oncogene and ETS family member ERG (or, less
commonly, ETS member ETV1). The resultant TMPRSS2:ERG fusion, detected in
approximately 50% of PCa, is then constitutively activated by androgen signalling in PCa
where it drives proliferation (Tomlins et al., 2005; Tomlins et al., 2008; Park et al., 2014; Wang
etal., 2017).

Many other abnormalities beyond the scope of this review have been implicated in PCa
progression. These include loss or inactivation of tumours suppressors PTEN and TP53,
activation of the MEK/ERK pathway and overexpression of transcriptional regulator protein

EZH2 (Jamaspishvili et al., 2018; Teroerde et al., 2021; Nickols et al., 2019; Varambally et al.,



2002; Wu et al., 2019). A summary of the most prominently characterised alterations with
associated references can be found in Table 1.1. Androgen receptor (AR) signalling is
implicated in all stages from prostate development through to advanced mPCa and is the

primary focus of this review.

Gene/Alteration Approximate frequency in References

prostate cancer

Primary Metastatic

NKX3.1/loss 20-35% 75% Emmert-Buck et al., 1995; Bhatia-Gaur et
al., 1999; Bowen et al., 2000; Abdulkadir et
al., 2002; Magee et al., 2003

PTEN/loss 20% 50% Jamaspishvili et al., 2018, Wang et al., 2003;
Cairns etal., 1997
TP53/loss 40-50% 40-50% Abida et al., 2019; Zhou et al., 2006; Osman

etal., 1999; Eastham et al., 1995; Bookstein
etal., 1993; Isaacs et al., 1991
RB1/loss 15% 20% Abida et al., 2019; Thangavel et al., 2017;
Maddison et al., 2004; Zhou et al., 2006;
Burkhart et al., 2019
SPOP/loss 10-15% 10-15% Kim et al., 2013; Boysen et al., 2015;
Barbieri et al., 2012; Bernasocchi and
Theurillat, 2022

CHD1/loss 10% 20% Oh-Hohenhorst et al., 2021; Augello et al.,
2019; Zhang et al., 2020; Huang et al., 2012
GSTP1/promoter hypermethylation 80% Unspecified Lin et al., 2001; Nakayama et al., 2004;
Martignano et al., 2016; Cairns et al., 2001
TMPRSS2:ERG/fusion 40-50% 40-50% Tomlins et al., 2005; Tomlins et al., 2008;
Park et al., 2014; Wang et al., 2017
MYC/overexpression 10% 35% Gurel et al., 2004; Iwata et al., 2010;
Ellwood-Yen et al., 2003; Qiu et al., 2022
SPINK1/overexpression 10% Unspecified Ateeq et al., 2011; Flavin et al., 2014; Lu et
al., 2020; Tomlins et al., 2008
EZH2/overexpression Frequency unspecified. Varambally et al., 2002; Wu et al., 2019;
An established positive correlation exists Bryant et al., 2007; Labbé et al., 2017

between EZH2 levels and prostatic
progression from benign tissue, to
primary tumours and metastates
AR/mutation, amplification, Variable, discussed in sections 1.4 Tan et al., 2015 (review article — see
alternative splicing onwards subsequent sections for more extensive
review of AR in prostate cancer)
Table 1.1 (legend overleaf) — Literature summary of prominent genetic/molecular alterations in PCa
development

Literature synopsis of the most well characterised genetic and molecular changes involved in PCa progression
and their apprpxomiate frequencies, where applicable, in primary and metastatic PCa. ‘loss’ = loss of function
through either mutation or deletion, ‘overexpression’ = increased expression through either amplification or
other mechanisms. Roles of the androgen receptor (AR) are discussed extensively in subsequent sections



1.2 The androgen receptor

1.2.1 Androgen receptor: molecular structure and canonical signalling

The androgen receptor (AR) is a nuclear steroid hormone receptor, a family of proteins
including the estrogen (ER), progesterone (PR) and glucocorticoid (GR) receptors (Guiochon-
Mantel et al., 1996). AR is expressed in a range of cell types, with the highest levels being seen
in the reproductive (prostate, testes), liver, muscle and adipose tissues where it is responsible
for exerting the biological effects of androgens including androstenedione, testosterone and
dihydrotestosterone (DHT) (Hunter et al., 2018; Mooradian et al., 1987). The importance of
AR to numerous tissues has been demonstrated by knockout mouse models, in which either
global or tissue-specific AR knockout mice exhibit perturbations in the brain, bone,
cardiovascular, immune and haematopoietic systems, in addition to tissues outlined
previously (Davey and Grossmann et al., 2016; Rana et al., 2014). The AR locus is at
chromosome Xq11-12, spanning approximately 90kb of DNA and comprising 8 exons that
encode N-terminal transactivation domain (NTD), DNA-binding (DBD), hinge (H) and ligand-
binding (LBD) domains (Figure 1.6A) (Gelmann et al., 2002).

Canonical, or genomic, AR signalling is mediated by intracellular binding of androgen ligands,
the highest affinity of which is DHT synthesised from testosterone by 5a-reductase (Kinter
and Anekar, 2022; Randall, 1994, Grino et al., 1990). In the prostate, testosterone enters cells
and undergoes conversion to DHT before binding the LBD of the receptor. Unbound by ligand,
AR is cytoplasmically sequestered in a high affinity ligand-binding state by chaperone proteins
including HSP70 and HSP90, which dissociate upon DHT binding (Fang et al., 1996; Pratt and
Toft, 2003; Veldscholte et al.,, 1992; Pratt and Toft, 1997). DHT binding induces a
conformational change in receptor structure, whereby intramolecular N/C terminal
interactions take place followed by receptor homodimerisation through intermolecular DBD
and N/C terminal interactions (van Royen et al., 2012; Schaufele et al., 2005). Ligand
stimulation also results in AR phosphorylation, largely in its NTD. Phosphorylation at S81 by
CDK1, CDK5 and CDK9 has been particularly well studied, where cell line models demonstrate
robust increases in pS81-AR upon DHT treatment (Chen et al., 2012; Chen et al., 2006; Hsu et
al., 2011; Gordon et al., 2009; Wen et al., 2020). DHT-bound, phosphorylated AR translocates

to the nucleus, directed by interactions between its nuclear localisation signal (NLS), nuclear



import protein importin-a and actin-binding protein filamin (Cutress et al., 2008; Ni et al.,
2013; Ozanne et al., 2000). AR homodimers predominantly function as transcriptional
activators, binding to DNA androgen response elements (AREs) in the promoters and
enhancers of target genes alongside chromatin remodelling proteins (CBP/P300, LSD1) and
coactivators (p160 family) to recruit RNA Pol IlI, facilitating transcription (Figure 1.6B)
(Denayer et al., 2012; Louie et al., 2003; Frgnsdal et al., 1998; Metzger et al., 2005; Jin et al.,
2013).
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Figure 1.6 — Androgen receptor genetic structure and canonical signalling

A. The ~90kb AR gene is located on chromosome Xg11-12 and encodes 8 exons. Structural and functional details
of the N-terminal (NTD), DNA-binding (DBD), hinge (H) and ligand-binding (LBD) domains, as well as the
transcription activation units (Tau-1, Tau-5), activation function domains (AF1, AF2) and nuclear-localisation
signal (NLS) are explored in text (exon sizes not to scale) B. Testosterone enters prostate cells and is metabolised
to dihydrotestosterone (DHT) by 5a-reductase, which bind the AR LBD. DHT-bound AR is phosphorylated,
homodimerises and translocates to the nucleus to bind androgen response elements (AREs), where along with
coregulators it recruits transcriptional machinery to drive expression of target genes (Figures created using
biorender.com)
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N-terminal transactivation domain (NTD)

The NTD, encoded by exon 1, is responsible for AR-mediated transactivation, in part, by
interacting with p160 coactivators and other transcriptional machinery at AREs (Nakka et al.,
2013; Bevan et al., 1999; McEwan and Gustafsson, 1997). The activation function 1 (AF1)
region, located between amino acids 142-485, is crucial to NTD transactivation, within which
lie two transcriptional activation units Tau-1 and Tau-5 indispensable for AR transcriptional
activity (Bevan et al., 1999; Jenster et al., 1995; Callewaert et al., 2006; McEwan, 2004). The
NTD also contains FQNLF and WHTLF motifs, responsible for N/C terminal interactions upon
ligand binding (Figure 1.6A) (He et al., 2000; Doesburg et al., 1997). NTD mediated
transactivation is further influenced by polyglutamine (CAG) and polyglycine (GGC) repeats,
the length of which vary considerably among the population and, in the case of CAG, inversely
correlate with AR activity (Tut et al., 1997; Chamberlain et al., 1994; Sasaki et al., 2003; Irvine
et al., 1995). Despite recognition of these motifs and domains, a precise crystal structure of
the NTD is undefined due to its inherently disordered nature and conformational plasticity

(Lavery and McEwan, 2008; Reid et al., 2002).
DNA-binding domain (DBD)

The AR DBD encoded by exons 2 and 3 is highly conserved, sharing considerable homology
with the GR, PR and mineralocorticoid receptor (MR) (Figure 1.7A). The DBD comprises two
zinc fingers, where the a-helix of the N-terminal zinc finger directly interacts, via it’s ‘P-box’
motif, with nucleotides in either the generic hormone response hexamer sequence 2x 5’-
AGAACA-3’ (separated by a 3-bp spacer) or specific AREs eg 5'-GGTTCT-3’. The second zinc
finger stabilises interactions through contact with the sugar-phosphate backbone (Beato et
al., 1995; Zhou et al., 1997; Claessens et al., 1996; Schoenmakers et al., 2000, Tan et al., 2015).
The precise mechanism of AR DBD selectivity for AREs is unclear. It has been proposed that
stronger dimerisation relative to other steroid hormone receptors may play a role. This is
mediated by a serine and threonine in the ‘D-box’ of the second zinc finger, S597 and T602,
which are unique to AR and enable greater hydrogen bonding between monomers. This
increased interaction strength relative to other steroid hormone receptors is purported to
stabilise AR dimerization for retention at AREs (Shaffer et al., 2004; van Royen et al., 2012;
Claessens et al., 2008; Tan et al., 2015) (Figure 1.7A).
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Hinge region (H)

Exon 4 encodes the hinge region, largely responsible for nuclear import via an NLS at its
junction with the DBD: 617-RKCYEAGMTLGARKLKK-634 (Figure 1.6A). Androgen binding has
been proposed to mediate structural changes of AR which expose the NLS for binding and
nuclear translocation, in which the AR NLS fits within the inner concave surface of importin-
a (Figure 1.7B) (Cutress et al., 2008; Ni et al., 2013). Structural studies have also suggested
an important role for the AR hinge region in ARE selectivity as its sequence is poorly conserved
and unique to the AR (Cutress et al., 2008; Clinckemalie et al., 2012). Furthermore, it has been
shown as involved in regulating coactivator recruitment and transactivation, and is subject to

extensive post-translational modification (Haelens et al., 2007; Clinckemalie et al., 2012).
Ligand-binding domain (LBD)

The LBD of AR is encoded by exons 5-8 and is well characterised crystallographically. It consists
of eleven a-helices, lacking the H2 of other nuclear receptor LBDs in place of a flexible linker
region (Figure 1.7C) (Matias et al., 2000, Tan et al., 2015). The LBD contains a ligand binding
pocket (LBP) (Figure 1.7C), formed by a-helices H3, H5, H10, H11 and H12, the latter of which
forms the core of ARs ligand-dependent activation function 2 (AF2) domain (Figure 1.6A) and
acts as a ‘lid’ to close the LBP upon agonist binding (Matias et al., 2000; Bevan et al., 1999).
DHT is the most potent natural AR agonist, which differs from testosterone by a single double
bond on ring A (Figure 1.7D) (Kinter and Anekar, 2022). Agonist binding renders
conformational changes in the LBD, exposing AF2 in a state amenable to interaction with
LXXLL motif-containing coactivator proteins, as well as the NTD FQNLF motif, driving N/C
terminal interactions (Figure 1.7D) (van Royen et al., 2012; Schaufele et al., 2005; He et al.,
2000; He et al., 2004; Dubbink et al., 2006; Bevan et al., 1999; Askew et al., 2012; Heery et
al., 1997; Mclnerney et al., 1998).

12



A 5597 T602 B

PR vor e G
mr BV EEG G Geuygv VMR KR, VEBQHNY 1 G
GR E PRKLCLVCEOE SECHYEVLTCESCXVER KR, VEBQHNY LC BRNDC I IDKIRRRNCE CRERKC
cm— —
P box D box

2nd Zinc finger “Head-to-head”™

D-Box_ . — dimerisation
1st Zinc finger \f
(N terminal)

Spacer

Testosterone

Ligand OH

Binding
pocket 0

1st 2nd  3rd
Layer Layer Layer

Figure 1.7 - Androgen receptor functional domain structures

A. The DBD of AR shares considerable homology with the PR, MR and GR. AR’s D-box contains unique residues
S$597 and T602 (highlighted by arrows) that mediate strong homodimerisation. The P-box directly interacts with
nucleotides at hormone response elements in DNA (Figure adapted from Tan et al., 2015) B. ARs NLS, encoded
in the hinge region, fits into the concave inner surface of importin-a upon ligand binding (Figure taken from Tan
et al., 2015) C. Eleven a-helices comprise the LBD of AR, which has a flexible linker in place of the helix H2 of
other nuclear receptors. a-helices H3, H5, H10, H11 and H12 form the ligand-binding pocket. H12 (highlighted
in maroon) acts as a ‘lid’ to close the pocket upon ligand binding and forms the core of ARs AF2 domain (Figure
adapted from Tan et al., 2015) D. AR agonists testosterone and DHT differ by a single double bond. DHT binding
(green) to the LBD mediates exposure of AF2 (blue) to LXXLL-motif containing coactivators, as well as the NTD
FQNLF motif, driving intra- and inter- AR monomer interactions (Figure adapted from Xu et al., 2013)

1.2.2 Non-canonical AR signalling

The AR/DHT axis also has roles separate to canonical DNA-binding transcriptional regulation.
Occurring independently of nuclear translocation, AR can rapidly activate kinases including
Src, MAPK/ERK and PI13K/Akt (Migliaccio et al., 2007; Peterziel et al., 1999; Kang et al., 2004;
Baron et al., 2004; Kousteni et al., 2001). AR can also undergo plasma membrane localisation
to interact with caveolins upon DHT binding (Deng et al., 2017; Pedram et al., 2007).
Translocation to the plasma membrane can influence non-canonical activation of secondary

messengers and can even potentiate canonical AR signalling at AREs by enhancing nuclear
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translocation (Cinar et al., 2007; Lu et al., 2001; Li et al., 2018). Furthermore, AR is capable
of directly binding to and regulating the activity of other transcription factors such as AP-1,
ETS and NFkB independently of DNA-binding (Kallio et al., 1995; Schneikert et al., 1996;
Palvimo et al., 1996).

Non-canonical roles of the AR have been reviewed extensively elsewhere, in-depth discussion
of which is beyond the scope of this thesis (Liao et al., 2013; Zamagni et al., 2019; Leung and
Sadar, 2017; Davey and Grossmann, 2016). Subsequent sections will primarily focus on

canonical, nuclear AR function.

1.2.3 AR roles in prostate biology and benign disease

AR signalling is crucial to prostate development and function. UGE/UGM expression of AR and
S5a-reductase is seen during early gestation, and the developmental fate of the UGS is dictated
by embryonic week 8 as the foetal testes begin to produce testosterone (Majumder and
Kumar, 1997; Levine et al., 1996; Sajjad et al., 2004). Siiteri and Wilson, 1974; Word et al.,
1989). Moreover, the developmental importance of androgens/AR signalling is highlighted by
models where XY embryos lacking functional AR fail to develop a prostate, whilst XX UGS can
undergo prostatic differentiation upon DHT treatment (Toivanen and Shen, 2017; Aaron et

al., 2016; Francis and Swain, 2018).

The prostate gland weighs just a few grams at birth, before significant expansion to
approximately 20 grams by the end of puberty (Kumar and Majumder, 1995). This growth is
attributable to augmented hypothalamus-anterior pituitary-testes (HAT) axis activity,
triggered by pubertal increases in gonadotrophin-releasing hormone (GnRH) production
(Abreu and Kaiser, 2016; Ebling, 2005). Concomitant increases in circulating testosterone
occur, converted to DHT in the prostate to drive AR signalling (Figure 1.8). AR signalling in the
pubescent prostate is demonstrated by rising prostate specific antigen (PSA, encoded by the
KLK3 gene) secretions in correlation with serum testosterone levels (Juul, Miller and
Skakkebaek, 1997; Vieira et al., 1994). PSA is a well-established marker of AR transactivation,
as the KLK3 gene contains functional AREs in its enhancer/promoter (Riegman et al., 1991;

Huang et al., 1999; Cleutjens et al., 1997).
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Figure 1.8 — Hormonal axis control of prostate AR signalling

Production of GnRH by the hypothalamus rises in puberty. This binds GnRH receptors of the anterior pituitary,
stimulating release of luteinising hormone (LH), which in turn stimulates release of testosterone from Leydig
cells of the testes. Prostate cells expressing 5a-reductase convert this to the potent AR agonist DHT, driving AR
signalling. A negative feedback loop (red) exists, whereby increases in testosterone suppress GnRH and/or LH
production (Figure created using biorender.com)

Prostate knockout studies reveal a role for AR in different tissue compartments. Models of AR
deletion in prostate fibroblasts underscore the importance of stromal signalling to prostate
epithelial proliferation, development and secretory differentiation; mediated by paracrine
action of growth factors eg FGF-10 and IGF-1 (Yu et al., 2012; Ruan et al., 1999; Donjacour,
Thomson and Cunha, 2003; Singh et al., 2014; Lai et al., 2012; Cunha et al., 1992). Similar
perturbations are seen upon AR knockout in stromal smooth muscle (Welsh et al., 2011; Yu
et al., 2011). However, restricting AR knockout to epithelial cells does not critically hinder
overall growth and ductal development; rather the primary effect is failure to develop
functionally mature luminal epithelia (Simanainen et al., 2007, Wu et al., 2007). This

collectively demonstrates that AR function in mature prostate development and homeostasis
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is complex and cell-type specific. Rodent castration models further highlight the importance
of androgens in homeostasis of the adult prostate, where orchiectomy results in apoptosis
and tissue atrophy, an effect that is reversible by testosterone administration (Isaacs, 1984;

Kyprianou and Isaacs, 1988; Sugimura et al., 1986).

AR also plays a role in non-cancerous prostate pathologies, the most common of which is
benign prostate hyperplasia (BPH), estimated to be present in roughly 10% of men in their
30s and upwards of 80% of those in their 70s and 80s (Roehrborn, 2005). BPH is a non-
malignant proliferation of stromal and epithelial cells in the prostate transition zone (McNeal,
1990; Ng and Baradhi, 2022). The role of DHT in BPH is evidenced by management with 5a-
reductase inhibitors finasteride and dutasteride, both of which reduce prostate volume

(Gormley et al., 1992; Thomson, 2005).

Given that serum testosterone decreases with age, the apparent inverse correlation between
circulating androgen and rates of BPH seems somewhat paradoxical (Xia et al., 2021;
Stanworth and Jones, 2008). However, studies show that intraprostatic DHT concentrations
are remarkably stable in the face of changing serum testosterone, and that the two do not
always correlate (Thirumalai et al., 2016; Swerdloff et al., 2017; Page et al., 2006). Research
demonstrates increased nuclear AR in the periurethral zone, the most common site of BPH
(Monti et al., 1998). Additionally, more intense AR staining and elevated AR target gene
expression is observed in BPH tissues relative to normal prostate (Nicholson et al., 2013;
O'Malley et al., 2009). Further evidence for AR involvement in BPH comes from studies using
direct AR antagonists, which effectively reduce prostate volume (Stone and Clejan, 1991; Eri
and Tveter, 1993; Narayan et al., 1996). How AR shifts from maintaining normal prostate
homeostasis to being a driver of BPH is poorly understood; although chronic prostate
inflammation, metabolic syndrome, and/or tissue hypoxia may alter the microenvironmental
context in which AR operates (Gandaglia et al., 2013; Gacci et al., 2015; Wu et al., 2016; Kim
et al., 2013). Research to date thus highlights ARs role in healthy prostate development and

differentiation, as well as disease.
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1.3 The androgen receptor and prostate cancer

1.3.1 A molecular link between androgens and prostate cancer

AR is highly expressed in luminal epithelial cells of the adult prostate, where it suppresses
proliferation and maintains terminal secretory differentiation (Wu et al., 2007; Simanainen et
al., 2009; Whitacre et al., 2002). The question thus remains how PCa progression is hormone-

dependent when most cases have a luminal epithelial/AR+ phenotype.

Progression to cancer relies on additional molecular events outlined previously (Table 1.1)
which cooperate with AR signalling. MYC oncogene overexpression is a frequently observed
aberration, seen in a majority of PCa cases (Koh et al., 2010). Intriguingly, in vitro experiments
show that AR suppresses c-MYC transcription in normal prostate epithelium whilst in PCa the
opposite occurs (Antony et al., 2014; Vander Griend, Litvinov and Isaacs, 2014). NKX3.1, an
AR target gene, is a suppressor of prostate epithelial proliferation and functions in a negative
feedback loop to downregulate AR. This feedback is lost by deletion/inactivation of either
NKX3.1 or its positive regulator PTEN, both common in PCa, perturbing the balance of
proliferation, survival and death in PCa cells (Bhatia-Gaur et al., 1999; Cairns et al., 1997,
Thomas, Preece and Bentel, 2010; Lei et al., 2006; Bowen et al., 2019). Additionally, NKX3.1
loss correlates with appearance and expression of oncogenic, AR-driven chromosomal
translocations (Lin et al., 2009; Bowen, Zheng and Gelmann, 2015; Thangapazham et al.,
2014). TMPRSS2, encoding a serine protease found in seminal fluid, contains AR binding sites
in its promoter and enhancer, thus enabling AR/DHT mediated overexpression of the ERG
oncogene in the context of the frequently seen TMPRSS2:ERG fusion (Clinckemalie et al.,
2013; Wangetal., 2007; Sahu et al., 2011; Adamo and Ladomery, 2016). Deletion of the locus
encoding chromatin remodelling protein CHD1 occurs in ~15% of PCa cases and is implicated
in modifying the AR transactivation landscape to a pro-tumourigenic transcriptome (Augello
et al., 2019). Furthermore, inactivating mutations in E3 ubiquitin ligase SPOP, which ordinarily
targets AR for degradation, are seen in ~10% of primary PCa tumours (Geng et al., 2014; An

etal., 2014).

Irrespective of specific molecular alterations mediating an AR-driven phenotype, PCa largely

maintains addiction to its activity. Indeed, AR has been linked with many of the ‘Hallmarks of
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Cancer’ in PCa, emphasizing its role in disease progression (Figure 1.9) (Hanahan and

Weinberg, 2000/2011; Hanahan, 2022).
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Figure 1.9 - AR signalling and prostate 'Hallmarks of Cancer'

Numerous lines of evidence link AR signalling to the ‘Hallmarks of Cancer’ in PCa (summary not exhaustive).
Acquisition of molecular and genetic aberrations, outlined in Section 1.3.1, enables AR to switch from a mediator
of healthy prostate homeostasis and function to a driver of PCa progression (Figure created using
biorender.com)

1.3.2 Androgen deprivation therapy and antiandrogens: silver bullets?
Hormonal involvement in PCa has long been known. The pioneering work of Huggins and
Hodges in the 1940s demonstrated that either orchiectomy or injection of
androgens/estrogens could alter metastatic disease burden (Huggins and Hodges, 1941;
Huggins, Stevens and Hodges, 1941). The decades since have seen this approach evolve, and
manipulation of androgens and/or direct inhibition of AR signalling is now the standard of
care for mPCa (Crawford, 2004). This approach, termed hormone therapy, is offered to all
men in the UK with stage IV metastatic disease (NICE, 2021). Two main approaches to
hormone therapy exist: androgen deprivation therapy (ADT), or alteration of the hormonal
signalling cascades and metabolic pathways that synthesise androgens, effectively starving
AR of its ligand; and antiandrogens (also termed AR signalling inhibitors (ARSi) or AR targeted
agents (ARTA), direct antagonists of the AR protein which prevent nuclear translocation and
DNA-binding activity, preventing AR transactivation (Figure 1.10).
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Figure 1.10 — Mechanisms of AR signalling inhibition by ADT and antiandrogens

ADT aims to starve PCa cells of testosterone and by extension, DHT. This was historically achieved by bilateral
orchiectomy, replaced by chemical castration via GnRH receptor regulation. GnRH receptor agonists (goserelin,
leuprorelin) overstimulate the GnRH receptor in the anterior pituitary. This may result in short-term
exacerbation of symptoms by a ‘flare-effect’, however in time GnRH receptor is downregulated, blocking LH
stimulation of testosterone release. GnRH receptor antagonists (degarelix) directly inhibit receptor activity
instead. Antiandrogens (bicalutamide, flutamide, enzalutamide) are AR antagonists, which directly block AR
nuclear translocation and transactivation capabilities in PCa cells. Primary mode of action for each treatment
approach is summarised in red italic text (Figure created using biorender.com)

Androgen deprivation therapy (ADT)

Normal circulating testosterone concentration ranges between ~260-920 ng/dL in healthy
adult males (Travison et al., 2017). ADT aims to reduce this to castrate levels, defined as < 50
ng/dL, with < 20 ng/dL maximizing therapeutic benefit (Gomella, 2009; Wang, Dai and Ye,
2017). This was historically achieved via bilateral subcapsular orchiectomy, which quickly and
effectively ablates serum testosterone (Oefelein et al., 2000; Novara et al., 2009). However,
due to the irreversible nature of surgery and psychological morbidities of testicular removal,
chemical castration using systemically administered compounds is now preferred (Skoogh et
al., 2011; Anderson et al., 2008). This is achieved using GnRH receptor agonists and/or
antagonists. GnRH receptor agonists (eg goserelin, leuprorelin) bind with high affinity in the

anterior pituitary, thereby stimulating LH/testosterone production and, in the short term,
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exacerbating disease. This initial increase in LH release, the ‘flare effect’, may worsen
symptoms in metastatic disease (Waxman et al., 1985; van Poppel and Nilsson, 2008). In time,
GnRH receptor is downregulated, quashing LH release and reducing testosterone to castrate
levels in ~3 weeks (Thompson, 2001; Heber et al., 1982; Cooke and Sullivan, 1985). To avoid
flare effects and enable immediate suppression, GnRH receptor antagonists (eg degarelix)
may be used as an alternative. These newer compounds directly inhibit the receptor,
outcompeting GnRH to prevent activity (Jiang et al., 2001; Samant et al., 2005). Thus, receptor
antagonists rapidly achieve chemical castration within 2-3 days and do not elicit flare effects
(Klotz et al., 2008; Shore, 2013). Both compound classes attenuate testosterone production,
and decisions regarding choice of agonist/antagonist largely depend on clinical presentation
at time of therapy. Cost-effectiveness analysis by NICE determined that due to the higher
price of degarelix, its use in mPCa over GnRH agonists is only warranted in patients suffering
from spinal metastases/spinal cord compression, for whom an initial testosterone flare is of

greater concern (Uttley et al., 2017).
Antiandrogens

Antiandrogens act directly within PCa cells, preventing canonical AR signalling. These consist
of two classes, steroidal (SAA) and non-steroidal (NSAA) antiandrogens, differing in structure
whereby the former have a steroidal four-ringed composition (Figure 1.11A). Cyproterone
acetate, a derivative of progesterone, is the only SAA currently used in mPCa on the NHS
(NICE, 2022). Mechanistically, it competes with testosterone/DHT to bind the AR LBD,
preventing nuclear translocation and ARE binding (Brinkmann et al., 1983; Bohl et al., 2007).
It also exerts negative feedback on LH release (Schroéder, 1993). SAAs are non-selective and
capable of binding to GR, MR and PR. Consequently, they have greater likelihood of side
effects including impotence, osteoporosis and potentially fatal hepato- and cardiotoxicities
(Wirth, Hakenberg and Froehner, 2007; Fourcade and MclLeod, 2004). Furthermore,
cyproterone acetate can act as a partial AR agonist to stimulate AR transactivation (Poyet and
Labrie, 1985; Labrie, 1993). It is mainly indicated for use with GnRH receptor agonists to

neutralise flare effects (Sugiono et al., 2005), and NSAAs are now largely preferred.

Numerous NSAAs have been developed including flutamide, bicalutamide and enzalutamide,
all created on the same principle of selective, potent AR antagonism to compete with native
DHT-AR interactions (Figure 1.11A, B). Flutamide was the first available NSAA, and was shown
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in trials to improve survival for treatment-naive mPCa patients in combination with
leuprorelin vs the GnRH agonist alone (Crawford et al., 1989; Goldspiel and Kohler, 1990).
CYP1A2 metabolises flutamide to the more potent 2-hydroxyflutamide, which has a higher
binding affinity for AR (Shet et al., 1997; Wakeling et al., 1981; Peets, Faye and Neri, 1974).
Initially, 2-hydroxyflutamide was classed as a ‘pure antiandrogen’ which binds AR and
promotes nuclear translocation, yet prevents gene transactivation (Kemppainen, Lane and
Sar, 1992; Labrie, 1993). However in vitro characterisation revealed that 2-hydroxyflutamide
can behave as an AR agonist at higher concentrations, contradicting its status as a silent
antagonist (Wong et al., 1995; Nguyen, Yao and Pike, 2007). Higher potency antagonists were
subsequently developed with superior efficacy, pharmacokinetics and tolerability, one of
which, bicalutamide, has largely replaced flutamide (Sarosdy, 1999; Schellhammer et al.,
1995). Bicalutamide exhibits up to 4-fold higher AR binding affinity than 2-hydroxyflutamide
(Kolvenbag, Furr and Blackledge, 1998). Mechanistic studies suggest it promotes AR nuclear
translocation and that the bicalutamide-liganded receptor binds DNA but fails to effectively
undergo N-C terminal interactions or recruit coactivators (Masiello et al., 2002; Farla et al.,

2005).

Development of novel NSAAs continued, leading to synthesis of second-generation
antiandrogens that include enzalutamide, apalutamide and darolutamide (Figure 1.11B).
Enzalutamide (or MDV3100), developed in 2006, was the first such compound, proving
superior to older NSAAs in all regards. Firstly, it has far higher AR binding affinity, 5-8 fold
higher than bicalutamide and just 2-3 fold lower than ARs native ligand DHT. Secondly,
enzalutamide blocks AR nuclear translocation, DNA-binding and coactivator recruitment,
thereby inhibiting AR signalling at numerous stages and preventing any partial agonist
activity. Finally, trials have unequivocally demonstrated the benefits of enzalutamide over
bicalutamide using a range of clinical outcome measures and disease settings (Tran, Ouk et
al., 2009; Shore et al., 2016; Penson et al., 2022; Penson et al., 2016; Siemens et al., 2018;
Vaishampayan et al., 2021). Enzalutamide has thus recently been approved by NICE as a first-
line therapy in combination with ADT for mPCa (NICE, 2021). Apalutamide and darolutamide
share a similar mechanism of action to enzalutamide, however they offer greater
antiandrogenic potency, pharmacokinetic advantages or the ability to inhibit AR mutants (the

latter is explored in greater depth in Section 1.4.2) (Higano, 2019).
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Figure 1.11 - Antiandrogen structure and NSAA modulation of AR LBD conformation

A. Chemical structure of steroidal antiandrogen cyproterone acetate, exhibiting a characteristic four-ring steroid
configuration, and first generation non-steroidal antiandrogens (NSAAs) flutamide and bicalutamide B. Chemical
structure of second generation NSAAs enzalutamide, apalutamide and darolutamide which inhibit AR signalling
at multiple stages as listed C. Structural schematic of ARs LBD when agonist or antagonist bound. DHT binding
repositions H12 (maroon) to close the ligand binding pocket and adopt a conformation with H3 and H4
comprising the AF2 domain. Conversely, NSAAs are believed to mediate an alternative repositioning of H12,
disrupting AF2 structure and preventing coactivator recruitment and N/C terminal interactions (Figures adapted
from Tan et al., 2015).

The crystal structure of AR bound to different NSAAs is undetermined, potentially due to
NSAA-bound AR failing to dissociate from chaperone proteins during purification (Bohl et al.,
2005; Tan et al., 2015). Work using mutant AR, molecular dynamics simulations and/or
inferences from other antagonist-bound nuclear hormone receptors suggest that NSAA
binding at ARs LBD destabilises normal LBP closure and AF2 surface formation by a
repositioning of H12, inhibiting both recruitment of coactivators and receptor
homodimerisation (Figure 1.11C) (Bohl et al., 2005; Osguthorpe and Hagler, 2011; Sakkiah et
al., 2018; Sakkiah et al., 2016; Gim et al., 2021; Brzozowski et al., 1997; Nadal et al., 2017).
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Availability of ADT and NSAAs has led to the concept of maximal androgen blockade (MAB),
in which ADT and NSAAs are used in combination (Labrie et al., 1982; Chodak, 2005). The early
evidence supporting such a regime was mixed. MAB trials performed with first generation
NSAAs flutamide or nilutamide provided only a modest survival benefit with greater toxicity,
thus these compounds are now mainly combined with ADT in the short-term context of flare
effect prevention (Prostate Cancer Trialists Collaborative Group, 2001; Schmitt et al., 1999;
Samson et al., 2002; Thompson, 2001). MAB performed with bicalutamide improves survival
benefit and reduces toxicity vs other first generation NSAAs, and using second generation
compound enzalutamide further enhances patient benefit and time to mPCa progression
(Akaza et al., 2009; Klotz and Schellhammer, 2005; Ramsey et al., 2005; Davis et al., 2019;
Armstrong et al., 2019; Vaishampayan et al., 2021). Irrespective of modality, patient benefit
from AR signalling inhibition is often finite. A significant number of patients will relapse and
progress to a state in which mPCa continues to progress despite continued ADT and/or NSAA
usage. This disease state, termed castrate resistant prostate cancer, forms the focus of

subsequent sections.
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1.4 Castrate resistant prostate cancer

1.4.1 The clinical challenge of castrate resistant prostate cancer

Castrate resistant prostate cancer (CRPC, or mCRPC when metastatic) arises in a substantial
number of patients treated with ADT and/or NSAAs. Estimates vary considerably and suggest
~10-55% of castrate-sensitive mPCa cases (mCSPC) will develop CRPC in an average
timeframe of 1-5 years post-therapy. (Hirst, Cabrera and Kirby, 2012; Kirby, Hirst and
Crawford, 2011; Sweeney et al., 2015; Svensson et al., 2021; Wenzel et al., 2021; Miyake et
al., 2019; Okamoto et al., 2020; Lin et al., 2019; Tamada et al., 2018). CRPC is defined as, in a
patient with castrate levels of serum testosterone, either: i) a greater than 25% rise in PSA
levels over two or more consecutive tests taken over a week apart (biochemical progression),
or ii) radiographical evidence of disease advancement (radiological progression) (Morote et
al., 2022). Historically, chemotherapy with docetaxel has been used to prolong survival,
however disease inevitably progresses with a median survival of 1-3 years post-mCRPC
diagnosis (Figure 1.12) (Tannock et al., 2004; Petrylak et al., 2004; James et al., 2016; NICE,
2006; Moreira et al., 2017; Ryan et al., 2015; Armstrong et al., 2020).

Local therapy Chemotherapy
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Tumour burden
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dependence

Figure 1.12 - Typical PCa progression to castrate resistance

Localised PCa may be treated curatively by surgery and/or radiotherapy, this may be supplemented with ADT.
Men with recurrent or metastatic disease are universally offered ADT, which is initially highly effective alone or
in combination with antiandrogens. However, significant numbers of patients transition from CSPC to CRPC
which grows despite ablation of circulating testosterone. Historical use of docetaxel in this setting has provided
some survival benefit, though CRPC inevitably progresses (Figure created using biorender.com).
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1.4.2 AR-mediated mechanisms of castrate resistance and therapeutic strategies

Numerous lines of evidence show that despite castrate conditions, AR signalling can still be
activated to drive CRPC. Indications of this first came from studies demonstrating post-ADT
AR amplification, and that AR mutations are associated with progression to androgen
independence (Visakorpi et al., 1995; Gregory et al., 2001; Tilley et al., 1996; Taplin et al.,
1995). Furthermore, work performed using PCa cell lines and xenografts revealed similar
overexpression and mutations to occur in model systems (Chen et al., 2004; Veldscholte et
al., 1990; Zhao et al., 1999). The relevance of AR to CRPC has since been confirmed and a
variety of mechanisms are characterised, whilst the continued use of PSA as a biochemical

marker of CRPC highlights ARs frequent role in the disease (Morote et al., 2022).

Other processes exist by which CRPC evolves total independence from AR, such as
neuroendocrine differentiation (Parimi et al., 2014). These are beyond the remit of this work
and have been reviewed extensively elsewhere (Crona and Whang, 2017; Hoang et al., 2016;
Sahin et al., 2018). Here, mechanisms of CRPC resulting in continued AR signalling are the

primary focus (Figure 1.13).
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Figure 1.13 - Mechanisms enabling sustained AR signalling in CRPC - including AR-Vs, the focus of this work

A. Amplification or overexpression of AR can sensitise PCa cells to residual levels of androgen, enabling
continued AR transactivation in the context of ADT B. Point mutations in the ligand binding domain can elicit
structural changes to AR that prevent NSAA inhibition, and can even cause NSAAs to function as AR agonists
C. CRPC can upregulate expression of steroidogenic enzymes enabling synthesis of testosterone, and
subsequently DHT, from adrenal androgens eg DHEA and A4 D. AR can be activated by phosphorylation through
tyrosine kinases including HER2 and Src, circumventing the need for androgen binding. Alterations to coregulator
expression may also potentiate AR transactivation by these alternative means E. Truncated forms of the
androgen receptor lacking a ligand binding domain, termed androgen receptor variants (AR-Vs), are generated
by alternative splicing. These can mediate AR target gene transcription without ligand stimulation F. Schematic
depicting protein structure comparison between AR, which contains a full ligand-binding domain, and the
general structure of an AR-variant that lacks this domain (Figure created using biorender.com (A-E) and/or
adapted from Kuznik et al., 2021 (F))
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AR amplification/overexpression

Gene amplification or overexpression was one of the earliest characterised AR aberrations
linked with CRPC. Visakorpi et al. observed that 30% of tumours recurring after ADT had high-
level AR amplifications, none of which were seen in the same patients prior to therapy
(Visakorpi et al., 1995). Amplification is also shown to correlate with increased AR mRNA, as
demonstrated by research illustrating castrate-resistant tumours to exhibit higher AR
expression than androgen-dependent PCa (Linja et al, 2001; Latil et al., 2001; Koivisto et al.,
1997). This trend was also noted at the protein level using immunohistochemistry of matched
castrate sensitive/resistant tissue of the same patient (Edwards et al., 2003). Furthermore,
such a mechanism has been validated by in vitro and in vivo experimental evidence using
androgen deprived models, which were adapted to grow in such conditions and overexpress
AR through multiple mechanisms including alterations to the epigenetic landscape via LSD1
(Waltering et al., 2009; Kokontis et al., 1994; Chen et al., 2004; Sirotnak et al., 2004; Cai et al.,
2011).

There is debate as to the relative contributions of AR gene amplification vs overexpression by
other means (Karantanos, Corn and Thompson, 2013; Jernberg, Bergh and Wikstrom, 2017).
Regardless of underlying mechanism, it is hypothesised that increased receptor levels
sensitise CRPC to low levels of androgen (Visakorpi et al., 1995; Waltering et al., 2009; Chen
et al., 2004). The clinical relevance of this has been validated by work demonstrating AR
amplification in tumour biopsies that progress on enzalutamide (McKay et al., 2021).
Additionally, ‘liquid biopsies’ of circulating tumour DNA (ctDNA) have found great utility as a
non-invasive assessment of AR amplification, further linking this genomic aberration with
therapy resistance (Wyatt et al., 2016; Conteduca et al., 2017; Del Re et al., 2021).
Theoretically, development of increasingly potent NSAAs could circumvent this mechanism
by preventing action of all available cellular AR, given ADT appears insufficient to prevent

amplification/overexpression mediated AR signalling (Figure 1.13A).
AR point mutations

Point mutations in the LBD are also causally linked with sustained AR signalling in CRPC, where
they are estimated to occur in ~20% of CRPCs mutually exclusively with AR amplification

(Beltran et al., 2013). The first published AR mutation was a threonine to alanine substitution,

27



T877A, identified in the LNCaP cell line derived from a PCa lymph node metastasis and
demonstrated to render the NSAA flutamide an AR agonist (Veldscholte et al., 1990;
Veldscholte et al., 1992; Liu et al., 2017). Solving the crystal structure of ARts77a revealed it
maintains the ability to bind androgens with high structural similarity to wild-type AR,
however the introduction of an alanine elicits subtle structural alterations to the LBD
purported to enable greater binding promiscuity (Sack et al., 2001). The binding affinities of
position 877 substitutions vary by amino acid, as unlike T877A the introduction of aspartic
acid, lysine or tyrosine eliminates androgen binding capability (Ris-Stalpers et al., 1993;
Steketee et al., 2002). Subsequent work in clinical samples highlighted an identical mutation

in NSAA-resistant PCa biopsies (Suzuki et al., 1993; Gaddipati et al., 1994; Taplin et al., 1999).

Numerous clinically relevant AR mutations have since been identified. W741C/L, has, whilst
rare, been observed in relapsed bicalutamide treated patients (Haapala et al., 2001). ARw7a1c/
causes bicalutamide to act as an AR agonist, yet is still antagonised by the less potent NSAA
flutamide (Hara et al., 2003; Bohl et al.,, 2005; Liu et al., 2016). KUCaP, an androgen-
dependent PCa xenograft model carrying ARw7a1c/, even accelerated in growth when treated
with bicalutamide (Yoshida et al., 2005). Moreover, work performed in the LNCaP cell line
demonstrated a hyper-mutable AR gene state induced by bicalutamide treatment,
highlighting the selective pressures applied to NSAA treated cells that may provide an ideal

environment for mutant selection (Hara et al., 2005).

Further mutations have since been catalogued that impact efficacy of contemporary
antiandrogens. F876L confers both in vitro and in vivo resistance to enzalutamide and
apalutamide and is detectable in the plasma DNA of patients treated with the latter
compound (Joseph et al., 2013; Korpal et al., 2013). Additionally, ARrs76L can co-occur with
another mutation T878A, which combine to convert enzalutamide into a strong AR agonist
(Prekovic et al., 2016). This particular mode of therapy evasion may be overcome by newer
antiandrogens capable of targeting common mutations. Darolutamide, approved for use by
the NHS in 2020, is efficacious against many currently known AR mutations and proves
efficacious against CRPC with minimal toxicity (Figure 1.13B). (Lallous et al., 2021; Fizazi et
al., 2019)
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Non-androgenic transactivation

Mechanisms occur in which AR transactivation is independent of canonical receptor/DHT
binding. This is referred to in the literature by various names including ‘outlaw AR’, ‘signalling
cross-talk’ or ‘ligand independent transactivation’ (Chandrasekar et al., 2015; Schalken and
Fitzpatrick, 2016; Imamura and Sadar, 2016). Additionally, expression changes in AR
coregulatory proteins have been observed (Culig, 2016). For this review, these processes are
collectively described as ‘non-androgenic transactivation’, referring to AR transactivation

occurring outside of classical DHT/receptor binding at physiological levels of androgen.

Tyrosine kinase signalling is implicated in AR transactivation (Figure 1.13C). In vitro cell line
models demonstrate that receptor tyrosine kinase HER2 can drive AR target gene
transcription (Yeh et al., 1999; Mellinghoff et al., 2004; Gregory et al., 2005). This occurs by
AR phosphorylation at S515 via MAPK (Ponguta et al., 2008; Yeh et al., 1999). Work performed
in PCa xenografts illustrates augmented HER2 expression in ADT-resistant tumours, whilst
retroviral HER2 overexpression enabled androgen-dependent populations to grow in castrate
conditions (Craft et al., 1999). Furthermore, HER2 expression levels negatively correlate with
clinical outcomes in CRPC (Maillet et al., 2021; Edwards et al., 2006). CRPC models also
demonstrate enhancement of AR transactivation by intracellular kinase Src which
phosphorylates AR at Y534, a modification elevated in ADT-relapsed patient samples (Asim et
al., 2008; Guo et al., 2006). Additionally, an siRNA screen showed knockdown of Src inhibitory
kinase CSK to phenocopy treatment of androgen depleted cells with synthetic androgen
R1881 (Yanget al., 2015). Unfortunately, inhibition of these kinase pathways has yet to garner
clinical benefit in CRPC (Ziada et al., 2004; Lara et al., 2009; Araujo et al., 2013). Deeper
preclinical evidence and a more thorough mechanistic understanding may help identify which

patients are most likely to benefit.

AR coactivator proteins may also potentiate aberrant receptor activity. Histone
acetyltransferase p300, involved in remodelling of the chromatin landscape at AREs and
elevated in CRPC, enhances DHT-independent transactivation by IL-6 (Welti, Sharp and Brooks
et al., 2021; Debes et al., 2002; Debes et al., 2005). Moreover, increased expression of p160
family members TIF2, SRC-1 and SRC-3 is associated with CRPC and abnormal AR
transcriptional activity (Agoulnik et al., 2006; Ueda et al., 2002; Zou et al., 2006; Tien et al.,
2013; Coutinho et al., 2016). Conversely, corepressors eg NCOR1 and SMRT mediate a closed,
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transcriptionally repressive histone microenvironment, are downregulated in CRPC and linked
with bicalutamide resistance (Lopez et al., 2016; Godoy et al., 2012). Therefore, alterations to
AR coregulators could modify chromatin status and transcriptional machinery recruitment at
AREs, enabling continued AR transactivation in suboptimal conditions (Figure 1.13C). p300
inhibitors for CRPC have consequently entered clinical trials (NCT05488548).

Alternative steroid metabolism

ADT targets the HAT axis, ultimately blocking gonadal testosterone production. CRPC can
thwart this by utilising alternative sources of androgen to fuel AR. The adrenal glands are a
prominent source producing dehydroepiandrosterone (DHEA), DHEA sulphate (DHEAS) and
androstenedione (A4), all of which can be enzymatically converted to testosterone and DHT
(Nassar and Leslie, 2022; Labrie et al., 2001). This led to historical use of adrenalectomy in
treating relapsed PCa (Harrison, Thorn and Jenkins, 1953; Bowers, 1962; Mahoney and
Harrison, 1972; Bhanalaph, Varkarakis and Murphy, 1974). Suppression of adrenal androgens
is now performed pharmacologically. The first attempts to do this utilised ketoconazole, an
imidazole used to treat fungal infections (Trachtenberg, Halpern and Pont, 1983;
Trachtenberg and Pont, 1984). Ketoconazole is an inhibitor of both cholesterol side-chain
cleavage enzyme (P450scc), which converts cholesterol to pregnenolone, and cytochrome
P450 17a-hydroxylase/17,20-lyase (CYP17A1), responsible for various enzymatic conversions
of testosterone precursors including 17a-hydroxypregnenolone to DHEA and 17a-
hydroxyprogesterone to A4 (Santen et al. 1983, Vasaitis, Bruno and Njar, 2011). Ketoconazole
has proven efficacious in CRPC by numerous trials (Small, Baron and Bok, 1997; Small et al.,
1997; Small et al., 2004). However, therapeutic doses are usually high resulting in potentially
fatal hepatotoxicity, and due to wide ranging perturbations to steroid metabolism and
possible adrenal insufficiency it is necessary to supplement its use with corticosteroids,
commonly dexamethasone (Paul and Breul, 2000; Sinawe and Casadesus, 2022; Vasaitis,

Bruno and Njar, 2011; De Coster et al., 1987).

Subsequent interest in nullifying extragonadal androgen production resulted in development
of abiraterone acetate (AA) (Barrie et al., 1994; Potter et al., 1995). AA, specifically its active
metabolite abiraterone, potently and selectively inhibits CYP17A1, effectively suppressing
formation of DHEA and A4 with fewer effects on wider corticosteroid metabolism (Schweizer
and Antonorakis, 2012; Bryce and Ryan, 2012). Consequently, studies comparing AA with
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ketoconazole demonstrated superior PSA reduction and survival benefit with significantly
fewer toxicities using the former compound (Ryan et al., 2010; Peer et al., 2014; Kim et al.,
2014). When coadministered with low dose prednisone to combat the side effect of cortisol
reduction, AA has proven effective in numerous trials (Fizazi et al., 2012; de Bono et al., 2011;
Ryan et al., 2015, Auchus et al., 2014). As a result, abiraterone was approved on the NHS as
first-line therapy for mCRPC without docetaxel in 2016 (NICE, 2016).

The rationale behind these approaches is that enzymes responsible for conversion of adrenal
androgens to testosterone, including CYP17A1, AKR1C3, SRD5A1 and UGT2B15, are
upregulated in CRPC metastases (Stanbrough et al., 2006; Montgomery et al., 2008).
However, alterations to enzymes involved in de novo androgen synthesis from cholesterol
increase in response to abiraterone, suggesting that CRPC is capable of further enhancing
steroidogenic pathways as a means to quash AA efficacy (Locke et al., 2008; Cai et al., 2011;
Mostaghel et al., 2019) (Figure 1.13D). Nevertheless even if androgen biosynthesis is
completely suppressed, alternative mechanisms of resistance enable continued AR signalling
in the absence of ligand. These include the primary focus of this work, androgen receptor

variants.
Androgen receptor variants

For more than two decades the existence of short, truncated forms of AR has been observed
(Wilson and McPhaul, 1996; Gregory, He and Wilson, 2001). Subsequent work has identified
many of these as alternatively spliced forms of the androgen receptor lacking a ligand binding
domain, termed androgen receptor variants. Androgen receptor variants are capable of
driving AR target gene transcription in the absence of androgen and are now recognised as
another mechanism driving CRPC (Wadosky and Koochekpour, 2007) (Figure 1.13E, F). Before
these androgen receptor variants are explored in-depth, an appreciation for the biology and
processes governing alternative splicing of mRNA is warranted and forms the focus of the

next section.
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1.5 Alternative splicing

1.5.1 Alternative splicing: processes and regulation

The vast majority of eukaryotic genes consist of multiple exons forming the coding sequence
(CDS), which undergoes mRNA translation into amino acid and protein products (Jorquera et
al., 2016). Exons are interspersed with longer introns, transcribed together as pre-mRNA
before processing occurs to splice out introns, join exons, add a 5" methylguanosine cap and
3’ poly(A) tail to create mature mRNA (Wang and Farhana, 2022). In 1977, it was
demonstrated that a single adenoviral pre-mRNA could be spliced into multiple different
mature mRNA products, a process that was then revealed in cellular mRNA transcribed from
the IgM gene (Berget et al., 1977; Early et al., 1980). This has subsequently been described as
alternative splicing, which can occur in numerous ways and is estimated to occur in 95% of
human multiexon genes, vastly increasing proteome diversity to ~70,000 proteins from

~20,000 genes (Pan et al., 2008; Aebersold et al., 2018) (Figure 1.14).
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Figure 1.14 - Alternative splicing patterns

Numerous types of alternative splicing have been identified, the most common of which are illustrated above.
Exons (green boxes), separated by longer introns (black lines, length not to scale), can be joined in numerous
configurations to form multiple mature mRNA products. Constitutive splicing refers to a linear configuration in
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which full exons are joined sequentially from their 5’ to 3’ genomic order. Alternative splicing enables exons to
be included in a mutually exclusive manner, alternative 5’ and 3’ sites within exons may be utilised, exons can
be skipped altogether, or introns may be retained.

Splicing is performed by the spliceosome, a dynamic assembly of small nuclear
ribonucleoprotein complexes (snRNPs). pre-mRNA splice sites are demarcated by a conserved
GU at the 5’ splice-site (5’ SS), an AG at the 3’ splice-site (3’ SS) which is preceded by a
polypyrimidine tract (poly(Y)) of variable length, and a branch point (BP) adenosine located
on average 25 bases upstream of the 3’ SS (Will and Liihrmann, 2011; Taggart et al., 2012;
Sickmier et al., 2006).

The core snRNPs, numbered U1 to U6, sequentially associate with splice junctions to mediate
a series of processes: first, U1 recognises and binds the 5’ SS whilst splicing factors SF1 and
U2AF65 aid recruitment of U2 at the BP, forming the prespliceosome/A complex (Figure
1.15A); next, the U4/U6.U5 tri-snRNP is recruited along with the NineTeen Complex (NTC) to
create the pre-catalytic spliceosome/B complex before U1 and U4 dissociation and structural
rearrangements result in the catalytically active B* complex (Figure 1.15B); the B* complex
then catalyses a transesterification reaction in which the 2’ OH of the BP adenosine performs
a nucleophilic attack on the 5’ SS, generating an intron/3’ exon lariat known as the C complex
(Figure 1.15C); finally, a second transesterification takes place involving nucleophilic attack of
the phosphodiester bond at the 3’ SS by the 5’ exon, before the remaining intron lariat is
degraded and snRNPs are recycled for further splicing reactions (Figure 1.15D) (Wilkinson,
Charenton and Nagai, 2020; Will and Lihrmann, 2011). Other proteins prominently involved
in the energy-dependent RNA/protein rearrangements during splicing are RNA helicases with
ATP/GTPase activity including DEAD-box and DEAH-box family members (Figure 1.15, blue
boxes) (Cordin and Beggs, 2013).

33



5'SS B

P

3'SS

Brr2
Snullg

1t transesterification (TE)

Figure 1.15 - Stages of exon splicing by the spliceosome

A. U1 binds GU at the 5’ SS, whilst splicing factors SF1 and U2AF65 (maroon circle and oval) aid recruitment of
U2 at the BP adenosine to form the A complex B. The U4/U6.U5 tri-snRNP is recruited along with the NTC to
create the pre-catalytic spliceosome/B complex. U1 and U4 subsequently dissociate to form the B* complex C.
Catalytically activated, the B* complex mediates the first splicing transesterification reaction creating an
intron/3’ exon lariat or C complex D. A second transesterification then takes place between the 5’ exon and 3’
SS, joining exons. The remaining intron lariat is degraded and spliceosomal snRNPs are recycled for further
splicing events. DEAD- and DEAH-box ATP/GTPases are involved throughout for energy dependent structural
rearrangements (blue boxes and arrows) (Figure created using biorender.com)

Spliceosomal snRNPs U1, U2 and U4/U6.U5 are multiprotein complexes with both a protein
and small nuclear RNA (snRNA) component of < 200 nucleotides (Jurica and Moore, 2003).
Common to all snRNPs is a core of 7 Sm proteins, E, F, G, D1, D2, D3 and B/B’, which assemble
into a heteroheptameric ring around an Sm consensus sequence on snRNA, RAU(.6GR

(Urlaub et al., 2001; Branlant et al., 1982).

snRNP specificity is conferred by the structure of each snRNA, which recruit a range of
proteins to generate a unique complex (Figure 1.16A). Splicing relies on base pairing between
snRNA and mRNA sequences. The 5’ end of U1 snRNA binds with the 5’ SS in an interaction
stabilised by U1C to define the 5’ exon/intron boundary (Figure 1.16B) (Kondo et al., 2015;
Malca, Shomron and Ast, 2003). Conversely, U2 snRNP does not define the 3’ SS alone. SF1
and U2AF65 bind the BP and poly(Y) tract before being displaced by DEAD-box helicases Prp5
and Sub2 which recruit U2, only then does snRNA-BP base pairing occur, stabilised by U2’s
SF3A/B complexes (Berglund, Abovich and Rosbah, 1998; Liang and Cheng, 2015; Fleckner et
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al., 1997; Urabe et al., 2021). Furthermore, base pairing dictates tri-snRNP assembly and
function. U4 and U6 snRNAs have high complementarity, notwithstanding an unpaired region
of U6 snRNP termed the ACAGA box that forms a helix with the 5’ SS, displacing U1, whilst U5
interacts with nucleotides in the 5 exon (Figure 1.16C) (Wan et al., 2016; Charenton,
Wilkinson and Nagai, 2019; Kandels-Lewis and Séraphin, 1993; Artemyeva-Isman and Porter,
2021; Newman, 1997). Formation of the active B* complex then requires Brr2 mediated
unravelling of U4:U6 snRNA bonds which are supplanted by U2:U6 base pairing in the
U2/U5/U6 catalytic spliceosome (Maeder, Kutach and Guthrie, 2009; Sun and Manley, 1995;
Madhani and Guthrie, 1992).
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Figure 1.16 (previous page) — Spliceosomal snRNP function involves extensive protein/RNA interactions

A. Spliceosomal snRNPs contain an snRNA component surrounded by a core of 7 Sm proteins (not listed), plus a
complement of proteins unique to that snRNP (Figure adapted from Will and Liihrmann, 2011) B. Crystal
structure of human U1 snRNP in complex with the 5’ SS of a target splice site, 3.3 A resolution. Electrostatic
interactions between U1C and the RNA backbone stabilise snRNP binding (Figure taken from Kondo et al., 2015)
C. 3.8 A resolution cryo-EM structure showing U4/U6.U5 snRNAs binding both the 5’ SS and 5’ exon, as well as
extensive U4:U6 snRNA complementarity (proteins not shown) (Figure taken from Wan et al., 2016)

If the snRNP-directed processes outlined above occurred at all potential splicing boundaries
then no alternative splicing would take place, transcripts would be constitutively spliced in a
predictable manner. Therefore, deeper layers of regulation must be at play to influence the

final exon composition of a transcribed pre-mRNA.

The ‘strength’ of a splice site, or its likelihood of inclusion in the final mMRNA product, is
dictated by numerous factors. In yeast a stringent GUAUGU is largely found at the 5’ SS whilst
the BP adenosine is conserved within UACUAAC (BP adenosine underlined in bold) (Qin et al.,
2016; Davis et al., 2000; Spingola et al., 1999). Humans have more permissive splice sites in
which only the 5 GU, 3’ AG, BP adenosine and poly(Y) tract are strictly invariant, while
neighbouring sequences have greater variety (Padgett, 2012). Human splicing patterns have
recently been analysed at single-cell resolution, illustrating the great diversity of splicing
events within tissue compartments and cell types (Olivieri et al., 2021). Therefore, the need
for complex regulatory processes is apparent. Splicing regulators can be split into two broad
categories: trans-acting splicing factors, proteins that bind RNA to influence spliceosome
assembly and function; and cis-regulatory elements, sequences encoded in RNA which the
former bind to (Figure 1.17A). The most well studied trans-acting proteins are the serine-
arginine rich (SR) proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs) (Dvinge,

2018).

SR proteins contain a characteristic C-terminal protein-protein interaction domain enriched
for arginine and serine residues, the RS domain. They undergo extensive functional regulation
via phosphorylation and are largely seen as promoters of splicing that encourage inclusion of
exons in the final MRNA product (Jeong, 2017). SR proteins exert their influence by binding to
exonic or intronic splicing enhancer sequences (ESEs/ISEs); selectivity for which is influenced
by their RNA recognition motif (RRM) domain (Figure 1.17B) (Mayeda et al., 1999; Caceres et

al., 1997). Once bound, SR proteins promote splicing by numerous mechanisms. For example,
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SF2/SRSF1 binds U1l snRNP components eg U1-70K (which itself has an RS domain),
strengthening interactions with the 5’ SS (Jamison et al., 1995; Cho et al., 2011). Furthermore,
SR proteins have been shown to bridge interactions between U1 and U2 snRNPs, and to assist
in U4/U6.U5 tri-snRNP recruitment to the spliceosome (Shao et al., 2012; Boukis et al., 2004;
Roscigno and Garcia-Blanco, 1995; Fetzer et al., 1997). SR proteins are even capable of

compensating for U1 loss of function to select the 5’ SS (Tarn and Steitz, 1994).

Conversely, hnRNPs are viewed as splicing repressors which bind to exonic or intronic splicing
silencers (ESSs/ISSs). hnRNPs contain a greater diversity of domains than SR proteins, they
may have an RRM, a K homology (KH) or arginine-glycine-glycine (RGG) domain to mediate
RNA binding, whilst protein-protein interactions are dictated by their glycine, proline or
acidic-rich domains (Figure 1.17C) (Geuens, Bouhy and Timmerman, 2016). Upon binding they
are capable of antagonising SR protein function, for example hnRNPA1 competes with
SF2/SRSF1 to bind RNA and the relative amount of these opposing proteins influences exon
inclusion (Eperon et al., 2000; Zerbe et al., 2004; Rooke et al., 2003). hnRNPL can bind within
exons and stimulate enhanced interactions between U1l and the 5’ SS. Rather than this
promoting splicing, interactions are hyperstabilised and unable to be dissociated by U6,
preventing catalytic spliceosome formation (Chiou, Shankarling and Lynch, 2013; McClory,

Lynch and Ling, 2018; Rothrock, House and Lynch, 2005).
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Figure 1.17 - SR proteins and hnRNPs bind RNA-encoded regulatory elements to influence alternative splicing
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A. SR proteins and hnRNPs are the two most well characterised classes of trans-acting splicing factors. They bind
ESE/ISEs or ESS/ISSs to either enhance or inhibit spliceosome activity, thus influencing alternative splicing
decisions B. Domain structure of three example SR proteins. SR proteins all contain a C-terminal arginine/serine
rich RS domain responsible for protein-protein interactions, and at least one RRM C. Domain structure of three
example hnRNPs. hnRNPs are a more variable group of proteins, which may bind to RNA through either RRM,
KH or RGG domains. Their protein-protein interaction domains may be glycine, proline or acidic-rich (Figure
created using biorender.com)

This SR protein/hnRNP dichotomy is however something of an oversimplification, splicing
control is far more complex and context dependent. SRSF10 promotes exon inclusion when
bound within certain exons, whilst it results in exclusion of others (Zhou et al., 2014). SR
proteins can also act as splicing repressors when bound within introns (Kanopka, Miihlemann
and Akusjarvi, 1996). Interestingly, work has shown that inserting an ESE sequence into an
intronic region converts SR proteins into splicing inhibitors (Ibrahim et al., 2005). Moreover
the effects of SR protein loss are unpredictable, at certain transcript loci their depletion
results in failure to recruit splicing factors, whilst at other exons knockdown enhances binding
efficiency of other SR proteins (Pandit et al., 2013). hnRNPs also exhibit varying influence on
splicing, hnRNPL can bind to both ISEs and ESSs to enhance or repress splicing (Hui et al.,
2003; Rothrock, House and Lynch, 2005). Additionally, hnRNPA1/A2 can act pleiotropically
within the same gene, binding intronically near the 5’ SS inhibits SMN1/2 exon 7 inclusion,

yet promotes inclusion when bound near the 3° SS (Qiu et al., 2022).

Detailed knowledge of alternative splicing regulation is still growing, and research is only
beginning to uncover the complexity of these processes. The fate of exons during splicing is
thus determined by an interplay of protein-protein and protein-RNA interactions which may
exert opposing effects, the net result of which ultimately dictate final mRNA sequences
(Crawford and Patton, 2006; Zahler et al., 2004; Charlet-B et al., 2002; Zhu, Mayeda and
Krainer, 2001).

1.5.2 Alternative splicing and cancer

Alternative splicing dysregulation is widespread in cancer. Splicing factor mutations are
frequently observed, particularly in blood cancers where SF3B1 and SRSF2 mutations occur in
over 40% of patients with certain haematological malignancies (Anczukéw and Krainer, 2016).
Splicing factor alterations in solid tumours are more commonly gene amplifications or
overexpression. SRSF6 has been observed as amplified in 37% of colon cancers and
overexpressed at the RNA level relative to normal tissue controls in ~50% of lung and breast

tumours (Cohen-Eliav et al., 2013). Expression of numerous splicing factors including SRSF1
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and SRSF3 is enhanced in ovarian cancers, whilst hnRNPA2/B1 levels correlate with poor
prognosis in glioblastoma (lborra et al., 2013; Golan-Gerstl et al., 2011). Splicing regulators
can also act as tumour suppressors, loss of which promotes oncogenesis. RBM5 protein levels
are decreased in over 70% of primary lung cancers, and experimental lung cancer models
show that RBM10 knockdown augments proliferation (Oh et al., 2002; Herndndez et al.,
2016).

Deregulation of splicing factors is also seen in PCa. Sam68 is frequently overexpressed, and
its levels correlate with alternative splicing of CCND1 into a truncated, more oncogenic
isoform (Paronetto et al., 2010). Furthermore PCa in vitro models show that androgen
deprivation upregulates SRRM4 to alter splicing of neuroendocrine suppressor REST, resulting
in AR-independent neuroendocrine differentiation (Li et al., 2017). SRPK1 is a kinase that
phosphorylates SRSF1 to regulate its activity. When the former is depleted, it results in
alterations to pro-angiogenic VEGF splicing, creating an antiangiogenic isoform VEGF165b
which suppresses growth and microvessel density of PCa xenografts (Mavrou et al. 2015;
Rennel et al., 2008). Entire review articles can, and have, been written in great depth
exploring the role of alternative splicing in cancer/PCa (Zhang et al., 2021; Olender and Lee,
2019). Instead, the relevance of alternative splicing in this review is how it pertains to
generation of androgen receptor variants in CRPC, which is the emphasis of following

sections.
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1.6 Androgen receptor variants: alternatively spliced drivers of CRPC

1.6.1 Currently identified androgen receptor variants

Short, truncated forms of AR protein have been known in PCa for more than twenty years.
Work initially focused on a C-terminally truncated AR generated by proteolytic cleavage,
which was historically referred to as the AR-A isoform (Wilson and McPhaul, 1996; Gregory,
He and Wilson, 2001). Further studies demonstrated that this cleavage event was mediated
by calpains, and it was hypothesised that genomic rearrangements, such as the AR exon 3
duplication seen in CRPC cell line CWR22Rv1, may alter AR protein structure in such a way

that makes it amenable to attack by proteases (Libertini et al., 2007; Tepper et al., 2002).

Subsequent analysis of AR transcripts in CWR22Rv1 by 3’ rapid amplification of cDNA ends (3’
RACE), a method for identification of novel 3’ transcript sequences using a primer anchored
within a known 5’ end (in this case AR exon 1), revealed that short AR isoforms can be
generated at the mRNA level and aren’t necessarily post-translational cleavage events (Dehm
et al., 2008). Numerous groups went on to report existence of truncated AR mRNA isoforms,
termed androgen receptor variants (AR-Vs). The majority of these share the common feature
of a full NTD and DBD CDS, whilst the usual LBD is replaced by 3’ alternative splicing of short
‘cryptic exons’ (CE) arising from intronic sequences to create a premature stop codon. It is
notable that not all AR-Vs are generated by 3’ cryptic exon splicing, such as AR-V567es (567

‘exon skip’), which includes the hinge region and exon 8 but omits exons 5-7 (Figure 1.18A).

Initially, it was proposed that CE splicing and polyadenylation occurred separately for each
AR-V. This would give rise to AR-Vs containing a sequence composition of NTD-DBD-CE-
poly(A) with distinct 3’ termini (Figure 1.18B). AR-V7, the most prominently encountered and
studied variant, encodes cryptic exon 3 (CE3) at its 3’ end. Transcriptomic analysis by RNA-
Seq in CWR22Rv1 and CRPC metastases demonstrated AR CE read coverage to occur through
CE3 regardless of upstream CE. That is to say, all detected AR-Vs appeared to incorporate a
common CE3 and poly(A) sequence regardless of where the initial 3’ splice site selection had
occurred (Figure 1.18C) (Van Etten et al., 2017). This apparent commonality between AR-Vs

may have implications for their regulation (Section 1.6.3).
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Figure 1.18 - Exonic structure of prominent AR-variants
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A. Mature AR mRNA usually comprises eight exons encoding the domains that form the standard, or full-length,
receptor (AR-FL). Aberrant alternative splicing processes give rise to a range of AR-Vs in CRPC, which generally
share their NTD and DBD sequence with AR-FL but differ in their ligand binding domain. Many identified AR-Vs
contain an intron-derived CE on their 3’ end to generate premature in-frame stop codons, whilst AR-V567es
skips exons 5-7 (Figure created using biorender.com) B. Early work on AR-Vs proposed that each variant
terminated in a unique 3’ CE and poly(A) sequence (Figured adapted from Van Etten et al., 2017) C.
Transcriptomic analysis of CWR22Rv1 cells and CRPC metastatic biopsies demonstrated a common 3’ CE3 and
poly(A) sequence, regardless of which upstream CE had been selected as a 3’ splice site (Figured adapted from

Van Etten et al., 2017)
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The existence of AR-Vs is not merely an mRNA phenomenon. A range of in vitro CRPC models
express AR-V protein, most notably the CWR22Rv1, VCaP and LNCaP95 cell lines (Sharp et al.,
2019). The presence of AR-V protein has also been exhibited in CRPC patient material where
AR-V7, for which variant-specific antibodies have been developed, is the most consistently
observed and correlates with disease progression (Guo et al., 2009; Hu et al., 2009; Sharp et

al., 2019; Scher et al., 2016; Sowalsky et al., 2022).

1.6.2 AR-V structure and function: a clinical challenge

AR-Vs association with CRPC progression lies in their protein structure and function. The
normal, or “full-length’, AR (AR-FL) contains four defined structural domains which collectively
enact AR signalling, as outlined previously (Section 1.2.1). Aberrant alternative splicing results
in a truncated AR-V protein structure that lacks the LBD due to translation of in-frame stop
codons (Figure 1.19A). Rather than this disabling AR function, the outcome is a constitutively
active form of AR that does not require androgen binding for transactivation of canonical AR
target genes including KLK2, PSA, FKBP5 and TMPRSS2 (Dehm et al., 2008; Guo et al., 2009;
Hu et al., 2009). A CRISPR-engineered CWR22Rv1 knockout line developed by our lab further
demonstrates the ability of AR-Vs to continually drive AR signalling in the complete absence
of AR-FL protein (Kounatidou et al., 2019). Analysis of the AR-V7 cistrome using ChIP-seq in a
range of both cell line and primary CRPC models has revealed significant DNA-binding overlap
between AR-FL and AR-V7, however a considerable number of loci are uniquely bound by AR-
V7 (Sugiura et al., 2020; Basil et al., 2022; Chen et al., 2018). These cistromic studies are
consistent with RNA-Seq results showing that AR-V7 shares a canonical AR-signalling
transcriptome with AR-FL, yet also mediates variant-specific expression signatures (Basil et

al., 2022; Nagandla et al., 2020; Hu et al., 2012).

AR-V constitutive activity relies on the fact that the N-terminal AF1 region of AR is the primary
determinant of transactivation ability and coactivator recruitment, whilst AF2 deletion fails
to impact function (Bevan et al., 1999; Warnmark et al., 2003). This contrasts with ER where
AF2/AF1 synergy is essential for receptor activity (Kumar et al., 2011). Although AR-V7 lacks
the NLS of AR-FL, it undergoes nuclear translocation via active transport by nucleoporins in a
mechanism distinct from importin-a dependent AR-FL transport (Kim, Au and Jamalruddin et

al., 2022; Chan, Li and Dehm, 2012). Interestingly, AR-V7 and AR-V567es can either
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homodimerise or heterodimerise with AR-FL, and exhibit androgen-independent

transactivation whether as a homo- or heterodimer (Xu et al., 2015; Cao and Qi et al., 2014).

This constitutive transactivation would in theory confer resistance to hormone therapy, which
is demonstrated in preclinical xenograft models treated with CYP17A1 inhibitor AA that
markedly elevate AR-V7 splicing upon progression (Figure 1.19B) (Liu et al., 2016; Yu et al.,
2014; Hu et al., 2012; Mostaghel et al., 2011). Furthermore, AR-Vs lack the LBD binding site
of all currently available NSAAs. This is reflected in studies using AR-V7 expressing cell line
and mouse models of CRPC that are resistant to NSAA treatment (Figure 1.19C) (Li et al., 2013;
Cao, Qi et al., 2014; Zhao et al., 2020).
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Figure 1.19 - AR-V7 elicits resistance to abiraterone and NSAAs in preclinical models of CRPC

A. AR-Vs, of which AR-V7 is the most commonly encountered, lack the full LBD of full-length AR (AR-FL). This
results in a C-terminally truncated protein structure that retains the NTD (including the crucial AF1 domain) and
DBD, retaining transactivation ability whilst omitting the need for ligand stimulation and lacking the binding site
of all available NSAAs (Figure adapted from Kuznik et al., 2021) B. VCaP PCa xenografts undergo increased AR-
V7 expression after treatment with abiraterone. AR-V7 increases to a greater degree than AR-FL, indicating a
splicing effect rather than a general increase in AR gene expression (Figure adapted from Yu et al., 2014)
C. CRPC cell line CWR22Rv1 grown in androgen-depleted conditions exhibits resistance to both bicalutamide and
enzalutamide (left panel), while siRNA targeting of AR-V7 CE3 sensitises cells to these NSAAs (middle panel).
shRNA targeting of AR-V7 in a CWR22Rv1 xenograft potentiates the ability of enzalutamide to inhibit tumour
growth (right panel) (Figures adapted from Li et al., 2013 and Cao, Qi et al., 2014)

The relevance of AR-Vs to therapeutic resistance is further exemplified in clinical samples. IHC
analysis of CSPC vs CRPC indicates enhanced nuclear AR-V7 staining in the latter samples
Figure 1.20A) (Sharp et al., 2019; Sowalsky et al., 2022). Likewise, gPCR analysis of AR-V7
transcripts in CRPC circulating tumour cells reveals striking survival differences between AR-
V7 positive and negative patients treated with enzalutamide or AA (Figure 1.20B)

(Antonarakis et al., 2014). Interestingly, tissue staining intensity of both AR-V7 and AR-NTD
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(representing total AR) increases in CRPC relative to CSPC (or HSPC ie hormone-sensitive),
though dividing samples into pre- or post-AA/enzalutamide treatment shows that AR-V7
levels rise after these therapeutic interventions. However, AR-NTD intensity decreases post-
AA/enzalutamide, indicating a splicing event rather than simply an increase in total AR (Figure

1.20C) (Welti et al., 2016).
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Figure 1.20 - AR-V7 expression correlates with development of CRPC, hormonal therapy exposure and poor
clinical outcomes

A. CRPC (red) exhibits higher nuclear AR-V7 expression than CSPC (grey), measured by IHC. This association was
found in both matched and unmatched tumour samples, and with two independent antibodies (Figures adapted
from Sharp et al., 2019 and Sowalsky et al., 2022) B. Circulating tumour cells from CRPC patients were profiled
by qPCR for AR-V7 expression status. Patients with detectable AR-V7 (orange) display significantly worse PSA
progression-free survival (p < 0.001) than patients with no measurable AR-V7 (blue) (Figure adapted from
Antonarakis et al., 2014) C. IHC identifies higher AR-V7 and total AR (AR-NTD) expression in CRPC than CSPC (or
HSPC ie hormone-sensitive). AR-V7 staining is enhanced by treatment with abiraterone or enzalutamide,
however total AR (AR-NTD) expression falls, suggesting a splicing effect rather than simply an increase in AR
gene expression (Figures adapted from Welti et al., 2016)

The clinical challenge presented by AR-Vs has created interest in inhibiting either the AR NTD
or DBD. The former is challenging due to the inherently disordered nature and lack of stable
NTD structures, hampering traditional structure-based drug discovery efforts (McEwan, 2012;
Lavery and McEwan, 2008). Nevertheless, a range of NTD-targeting compounds have been
developed of which one example, EPI-506, inhibits transactivating protein-protein
interactions at AF1 to impede growth of AR-V7 driven CRPC xenografts (Yang et al., 2016).
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EPI-506 subsequently entered clinical trials, however this was terminated due to lack of PSA
response, poor pharmacokinetics and excessive pill burden (Le Moigne et al., 2019; Maurice-
Dror et al., 2022; NCT02606123). Additional anti-NTD agents such as EPI-7386 have been
synthesised which also showed encouraging preclinical results (Hong et al., 2020; Le Moigne
et al., 2021). Consequently, EPI-7386 is now recruiting for clinical trials (NCT04421222,
NCT05075577). Given extensive DBD homology with other nuclear hormone receptors (Figure
1.7A), selective inhibition of the AR by targeting this domain is likely to be challenging.
Although compounds targeting the DBD have been created which show preclinical efficacy,
this strategy is yet to reach clinical trials for CRPC (Radaeva et al., 2021; Elgehama et al., 2021;
Yang et al., 2020; Dalal et al., 2014).

Inhibition of AR NTD cochaperone proteins may present a therapeutic alternative to inhibiting
AR-Vs directly. For example BAG1L, a member of the BAG1 cochaperone family, is a known
molecular interactor of AR capable of binding within the NTD to recruit transcriptional
coactivators at AR AF1 (Lee et al., 2019). Targeting of BAG1L has thus recently been touted as
a possible therapeutic strategy in CRPC by having the potential to inhibit all known AR-Vs,
however its clinical utility is debated due to challenges in BAG1L druggability (Neeb et al.,
2022). Heat shock proteins HSP40 and HSP70 have also been shown to play key chaperoning
roles in AR-V7 transactivation by binding to the AR NTD (Moses et al., 2018; Dong et al., 2019),
as has KIF15 (Gao et al.,, 2021). All of these indirect approaches have shown preclinical
promise, and it remains to be seen whether they becomes a viable route to inhibit AR-V

activity.

Therefore, efforts to inhibit the remaining functional domains of AR-Vs are ongoing and yet
to yield results. An alternative approach is to block their production altogether, which

requires mechanistic knowledge of their generation by alternative splicing.
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1.6.3 Current understanding of AR-V alternative splicing

Knowledge of splicing regulatory mechanisms governing AR-V generation in CRPC is
burgeoning. Studies to date have utilised in silico NGS analyses of PCa patient datasets,
drawing correlations between expression of AR-Vs and candidate regulators for subsequent

validation by molecular biology techniques.
Splicing factors/RNA-binding proteins

Kawamura et al. selected a panel of 309 genes encoding splicing factors or RNA-binding
proteins (RBPs) based on their gene ontology (GO) annotation. These were then filtered based
on upregulation in both mCRPC vs localised, treatment naive PCa and in patients expressing
high vs low AR-V7 RNA (Grasso et al., 2012; TCGA, 2015). Depletion of overlapping genes in
CWR22Rv1 using CRISPR-Cas9 revealed U2 snRNP component SF3B2, which is targetable by
SF3B inhibitor pladienolide B, to be implicated in AR-V7 generation (Kawamura et al., 2019).
Other work by Nadiminty et al. demonstrated that hnRNPA1 is overexpressed in prostate
tumours compared to benign controls. Also, the authors found that hnRNPA1 levels positively
correlated with AR-V7 expression and were enhanced in PCa cell lines conditioned for
resistance to enzalutamide (Nadiminty et al., 2015). Furthermore, the plant flavonoid
guercetin suppresses hnRNPA1 and AR-V7 splicing, which is exhibited to resensitise
enzalutamide-resistant cells using in vitro studies (Tummala et al., 2017). Numerous studies
have shown other splicing factors and RBPs to be involved in AR-V7 generation including
U2AF65, SRSF1, SF3B1, DDX39, SFPQ, Sam68 and RBM39, where interactions between
proteins and AR mRNA were validated by use of RNA immunoprecipitation techniques (Liu et
al., 2014; Wang et al., 2017; Nakata et al., 2017; Takayama et al., 2017; Stockley et al., 2015;
Melnyk et al., 2020).

Alternative poly(A) selection

AR-V CEs are spliced in place of LBD exons at the 3’ end of RNA. Therefore, studies have
elucidated mechanisms by which 3’ end processing factors responsible for pre-mRNA
cleavage and polyadenylation, essential to maturation and translation (Danckwardt, Hentze
and Kulozik, 2008), are involved in AR-V generation. Work performed in CWR22Rv1 by Van
Etten et al. observed a poly(A) signal in AR intron 3, found at the 3’ end of CE3 and common

to all observed AR-Vs (Figure 1.18C). Blocking this sequence with morpholino oligomers led
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to reduced AR-V splicing and increased AR-FL expression, whilst gene silencing experiments
revealed the cleavage and polyadenylation specificity factor (CPSF) complex was central to
this as knockdown of CPSF1 and CPSF3 also suppressed AR-V production (Van Etten et al.,
2017). Research has also demonstrated that expression of SIAH1, an E3 ubiquitin ligase that
targets CPSF1 for degradation, negatively correlates with clinical PCa progression, further
corroborating previous observations. Moreover the authors showed SIAH1-mediated
guashing of AR-V7 generation could be resisted by CPSF1 overexpression (Xia et al., 2022).
Recent work by Sun et al. exhibited that cyclin K-CDK12 dysfunction through
mutation/deletion promotes alternative poly(A) site selection in AR intron 3, they also
showed that pharmacological inhibition of CDK12 increases AR-V7 expression in numerous
PCa cell lines (Sun et al., 2022). CDK12’s role in poly(A) regulation has been documented
previously in DNA repair genes, and this link with AR control may explain the shorter times to
PSA progression seen in CDK12 mutant CRPC patients on abiraterone or enzalutamide

(Krajewska et al., 2019; Dubbury, Boutz and Sharp, 2018; Reimers, Yip et al., 2020).

The relative importance of alternative splicing vs alternative polyadenylation in AR-V
generation is debated, particularly given the previously discussed data demonstrating that all
CEs share acommon CE3 and poly(A) tail (Van Etten et al., 2017). However, alternative splicing
must still remain an initiating event in AR-V production, otherwise all AR-Vs would simply exist
as the AR intron 3 sequence up to the site of alternative polyadenylation, and the range of
AR-Vs currently observed would not exist. Furthermore CPSF1, a prominent factor reported
to be involved in AR-V alternative polyadenylation, recognises a canonical AAUAAA hexamer,
found in CE3 (Kumar et al., 2019; Van Etten et al., 2017). Therefore it seems that rather than
recognising an ‘alternative’ polyadenylation site, such factors may simply bind and process a
canonical site that is made available via alternative splicing of CEs. Interestingly, recent work
has shown the existence of ‘spliced polyadeylated introns’, purported to be removed from
transcripts by the spliceosome to prevent widespread use of intronic polyadenylation sites in
eukaryotes (Vlasenok, Margasyuk and Pervouchine, 2022). Collectively, it is likely that
although polyadenylation is indeed necessary for AR-V maturation, alternative splicing

remains the key event in their generation and has thus been the focus of studies to date.
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Chromatin-bound regulators

A body of work has also highlighted how chromatin bound proteins alter recruitment of
splicing machinery in PCa. KDM3A, a histone lysine demethylase, has been shown via ChIP
assay in CRPC cell lines to localise at cryptic exon DNA, recruiting hnRNPF and subsequently
U2AF65 to promote CE inclusion during splicing (Fan et al., 2018). Similar observations using
in vitro models were made with the demethylase KDM4B, where it was shown that
phosphorylation by protein kinase A in androgen depleted conditions enables KDM4B to
tether SF3B3 at cryptic exon loci (Duan et al., 2019). The 20G-dependent dioxygenase JMJD6
has multiple functions including histone arginine demethylation and lysine hydroxylation
(Kwok et al., 2017). Paschalis et al. performed an siRNA screen of putative AR-V7 splicing
regulators based on expression changes using multiple datasets including in CRPC cell line
LNCaP95 vs CSPC LNCaP. This identified JMJD6 as a mediator of AR-V7 expression which
hydroxylates U2AF65 to enable its recruitment at AR pre-mRNA (Paschalis, Welti et al., 2021).

In addition to influencing splicing by direct recruitment of splicing factors, chromatin
structure, influenced by histone modifying enzymes such as those described above, has been
shown to impact pre-mRNA splicing regulation. Nascent mRNAs, subject to splicing, are in
close physical proximity to chromatin while transcription by RNA polymerase |l takes place,
and it is known that a large degree of splicing occurs cotranscriptionally before completion of
the final mRNA transcript (Herzel et al., 2017). Structural alterations to chromatin exerted by,
for example, differences in histone methylation or acetylation, can influence rates of
transcription by RNA polymerase Il within genes to alter expression kinetics (Woo et al., 2017;
Stasevich et al., 2014). Given there is evidence of substantial crosstalk occuring between
splicing and transcriptional machinery, it is posited that rates of transcriptional elongation
influence splicing protein recruitment at pre-mRNA (Shenasa and Bentley, 2023). The role of
chromatin structure, histone modifications and cotranscriptional interactions in alternative
splicing is an active area of research, and efforts have been made to uncover splicing-
associated chromatin signatures linked with levels of exon inclusion/exclusion (Agirre et al.,

2021).

It is likely that alternative splicing of AR-V7 is influenced by a combination of the above
factors, with splicing factors and RBPs, alternative polyadenylation and chromatin features all
playing a role. The primary interest of this PhD project relates to splicing factors and RBPs,
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however a summary of literature on the different categories of published factors is found in

Table 1.2.

Gene/Protein References

Splicing factors/RNA-binding proteins (RBPs)

SF3B1 Wang et al., 2017
SF3B2 Kawamura et al., 2019
hnRNPA1 Nadiminty et al., 2015
U2AF65 Liu et al., 2014; Paschalis et al, 2021
SRSF1 Liu et al., 2014
DDX39 Nakata et al., 2017
SFPQ Takayama et al., 2017
Sam68 Stockley et al., 2015
RBM39 Melnyk et al., 2020
Alternative poly(A) selection
CPSF1 Van Etten et al., 2017; Xia et al., 2022
CPSF3 Van Etten et al., 2017
CDK12 Sun etal., 2022
Chromatin-bound regulators
KDM3A Fan et al., 2018
KDM4B Duan et al., 2019
JMID6 Paschalis, Welti et al., 2021

Table 1.2 - Literature summary of currently identified AR-V splicing/processing regulators

1.6.4 Pharmacological inhibition of splicing

The central roles alternative mRNA splicing and processing play in AR-V generation raises the
guestion of how it can be inhibited. Several splicing inhibitory compounds have been used as
experimental cancer targeting agents to date, some of the earliest of which were
pladienolides isolated from Streptomyces platensis (Mizui et al., 2004). A derivative of
pladienolide B, E7107, was subsequently demonstrated as a potent inhibitor of the SF3B
complex, a major component of the U2 snRNP, and has since exhibited anti-tumour activity
in a range of in vitro and in vivo cancer models (Kotake et al., 2007; Folco, Coil and Reed, 2011;
Aird et al., 2019; Zhang et al., 2020; Chan et al., 2017). Spliceostatins eg spliceostatin A
derived from Pseudomonas sp. have also been used preclinically to inhibit the SF3B complex,
alter splicing patterns and downregulate expression of pro-proliferative genes (Kaida et al.,
2007; Corroniero, Mifiana and Valcarcel 2011; Yoshimoto et al., 2017; Yoshimoto et al., 2021).
Furthermore, another SF3B-targeting agent originating from Streptomyces sp., GEX1A,
inhibits SF3B1-PHF5A interactions in the U2 snRNP complex and demonstrates preclinical

efficacy in models of leukaemia (Hasegawa et al., 2011; Sellin et al., 2022).
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Although a range of additional compounds that target the spliceosome have been used
preclinically including sudemycins, meayamycin B and isoginkgetin (Thurman et al., 2017;
Makowski et al., 2017; Wojtuszkiewicz et al., 2014; O’Brien et al., 2008), at present only two
splicing modulators, E7107 and H3B-8800, have made it to Phase | trials. Both these
pladienolide derivatives showed encouraging preclinical results (Kotake et al., 2007; Seiler et
al., 2018), although E7107 Phase | trials in solid tumour patients were suspended due to
ophthalmologic toxicities (Eskens et al., 2013; Hong et al., 2014; NCT00499499 and
NCT00459823). H3B-8800 use in haematological malignancies showed better tolerability,
however it failed to elicit even a partial response in any patients (Steensma et al., 2019;

Steensma et al., 2021; NCT02841540).

Attempts at pharmacological splicing modulation have hitherto focused on core spliceosomal
proteins and are likely to cause widespread alternative splicing perturbations. As outlined in
Section 1.5 these processes are highly complex, with numerous accessory regulators dictating
activity of the core spliceosome. A more nuanced understanding of proteins driving these
processes will only benefit attempts to target aberrant alternative splicing. This PhD project
will apply novel biotechnology to acquire increased knowledge of protein mediators that

regulate AR-V splicing in CRPC.
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1.7 CRISPR-Cas13 and proximity biotinylation
This work will combine two contemporary technologies: CRISPR-Casl3 and proximity
biotinylation. A more detailed mechanistic and technical discussion of their use follows in

Chapter 4, whilst this section will outline their fundamental concepts.

1.7.1 CRISPR-Cas13: RNA-targeting Cas nucleases

Applications of the prokaryotic adaptive immune system CRISPR (clustered regularly
interspersed short palindromic repeats) have revolutionised molecular biology (Jiang and
Doudna, 2017). Most work to date has been performed with CRISPR-Cas9 nuclease systems,
where the ability to modify DNA at precise genomic loci as directed by a complementary guide
RNA (gRNA) has enabled development of knockout models, gene insertions or corrections by
homology-directed repair with a donor template, and epigenetic modifications through fusing
catalytically inactivated ‘dead’ Cas9 (dCas9) to a range of enzymes (Doudna and Charpentier,

2014).

More recently discovered are RNA-targeting Cas nucleases, the Cas13 family, which are
gaining traction as tools for biomedical research (Figure 1.21A). Since 2016 numerous Cas13
proteins (lettered Cas13a-d) have been identified in prokaryotes, all of which contain two
Higher Eukaryotes and Prokaryotes Nucleotide-binding (HEPN) domains responsible for
single-stranded RNase activity when activated by gRNA complementarity with a target RNA
(Figure 1.21B). This mechanism has been applied in eukaryotic cells for potent, specific RNA
knockdown. Furthermore and analogous to dCas9, targeted mutation of catalytic residues in
the HEPN domains yields a ‘dead’ Cas13 (dCas13) that retains RNA-binding capability without
subsequent transcript cleavage (Tambe and East-Seletsky et al., 2018; Konermann et al.,
2018; Yan et al., 2018; Smargon et al., 2017; Abudayyeh et al., 2016). A range of techniques
in mammalian cells have been developed by fusing dCas13 with other functional proteins
including base-editing and epitranscriptomic alterations, splicing modulation, live-cell
imaging of RNA dynamics and characterisation of RNA-protein interactions (Figure 1.21C)
(Cox, Gootenberg and Abudayyeh et al., 2017; Wilson et al, 2020; Li et al., 2020; Du et al.,
2020; Konermann et al., 2018; Yang et al., 2019; Zhang et al., 2020; Han et al., 2020; Lin et al.,
2021).
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Figure 1.21 - Cas13 is a novel CRISPR nuclease usable for studying RNA biology

A. RNA-targeting Cas13 CRISPR proteins are a growing area of research, though their use still significantly lags
behind that of Cas9 (Pubmed citation statistics collated using Pubmed by Year, accessible at
https://esperr.github.io/pubmed-by-year/) B. The sequence-specific RNase activity of Cas13 HEPN domains is
dictated by gRNA sequence complementarity with ssRNA. gRNA binding with ssRNA activates Cas13 nuclease
activity resulting in RNA cleavage (Figure created using biorender.com) C. Catalytically inactive dCas13 proteins
can be fused with functional partners to enable a range of RNA-targeting possibilities including selective base
editing as performed in Cox, Gootenberg and Abudayyeh et al. (2017). Here, adenosine deaminase ADAR can be
used to selectively convert adenosine to inosine on RNA. Inosine base pairs with cytosine, mediating changes to
mMRNA translation (Figure taken from Palaz et al., 2021)

1.7.2 Proximity biotinylation unveils protein interactomes

A range of methods have been developed to ascertain cellular protein interaction networks.
One widely used example is Rapid Immunoprecipitation Mass Spectrometry (RIME), where
formaldehyde is used as a chemical crosslinker to bond proteins covalently, before a target
protein is immunoprecipitated and binding partners identified by mass spectrometry

(Mohammed et al., 2016). However, given that formaldehyde will indiscriminately bond all
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structures, there is high potential for false positives, as large, crosslinked complexes may be
enriched that do not accurately reflect the spatial proximity of identified protein interactors.
Furthermore, workflows are heavily dependent on the quality and specificity of the antibody

used for immunoprecipitation (Qin et al., 2021).

A powerful alternative is to fuse a protein of interest (POI) with a proximity biotinylation
enzyme. The first application of this technique in mammalian cells was with BirA*, a mutated
form of the E. coli BirA biotin ligase that catalyses formation of a reactive biotinyl-AMP
(bioAMP) from biotin and ATP (Roux et al., 2012). bioAMP can react with primary amines of
nearby proteins, covalently tagging them with biotin for subsequent cell lysis, streptavidin
protein capture and mass spectrometric identification in a method termed BiolD, later
improved through using an Aquifex aeolicus biotin ligase (BiolD2) (Roux et al., 2018; Kim et

al., 2016).

Work performed by Alice Ting’s lab to mutagenically engineer soybean ascorbate peroxidase
APX resulted in creation of APEX (Martell et al., 2012). In the presence of hydrogen peroxide
(H202), this monomeric enzyme catalyses oxidation of phenol compounds into short-lived
phenoxyl radicals that react with electron-rich amino acids (eg Tyr, Trp, His and Cys), which
when using biotin-phenol results in a covalent biotin tag on nearby proteins (Rhee and Zou et
al., 2013). Just as with BiolD2, APEX was further improved using a yeast display screen of
mutants and sorting by FACS for those with the highest enzymatic biotinylation activity,
resulting in APEX2 (Lam et al., 2015). APEX2 has significant time advantages over BiolD2 as
biotinylation and lysis is performed within 1-2 hours with the former rather than > 16 hours,
enabling faster workflows and superior temporal resolution of interactions (Figure 1.22A)
(Che and Khavari, 2017). APEX2 fusion proteins have since been applied for live-cell labelling
and interaction proteomics in numerous settings including mitochondrial compartments,
DNA damage responses and histone modifications (Figure 1.22B) (Han et al., 2017; Gupta et
al., 2018; Li, Zhou, Zhao and Wen et al., 2022; Hung et al., 2016). Collectively, proximity
biotinylation methods provide the significant benefit of leveraging streptavidin-biotin
interactions, one of the strongest known in nature which is far in excess of ordinary protein-
ligand binding affinity (Liu, Zhang and Mei, 2016). This enables use of rigorous post-capture
wash steps to remove background contaminants, whilst also obviating requirements to

source and optimise an appropriate antibody for pulldown.

53



® n o
Biotin ‘ @ O ‘ Blotlﬂ;glzeno
—) @y =

> 16 hours ‘ <2 hours
4+—AMP + \f}ﬁ o

POI

o
biotin-phenol

\
\
|
!
H,0,
NN
E—

Intensity

m/z

Figure 1.22 - Proximity biotinylation methods enable proteomic characterisation of interactomes

A. Proximity biotinylation techniques enable live-cell covalent biotin tagging of protein interactors. Cell lysis and
streptavidin pulldown allows enrichment of these biotinylated proteins for subsequent mass spectrometry. By
fusing a POI to appropriate enzymes, the identity and abundance of POI interactome components can be
ascertained. BiolD2 (left) and APEX2 (right) are two prominent methods that use different reaction chemistries.
BiolD2 catalyses formation of a reactive biotinyl-AMP substrate from biotin and endogenous ATP, whilst APEX2
relies on exogenous biotin phenol and hydrogen peroxide to generate biotin-phenoxyl radicals. Both biotin
substrates react with proximal amino acids to covalently tag proteins (biotin — red star) (Figure created using
biorender.com) B. APEX2 fusion proteins can be used for a range of interactome studies. Hung et al. fused APEX2
to POls in either the mitochondrial or endoplasmic reticulum outer membranes to proteomically map associated
factors (Figure taken from Hung et al., 2017)

1.7.3 CRISPR and proximity biotinylation combine: proof of concept

Synergistic leverage of CRISPR and APEX2 has been achieved in eukaryotic cells previously,
offering confidence that these methods are appropriate in the study of pathogenic AR-V
splicing in CRPC. This was initially performed using dCas9 fusions, resulting in publication of
methods termed GLoPro, C-BERST and CAPLOCUS (Myers et al., 2018; Gao et al., 2018; Gao,
Rodriguez and Sontheimer, 2019; Qiu et al., 2019). These applied gRNAs to target dCas9 at a
genomic locus of interest before biotinylation of proximal interactors with APEX2. Next,
streptavidin enrichment and mass spectrometric measurement of protein abundance was

compared with a ‘non-targeting’ gRNA control to ascertain local proteins (Figure 1.23A).

This has since been expanded to CRISPR-Cas13 systems, enabling identification of RNA
interactomes using gRNA-directed dCas13-APEX2 fusions in workflows largely analogous to
those with dCas9 (Figure 1.23B) (Lin et al., 2021; Han et al., 2020). However these publications

have only used HEK293 cells as a technical proof of concept, and combining dCas13 with
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APEX2 has not yet been achieved in models of cancer. This PhD project will employ these

methods to reveal mechanistic insights into processes governing AR-V generation in CRPC.
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Figure 1.23 - Proximity biotinylation can combine with Cas9/Cas13 to elucidate sequence-specific DNA/RNA
protein interactomes

A. Myers et al. (2018) localised a DNA-binding dCas9-APEX2 fusion protein to the hTERT promoter with a
complementary gRNA to reveal local protein interactors (log2 FE is log2 fold protein enrichment of hTERT-
targeting gRNA samples over non-targeting gRNA) (Figure taken from Myers et al., 2018) B. Lin et al. (2021)
adopted a similar approach with a dCas13-APEX2 fusion targeted to U1l snRNA (log2(FC) is log2 fold protein
enrichment of U1 snRNA-targeting gRNA samples over non-targeting gRNA) (Figure taken from Lin et al., 2021)
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Chapter 2 - Aims and objectives

Inhibition of AR signalling by depletion of circulating testosterone with ADT or direct receptor
targeting using antiandrogens is the clinical standard for management of metastatic PCa.
Whilst these can elicit substantial clinical responses, a significant number of cases will develop
resistance. It is now recognised that this disease state, CRPC, continues to activate AR through

numerous mechanisms.

One such mechanism is generation of AR-Vs. AR-Vs arise from alternative splicing of AR pre-
MRNA to generate premature stop codons and ultimately a truncated AR protein without the
LBD of AR-FL. The most prominently characterised AR-V, AR-V7, splices cryptic exon CE3 at its
3’ end to enable CRPC progression by constitutive ligand-independent transactivation.
Furthermore it lacks the binding site of all available antiandrogens, conferring resistance to

their use, and attempts to directly inhibit AR-Vs have not yielded success.

Another option is to target the cellular processes that create AR-Vs, however the alternative
splicing mechanisms that dictate these are greatly complex and subject to extensive
regulation. This work will aim to utilise novel RNA-targeting CRISPR-Cas13 and protein tagging

with APEX2 proximity biotinylation to acquire further knowledge of these processes.
Therefore, the main objectives of this PhD project are:

e Development of CRISPR-Cas13 based approaches for targeting AR-V7 mRNA
transcripts with an appropriate gRNA

e Optimisation of proximity biotinylation methods using APEX2 for protein biotin-
tagging and affinity enrichment via streptavidin

e Combined application of the above methods with fusion protein dCasRx-APEX2 as a
way to identify protein interactors of AR-V7 CE3 mRNA in CRPC cell line CWR22Rv1

e Utilisation of in silico approaches for selection of relevant proteins identified by the
above techniques

e Validation of identified proteins as regulators of AR-V7 mRNA splicing through

experimental manipulation

The overall aims and strategy of this PhD project, described above, are summarised visually

in Figure 2.1. Figure 2.1 also denotes in which chapter number relevant results can be found.
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Figure 2.1 - Graphical summary of PhD project aims and objectives, with relevant chapter numbers noted

The overall project strategy is to achieve technical optimisation of Cas13 RNA-targeting and APEX2 proximity
biotinylation approaches, followed by application of these methods in CRPC cell line CWR22Rvl for
identification of putative AR-V7 splicing factors. Finally, this list of candidate proteins will be refined by in silico
analyses, before splicing factors are to be validated by siRNA knockdown and assessment of resulting effects on

AR-V7 splicing.
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Chapter 3 - General materials and methods

All catalogue numbers are supplied at first reference to use of reagent in the document, after
which they are omitted. Methods listed in this section are those that are applicable
throughout the project. Methods specific to a particular results chapter are detailed in the

relevant sections.

3.1 Cell lines and cell culture reagents

All cell lines were maintained in 5% CO; at 37°C. 10% foetal bovine serum (FBS) (Thermo
A5256701) and penicillin-streptomycin (Sigma P0781) were added to culture media. Cells
were tested quarterly for mycoplasma contamination. Cells were passaged using trypsin-
EDTA solution (Sigma T4174) according to standard protocols for adherent cell lines. Specific
media conditions for all cell lines used are listed in Table 3.1. Unless specified, all experiments
were performed in media conditions listed above. For steroid depletion experiments, FBS was

substituted for dextran-coated charcoal stripped FBS (VWR S181F-500). Enzalutamide

(Selleckchem S1250) was dissolved in DMSO (Sigma D5879) and used at a final concentration

of 10 uM.
Cell line Media
CWR22Rv1 (ATCC CRL-2505) RPMI-1640 (Sigma R8758)
VCaP (ATCC CRL-2876) DMEM (Sigma D6171) supplemented
with 2mM L-glutamine (Sigma G7513)
HEK293FT (Thermo R70007) RPMI-1640 (Sigma R8758)

Table 3.1 - Culture media conditions for cell lines

3.2 Protein harvest and western blotting

Experiments performed in 6-well plates were lysed and harvested in 120 ul SDS sample buffer
mixed 9:1 with B-mercaptoethanol (Sigma M3148). Lysates were boiled at 100°C for 10
minutes, before SDS-PAGE was performed by use of a stacking gel cast above a 10%
acrylamide resolving gel. Samples were run alongside Spectra™ Multicolor Broad Range
Protein Ladder (Thermo 26623). Proteins were transferred for 1 hour at 100 V or overnight at
30V in transfer buffer onto Amersham™ Protran® nitrocellulose membrane (Sigma
GE10600016). All steps were performed using a Mini-PROTEAN® electrophoresis and blotting
system (Bio-Rad 1658029). Solutions used for PAGE can be found in Table 3.2.
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Solution Composition

SDS sample buffer 125 mM Tris-HCI (pH6.8) (Fisher 10785341)
5% SDS (Sigma L3771)
10% glycerol (VWR 24386.298)
0.01% bromophenol blue (Sigma B5525)
10% acrylamide resolving gel 3.33 ml 30% acrylamide (Sigma A3699)
1.67 ml diH,O
5 ml 2x buffer A (750 mM Tris-HCI (pH 8.8), 0.2% SDS)
20 pl TEMED (Sigma T9281)
100 pl APS (Sigma A3678)
Stacking gel 840 pul 30% acrylamide
1.67 ml diH.O
5 ml 2x buffer B (250 mM Tris-HCI (pH 6.8), 0.2% SDS)
5 pl TEMED
50 ul APS
Running buffer 25 mM Tris
190 mM glycine (Fisher 10070150)
0.1% SDS
Transfer buffer 25 mM Tris-HCI (pH8.3)
150 mM glycine
10% methanol (Fisher 10675112)
Table 3.2 - Buffers used for protein harvest, PAGE and western blot transfer

Transfers were stained using Ponceau S solution (Sigma 7170) where indicated in figures.
Ponceau was destained with 0.1 M NaOH (Sigma S5881). Membranes were blocked with 5%
(w/v) non-fat milk (Marvel)/TBS (500 mM NacCl (Sigma $9888)), 20 mM Tris-HCI (pH 7.5)) for
1 hour at room temperature, before overnight incubation at 4°C in primary antibody diluted
in 1% (w/v) non-fat milk/TBST (TBS + 0.1% Tween 20 (Sigma P1279)). Primary antibodies used
for western blot are listed in Table 3.3. Membranes were then washed for 3 x 5 minutes in
TBST and incubated for 1 hour at room temperature in 1:4,000 goat-anti mouse (Bethyl A90-
516P) or swine anti-rabbit (Dako P0217) HRP-conjugated secondary antibody diluted in 1%
(w/v) non-fat milk/TBST. Membranes were washed again for 3 x 5 minutes in TBST, before
signal was developed using Clarity™ Western ECL Substrate (Bio-Rad 1705061) and imaged

using a ChemiDoc™ system (Bio-Rad).
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Antibody Species Supplier/catalogue no. Dilution

HA Mouse Santa Cruz/sc-7392 1:1,000
ARNTD Mouse Dako/M3562 1:1,000
AR-V7 Rabbit Abcam/ab198394 1:1500
AR-V7 Rabbit RevMAb/31-1109-00 1:1,000
TRA2A Mouse Novus biologicals/H00029896-B01P 1:500
TRA2B Rabbit Abcam/ab31353 1:1,000
Biotin Mouse Santa Cruz/sc-101339 1:50
o-tubulin Mouse Sigma/T9026 1:4,000

Table 3.3 - Primary antibodies used for western blot

3.3 RNA extraction and RT-gPCR

RNA was extracted and purified by TRIzol™ reagent (Thermo 15596026) or GenElute™
mammalian total RNA miniprep kit (Sigma RTN350). For TRIzol™ extraction, manufacturer
instructions were followed except for the following changes: i) during RNA precipitation with
isopropanol (Sigma 34863), 2-3 ul GlycoBlue™ coprecipitant (Thermo AM9515) was added to
the aqueous phase/isopropanol mixture, ii) RNA was precipitated at -20°C overnight, and iii)
RNA was washed 2-3 times in 1 ml 75% ethanol. For extractions performed using the
GenElute™ method, manufacturer instructions for RNA extraction from ‘Attached cell
cultures’ were followed. Concentration and purity of extracted RNA was measured on a

NanoDrop® ND-1000 (Thermo) spectrophotometer.

cDNA was generated by reverse transcription of RNA in a 20 pl reaction consisting of 4 ul 5x
MMLV-RT buffer (Promega M531A), 2 ul 4mM dNTP mixture (Bioline BIO-39044), 1 ul 100
ug/ml oligo(dT)1s (Promega C1101), 1 pl 100 pg/ml random primers (Promega C1181), 0.3 pl
MMLV-reverse transcriptase (Promega M170A), and 500 ng - 1 ug RNA + nuclease-free water
(Thermo 10977) to a final volume of 20 pl. Reverse transcription reactions were performed
for 1 hour at 37°C, before incubation at 100°C for 10 minutes. Resulting cDNA products were

then diluted 1:5 - 1:10 in nuclease-free water.

gPCR analysis of cDNA was performed using 384-well plates on a QuantStudio™ 7 Flex Real-
Time PCR System (Thermo 4485701). 10 ul reactions were analysed consisting of 5 pl 2x
SYBR™ Green PCR Master Mix (Thermo 4309155) or 2x PowerTrack™ SYBR Green Master Mix

(Thermo A46113), 0.4 ul of each of forward and reverse 25 ng/ul primer, 2.2 pl nuclease-free

60



water and 2 ul cDNA. For calculation of relative expression between samples, Ct values were
exported and the Livak method was performed with the ddCt R package (v1.50.0, Zhang,

Biczok and Ruschhaupt, 2022) using RPL13A as a housekeeping gene for normalisation (Livak

and Schmittgen, 2001). Primers used for gPCR analysis are listed in Table 3.4.

Target gene Forward primer sequence (5’ - 3’) Reverse primer sequence (5’ - 3’)
RPL13A CCTGGAGGAGAAGAGGAAAGAGA TTGAGGACCTCTGTGTATTTGTCAA
AR-FL AACAGAAGTACCTGTGCGCC TTCAGATTACCAAGTTTCTTCAG
AR-V7 AACAGAAGTACCTGTGCGCC TCAGGGTCTGGTCATTTTGA
AR-V1 AACAGAAGTACCTGTGCGCC TGAGACTCCAAACACCCTCA
AR-V6 AACAGAAGTACCTGTGCGCC TATGACACTCTGCTGCCTTGC
AR-V9 AACAGAAGTACCTGTGCGCC GCAAATGTCTCCAAAAAGCAGC
AR CE3 pre-mRNA GCCTGCTAGATACAAGCCCG AGCCTTTCTTCAGGGTCTGG
TRA2A TTTGGAAACCCTTGATGGAC AAAACAACTTCGAGGGCAGA
TRA2B ATCCGTGAGCACTTCCACTT GCGTCACATCCGGTAGAGTT
THRAP3 GCCGATCTCTCTCTCGTTCA TTGGGTGGTTTCTTTCTCTGTTA
SART1 AACGTGAACCTGGTGGATAAG CTTCGTCATACTTGGACAGGATAG
TP53 CAGCACATGACGGAGGTTGT TCATCCAAATACTCCACACGC

Table 3.4 - Primers used for qPCR analysis

3.4 Plasmid transfection

Unless otherwise specified, all plasmids used throughout were reverse transfected at the
amounts indicated with TransIT®-LT1 transfection reagent (MIR 2300) according to
manufacturer instructions using a 3:1 (ul:pg) LT1:plasmid ratio. Opti-MEM™ | (Thermo
31985062) was used as serum-free media for creation of transfection complexes. Where
indicated, expression of eGFP was assessed by imaging cells with a Nikon™ TE2000

fluorescence microscope (Nikon Corporation).

3.5 CasRx gRNA design

All CasRx gRNAs were designed using cas13design (available at
https://cas13design.nygenome.org/) (Wessels, Méndez-Mancilla et al., 2020) and ordered as

single custom RNA oligos (Sigma) comprising the CasRx gRNA 30 nt direct repeat (DR)
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sequence, 5" - AACCCCUACCAACUGGUCGGGGUUUGAAAC - 3, followed by a 22-23 nt spacer

with complementarity to mRNA target sequence(s).

3.6 Statistical analyses and plotting of results

Specific tests used for determination of statistical significance and parameters used for
plotting of results are listed in the relevant figure legends. All statistical tests were performed
using GraphPad Prism (v9.3.1) or R (v4.1.2, R Core Team, 2021) via the RStudio development
environment (v2022.07.0, RStudio Team, 2022). All results, unless otherwise specified, were
plotted using GraphPad Prism (v9.3.1) or R (v4.1.2, R Core Team, 2021) via the RStudio
development environment (v2022.07.0, RStudio Team, 2022). The tidyverse software suite
(v2.0.0, Wickham et al., 2019) was used for data processing and plotting in R throughout. The
EnhancedVolcano package (v1.12.0, Blighe, Rana and Myles, 2021) was used for creation of
all volcano plots. The pheatmap package (v1.0.12, Kolde, 2019) was used for creation of all

heatmaps.
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Chapter 4 - Initial technical optimisation and pilot
experiments

4.1 Introduction and rationale

Development of Cas13 and proximity biotinylation techniques was performed using the Cas13
subtype RfxCas13d (CasRx) and engineered ascorbate peroxidase APEX2. The ability of the
former to bind mRNA as directed by a complementary gRNA will be combined with APEX2
proximity biotinylation to covalently tag the local protein interactome of a desired sequence,

in this case CE3 of AR-V7 mRNA.

CasRx was first isolated from Ruminococcus flavefaciens and presents numerous advantages
over other Cas13 proteins for this project including higher potency RNA knockdown, more
compact size, and the preexisting application of HEPN-mutated ‘dead’ CasRx (dCasRx) for
gRNA-directed RNA binding without cleavage (Konermann et al., 2018; Wessels, Méndez-
Mancilla et al., 2020). As a class 2 CRISPR protein, CasRx comprises a single-effector system
whereby one protein is responsible for gRNA-mediated target binding and cleavage as
opposed to class 1 CRISPR nucleases consisting of multiple Cas subunits (Konermann et al.,
2018; Zhang et al., 2018; Shmakov et al., 2017; Tang, 2019). CasRx has demonstrated
applicability as a potent tool for RNA knockdown, with lower propensity for off-target effects
when compared with RNAi (Konermann et al., 2018). This has shown utility in vitro using a
variety of eukaryotic cell types. Furthermore, the possibility of in vivo knockdowns by
adenoviral delivery or embryonic injection has been demonstrated (Konermann et al., 2018;
Mahas, Aman and Mahfouz, 2019; Zhou et al., 2020; Buchman et al., 2020; Kushawah et al.,
2020).

There is however emerging evidence that despite high on-target ability, gRNA binding to
target RNA mediates an activated CasRx nuclease conformation that is capable of cleaving
nearby non-complementary RNAs in a so-called ‘bystander effect’. The resulting collateral
damage to RNA can lead to widespread toxicity, with lethal effects in vivo (Ai, Liang and
Wilusz, 2022; Li et al., 2023). Given the aims of this project, off-target effects are not a
prominent concern as CasRx will be used primarily as a tool for selecting the most appropriate

gRNAs for proteomics workflows. Once optimised, dCasRx, shown to bind RNA without
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cleavage activity, will be utilised to target APEX2 constructs to an appropriate mRNA region
for biotinylation of protein interactors (Konermann et al., 2018; Han et al., 2020; Huynh et al.,

2020).

Proximity biotinylation using APEX2 is advantageous to this project for two primary reasons:
i) it’s small size at 27 kDa is comparable to GFP, a protein widely used in fusion constructs and
demonstrated as appropriate for multiprotein chimeras (Snapp, 2005); ii) rapid reaction
kinetics, as the biotin-phenoxyl radical has a < 1 ms half-life in water compared to several
minutes as for the biotinyl-AMP substrate generated by first generation enzyme BiolD2, thus
reducing off-target tagging of distant proteins (Hung et al., 2016; Chen and Perrimon, 2017).
These characteristics make APEX2 an attractive choice for biotinylation of proteins in a tightly
defined RNA region. Previous proximity biotinylation studies have often focused on protein
enrichment in entire subcellular compartments, or all the cellular interactors of a specific
protein (Hung et al., 2017; Gillingham, Bertram et al., 2019; Gupta et al., 2018). However, for
this investigation into CE3-specific splicing factors the spatial resolution offered by APEX2 is

crucial.

APEX2 has been utilised for sequence-specific DNA and RNA interactome analyses previously,
providing an informative proof of concept for this workflow. Myers et al. applied this to
HEK293 cells using a dCas9-APEX2 fusion protein containing a T2A self-cleaving peptide
upstream of GFP to select for cells expressing dCas9-APEX2. Targeting of dCas9APEX2 to the
MYC promoter, followed by proximity biotinylation and subsequent analysis of protein
enrichment over an untargeted control successfully captured multiple proteins previously
shown to activate MYC gene transcription including HUWE1, RUVBL1 and ENO1 (Myers et al.,
2018). Gao et al. performed a similar workflow with dCas9-APEX2 in osteosarcoma cell line
U20S, where use of a telomere-targeting gRNA effectively captured a range of known

telomere interactors (Gao et al., 2018).

Analogous techniques have also shown success with dCas13 fusions, though only two such
examples have been published. Lin et al. targeted a dCas13bAPEX2 fusion construct to the U1
snRNA, after which gene ontology (GO) analysis confirmed, as expected, a statistical
enrichment of proteins related to spliceosomal processes (Lin et al., 2021). Furthermore, Han
et al. used workflows most comparable to that proposed here, in which dCasRx was fused
with APEX2. By targeting their fusion construct to human telomerase RNA, they were able to
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identify RNA N®-methyladenosine (mPA) demethylase ALKBH5 as a novel epitranscriptomic
interactor that influences human telomerase RNA stability and enzymatic activity (Han et al.,
2020). These technical proof of concept experiments using dCas13APEX2 fusions were both
performed in HEK293 cells, which uptake and express exogenous constructs with remarkable
efficiency (Thomas and Smart, 2005). The aim of this PhD project is to answer, for the first
time, mechanistic questions in an oncologically relevant cell line using a dCasRx-APEX2 fusion
protein to identify AR CE3-interacting proteins that may regulate splicing fate decision in

CRPC, ultimately generating AR-V7.

In order to apply these novel biotechnologies, an initial series of validation experiments was
performed. The priorities here were: i) validation that expression of CasRx/dCasRx-APEX2
transgenes is detectable by western blotting and GFP microscopy for downstream cell
selection; ii) testing of a published gRNA design algorithm for appropriate targeting of
CasRx/dCasRx-APEX2 constructs to RNA(s) of interest; and iii) demonstration that the dCasRx-
APEX2 fusion is capable of mediating live in-cell biotinylation of proteins for subsequent
enrichment by streptavidin pulldown. Furthermore, development of an appropriate
expression construct was undertaken to enable use of these techniques in the CRPC cell line
CWR22Rv1, our cell line of choice due to high expression of both AR-FL and AR-Vs. To support
this process, a range of protein structural prediction software was employed to provide

confidence in fusion protein design.
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4.2 Specific materials and methods

All catalogue numbers are supplied at first reference to use of reagent in the document, after

which they are omitted.

4.2.1 Plasmids and molecular cloning

CasRx pXR001 (#109049) and dCasRx pXR002 (#109050) expression plasmids were purchased
from Addgene. dCasRx-APEX2 expression plasmid pXR002-APEX2 was created by digestion
and ligation of a BamHI 5'/3’ flanked gBlock™ (IDT) encoding the APEX2 ORF into the BamHlI
site of pXR002, resulting in a N-dCasRx-APEX2-C fusion.

CasRx(VB) and dCasRx-APEX2(VB) were purchased from VectorBuilder™. CasRx(TLCV2) and
dCasRx-APEX2(TLCV2) were created by digestion of Cas9 vector TLCV2 (Addgene #87360) with
Anza™ restriction enzymes BshTl (Thermo IVGN0074) and BamHI (Thermo IVGNOO56),
followed by removal of the Cas9 ORF and gel extraction of the TLCV2 backbone using the
Monarch® DNA Gel Extraction Kit (NEB T1020). CasRx(VB) and dCasRx-APEX2(VB) were also
digested with Anza™ BshTl and BamHI enzymes, before CasRx and dCasRx-APEX2 ORFs were
gel extracted as above and ligated into the TLCV2 backbone using T4 ligase (NEB M0202).
Ligation reactions were subsequently transformed into E. coli. All bacterial transformations
for cloning products were performed in Stbl3 prepared using the Mix and Go!™ E. coli
Transformation Kit and Buffer Set (Zymo Research T3002). Bacterial colonies were
propagated in LB with selection antibiotic before plasmid purification by miniprep (Thermo
K210011) or maxiprep (Sigma PLEX15). Plasmid sequences were verified by Sanger
sequencing (GENEWIZ).

4.2.2 Protein structure prediction and modelling

All listed protein structures were predicted based on the amino acid FASTA sequence from
the relevant plasmids as input, which included all residues from the initiating methionine up
to the glycine found at the PG of the T2A cleavage site. Structural prediction software |-
TASSER, trRosetta, PrDOS, AlphaFold 2 and RoseTTAFold were run using default settings on
the websites listed in Table 4.1. PDB file outputs were imported to NCBI iCn3D, available at
https://www.ncbi.nlm.nih.gov/Structure/icn3d/ (Wang et al, 2022), for structure

visualisation and conserved domain analysis.
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Software Authors URL

I-TASSER Roy, Kucukural and Zhang, 2010 https://zhanggroup.org/I-
TASSER/
trRosetta Du et al., 2021 https://robetta.bakerlab.org/
PrDOS Ishida and Kinoshita, 2007 https://prdos.hgc.jp/
AlphaFold 2 Jumper et al., 2021 https://catana.ait.ac.at/
(software)

Kutak et al., 2022 (web server)

RoseTTAFold Baek et al., 2021 https://robetta.bakerlab.org/

Table 4.1 - Summary of software and corresponding websites used for protein structure prediction

4.2.3 CasRx gRNA transfection in HEK293FT

HEK293FT were transfected in 6-well plates with 1 pg CasRx expression plasmid pXR001 and
incubated for 48 hours before being transfected with CasRx gRNAs at the indicated
concentrations using 0.2% lipofectamine™ RNAIMAX (Thermo 13778150) according to
manufacturer instructions. Opti-MEM™ | was used as serum-free media for creation of
transfection complexes. 48 hours after gRNA transfection, RNA was extracted and RT-gPCR
was performed as described in Section 3.3. All gRNA sequences used for targeting of TP53

MRNA in HEK293FT are listed in Table 4.2.

CasRx gRNA Sequence (5’ - 3’)
non-targeting (NT) AACCCCUACCAACUGGUCGGGGUUUGAAACUCACCAGAAGCGUACCAUACUC
TP53 gl AACCCCUACCAACUGGUCGGGGUUUGAAACCCACACGCAAAUUUCCUUCCACU
TP53 g2 AACCCCUACCAACUGGUCGGGGUUUGAAACGCAAAACAUCUUGUUGAGGGCAG
TP53 gl AACCCCUACCAACUGGUCGGGGUUUGAAACCUGGGACGGAACAGCUUUGAGGU

Table 4.2 - CasRx gRNA sequences used for TP53 mRNA targeting in HEK293FT

4.2.4 dCasRx-APEX2 protein proximity biotinylation using transient plasmid expression

HEK293FT or CWR22Rv1 cells were transfected with pXR002-APEX2 and incubated for 48
hours. 500 mM biotin-phenol (Iris Biotech LS-3500) in DMSO was diluted to 500 uM in culture
media and vortexed until fully dissolved. Cells were incubated in culture plates containing

media + 500 uM biotin-phenol for the timeframes indicated at 37°C and 5% CO», before
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hydrogen peroxide (Sigma H1009) was added to a final concentration of 1ImM and plates were
gently swirled by hand for the timeframes indicated at room temperature. Media was then
quickly aspirated and replaced with APEX2 quenching buffer (100 mM sodium ascorbate
(Sigma A7631), 10 mM TROLOX (Sigma 238813) and 10mM sodium azide (VWR 786-299) in
PBS). APEX2 quenching buffer was removed and replaced 3 times for a total of 4 x quenching

washes before downstream processing.

4.2.5 Biotinylated protein pulldown with streptavidin (whole-cell lysates)

For whole-cell lysis, cells were scraped into APEX2 quenching buffer and spun at 500 x g for
10 minutes. Plates were then scraped and washed in additional APEX2 quenching buffer,
which was mixed with cell pellets and spun again at 500 x g for 10 minutes. Pellets were either
snap-frozen in LN; and stored at -80°C or lysed immediately. Cell lysis was carried out using
RIPA buffer (50mM Tris, 150mM NacCl, 0.1% w/v SDS, 0.5% w/v sodium deoxycholate (Sigma
D6750), 1% v/v Triton X-100, pH 7.5) supplemented with protease inhibitor cocktail (Sigma
5892791001). Pellets were lysed by resuspension in 250 — 500 ul RIPA buffer and rocking on
ice for 30 minutes, before lysates were spun at 15,000 x g for 15 minutes at 4°C. The resulting
supernatant containing soluble lysate was then transferred to a fresh tube for downstream

applications.

Protein concentration in lysates was determined by Pierce™ 660nm protein assay (Thermo
22662) according to manufacturer ‘microplate procedure’. Samples were diluted in PBS, and
a pre-diluted set of BSA protein standards (supplied with kit) was used to generate a standard
curve for calculation of unknown concentrations using y = mx + C. RIPA diluted 1:10 in PBS
was used as a blank. 10 — 50 pg of each sample was retained as an input lysate, which was
mixed 5:1 with 6x SDS loading buffer (10.5ml diH,0, 10.5ml 1M Tris-HCI (pH 6.8), 10.8ml
glycerol, 3g SDS, 2.79g DTT (Sigma 10197777001), 3.6mg bromophenol blue) and boiled at
100°C for 10 minutes.

The remaining biotinylated protein lysates were enriched using Pierce™ streptavidin magnetic
beads (Thermo 88817). Streptavidin beads and biotinylated protein lysates were used ata 1:1
ug bead:protein ratio. A volume of beads (stock concentration 10 pg/ul) appropriate to this
ratio was taken and washed twice with 1 ml ice-cold RIPA buffer. Biotinylated protein lysates

were then added to washed beads + 500 pl RIPA buffer supplemented with protease inhibitor
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cocktail. Bead/lysate mixtures were rotated overnight at 4°C. The next day, beads were

washed 7 x 1 ml in ice-cold RIPA buffer.

For western blot analysis of enriched proteins, washed beads were resuspended in 40 pl 3x
SDS loading buffer (6x SDS loading buffer diluted 1:2 in diH,0) supplemented with 2 mM
biotin (Sigma B4501) and 20 mM DTT and boiled at 100°C for 15 minutes. Boiled samples were
vortexed, cooled on ice and eluted protein samples were transferred to fresh tubes. Where
indicated, a portion of lysate was taken after overnight incubation with streptavidin beads,
mixed 5:1 with 6x SDS loading buffer and boiled 100°C for 10 minutes. This represented the
‘flow-through’, or protein sample that did not bind with streptavidin. Eluted samples were
subsequently run alongside inputs and/or flow-through by SDS-PAGE as detailed in Section
3.2

SDS-PAGE samples were analysed for protein biotinylation either by methods detailed in
Section 3.2 with an anti-biotin antibody (Table 3.3) or by use of streptavidin-HRP (Abcam
ab7403). For the latter, protein-transferred membranes were blocked with 3% BSA/TBST for
1 hour at room temperature. Membranes were then probed for 1 hour at room temperature
with 1:2,500 streptavidin-HRP in 3% BSA/TBST, washed for 4 x 5 minutes in TBST and imaged

asin 3.2.
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4.3 Development of CasRx/dCasRx-APEX2 expression constructs

Initial validation of CasRx/dCasRx expression plasmids pXR001 and pXR002 was undertaken.
These plasmids contain a CasRx/dCasRx ORF driven by the EF1-a promoter, as well as N and
C-terminal SV40 NLS sequences and a C-terminal HA tag for nuclear localisation and HA
immunodetection, respectively (Figure 4.1A). pXR001 and pXR002 differ only by four
mutations in the ORF of the latter that catalytically inactivate the HEPN domains: R239A,
H244A, R858A, H863A.

CWR22Rv1 cells were transfected in 6-well plates with varying amounts of CasRx/dCasRx
expression plasmids pXR001/pXR002 and protein level assayed by western blot. This revealed
that increasing plasmid amounts up to 5 ug had no appreciable effect on transgene expression
as detected using an HA antibody (Figure 4.1B, left panel). CasRx/dCasRx protein was also
detected at the expected molecular weight of 112 kDa (Konermann et al., 2018) (Figure 4.1B,
right panel). Furthermore, the T2A eGFP of this plasmid functions effectively, as live-cell
fluorescence microscopy demonstrated detectable GFP signal in transfected cells. However
transfection efficiencies were somewhat low and the extent of transfection was variable
between cells (Figure 4.1C). Some cells demonstrated no plasmid uptake, whilst others
express high levels of transgene based on eGFP levels. Due to this variability and relatively
low uptake efficiency, as has been observed in CWR22Rv1 by others in our group, lentiviral

transduction and creation of stable cell lines was explored.
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Figure 4.1 - Expression of CasRx/dCasRx plasmids is detectable by western blot and GFP microscopy

A. Plasmid map of CasRx expression vector pXR001 highlighting key components, sourced from Addgene.org
(restriction site/primer binding site annotations partially removed for display purposes) B. Varying amounts of
CasRx/dCasRx expression vectors pXR001/pXR002 were transfected into CWR22Rv1 cells in 6-well plates. 72
hours later, protein lysates were harvested for analysis of HA tag expression by western blot. a-tubulin was used
as a loading control C. Live-cell GFP microscopy was used to assess plasmid transfection efficiency in CWR22Rv1

Multiple criteria were required in an appropriate lentiviral plasmid for use in CWR22Rv1. First,
any such plasmid would need a puromycin resistance gene for selection of stably integrated

cells. Second, tight expression control and doxycycline inducibility was desirable to prevent
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any potential toxicities from excessive Cas13 accumulation as has been observed previously
(Ai, Liang and Wilusz, 2022; Wu and Kapfhammer, 2021). Finally, retaining the T2A-eGFP ORF
downstream from CasRx/dCasRx-APEX2, as present in pXR001/pXR002, would enable FACS
selection of inducible cells after puromycin treatment. All other features of pXR001/pXR002
including SV40 NLS and an HA tag would be retained. The above criteria would collectively
enable creation of stable CWR22Rv1l populations for applying Cas13/APEX2 techniques
(Figure 4.2).

Dox-inducible promoter CWR22Rv1
P . e s lentivirus

s, v - transduction
resistance

Lentiviral
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Figure 4.2 - Plasmid criteria and transgenic CWR22Rv1 generation strategy

Simplified summary of plasmid criteria for expression of transgenes in CWR22Rv1. Generation of transgenic cells
would necessitate packaging of plasmids into lentivirus for CWR22Rv1 transduction, followed by puromycin
selection and live-cell FACS to sort for successful doxycycline-inducible cells

Given these necessities, Cas9 expression vector TLCV2 was an appropriate choice and has
been used by our lab previously to generate stable, doxycycline-inducible cells (data not
shown). The Cas9 ORF of TLCV2 is flanked by Agel and BamHI restriction sites enabling
excision with these enzymes for insertion of novel transgenes into the plasmid. For our
purposes, two novel transgenes would be introduced encoding. i) catalytically active CasRx,
and ii) dCasRx-APEX2 fusion protein. Initially, a FLAG-APEX2 sequence was cloned into pXR002
downstream of the dCasRx C-terminus (performed by PIl, Luke Gaughan, before start of
project). This novel plasmid, pXR002-APEX2, would be applied in the initial optimisation of

APEX2 proximity biotinylation workflows (discussed in Section 4.5).
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However for insertion into TLCV2, pXR001 and pXR002-APEX ORFs for both CasRx and dCasRx-
APEX2 required alteration due to internal Agel and BamHiI restriction sites. This was achieved
by ordering expression plasmids with Agel/BamHI|-flanked ORFs from VectorBuilder™, in
which redundant codons were used to remove internal Agel and BamH]I sites without any
modification to amino acid sequence. These plasmids, CasRx(VB) and dCasRx-APEX2(VB) also
enabled EF1-a promoter-driven expression with the same required features as described

above, should an option for constitutive expression be desired.

First, TLCV2, CasRx(VB) and dCasRx-APEX2(VB) were digested with the Agel isoschizomer
BshTl and BamH]I, and subsequently run on a 1% agarose gel supplemented with GelRed to
enable size selection for DNA gel extraction. For subcloning, the TLCV2 backbone with Cas9
excised (~12.5 kb), CasRx ORF (~3 kb) and dCasRx-APEX2 ORF (~3.75 kb) were taken forward
for ligation (Figure 4.3A). Following ligation, Stbl3 E. coli were transformed and colonies
picked for screening by diagnostic digest with BshTl and BamHI| to confirm insertion of
CasRx/dCasRx-APEX2 into TLCV2. This confirmed inserts were of the expected size and that
digests yielded only two bands, the TLCV2 backbone and CasRx or dCasRx-APEX2 ORFs (Figure
4.3B). Presence of transgenes was subsequently verified by Sanger sequencing (not shown)
thus yielding two novel plasmids, CasRx(TLCV2) and dCasRx-APEX2(TLCV2), which would be
utilised in creation of transgenic CWR22Rv1 for CE3-proximal protein tagging workflows

(discussed in Chapter 5).

A B

CasRx  dCasRx-APEX2 .
Base pairs TLCV2 (VB) (vB) TLCV2insert: CasRx dCasRx-APEX2 Base pairs

10 kb

4 kb
3kb B

Figure 4.3 (previous page) - CasRx and dCasRx-APEX2 were successfully subcloned into TLCV2

A. TLCV2, CasRx(VB) and dCasRx-APEX2(VB) were digested with BshTl/BamHlI, yielding the TLCV2 backbone and
CasRx/dCasRx-APEX2 ORFs that were taken forward for ligation (bands highlighted in red) B. Novel plasmids
CasRx(TLCV2) and dCasRx-APEX2(TLCV2) were digested with BshTI/BamHI to confirm insert size

73



4.4 Protein structure prediction modelling of dCasRx-APEX2 fusion protein

Paramount to the success of this project was effective functioning of dCasRx-APEX2 as a
fusion protein, in which both dCasRx (112 kDa) and APEX2 (27 kDa) operate effectively for
RNA binding and proximity biotinylation, respectively. In order to gain insight into the likely
structural properties of our dCasRx-APEX2 fusion construct (which would be expressed by
inducible plasmid dCasRx-APEX2(TLCV2), generation of which is described in Section 4.2), we

leveraged a range of computational tools for protein structure prediction.

One of the primary considerations in a chimeric fusion protein is choice of inter-protein linker,
which is crucial for achieving fusion partner separation and folding, and as such, independent
functioning of the fusion moieties (Chen, Zaro and Shen, 2013). A range of linkers have been
used in engineering of protein constructs, commonly involving small, non-polar amino acids
such as glycine and serine that enable linker chain flexibility and freedom of protein
movement/folding. Valuable information about linker design and properties can be derived
from naturally occurring multidomain protein linkers. Analysis of these has revealed the
amino acid preferences and average length (~6 - 15 aa) of these linker regions, aiding fusion
construct design. This analysis revealed numerous amino acids that occur with comparable
frequency to glycine and serine in protein linkers, presenting themselves as good candidates

for selection in a dCasRx-APEX2 linker sequence (Argos, 1990).

Next, a range of protein structure modelling tools were utilised in order to gauge secondary
structure in dCasRx N/C-termini. Given that for many protein fusions a flexible linker is
preferable to enable fusion partner independence (Chen, Zaro and Shen, 2013), fusing APEX2
to the N or C-terminus would have a greater chance of success if these termini had inherent
flexibility and lacked secondary structure. A range of software were employed for prediction
of disordered regions likely to be amenable for terminal fusions including RaptorX, I-TASSER,
PrDOS, NetSurfP-2.0, IUPred3 and trRosetta (Wang et al., 2016; Roy, Kucukural and Zhang,
2010; Ishida and Kinoshita, 2007; Klausen et al., 2019; Erdds, Pajkos and Dosztanyi, 2021; Du,
Su et al., 2021). These revealed the presence of disordered N and C dCasRx termini (Figure
4.4), of which a C-terminal fusion is favourable due to potential interference with cellular
localisation signals that have been observed with N-terminal GFP fusions (Palmer and
Freeman, 2004). Furthermore, numerous amino acids found near the C-terminus of dCasRx

are found at a high frequency in natural linkers (Table 4.3).
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Amino acid (3-letter code) Natural linker propensity

Thr 1.55
Ser 1.46
Pro 1.35
Gly 1.25
Asp 1.25
Lys 1.16
Gln 1.13
Asn 1.09
Ala 1.05
Val 1
Glu 0.87
Arg 0.84
lle 0.81
Tyr 0.75
Met 0.75
Phe 0.69
His 0.55
Cys 0.35
Trp 0.23
Leu N/A

Table 4.3 - Amino acid frequency of occurrence in naturally occurring multidomain protein linkers

Analysis of amino acids found in natural multidomain protein linkers, undertaken by Argos (1990), provides an
indication for fusion protein linker design. Values over 1 indicate higher than expected frequency. Amino acids
in bold are found near the C-terminus of dCasRx
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Figure 4.4 - Protein disorder prediction of dCasRx reveals inherent N and C-terminal flexibility

A range of protein modelling tools were used to assess likely secondary structures at dCasRx N and C-termini.
Figures are imported directly from the relevant web servers. |I-TASSER plot y-axis is normalized B-factor, a
measure of inherent residue mobility. Values above 0 (dotted line) indicate greater amino acid mobility.
trRosetta plot displays Predicted Local Distance Difference Test (pLDDT) values, where a lower value is indicative
of a greater likelihood of disorder. PrDOS plot displays the likelihood of a region being disordered and lacking a
fixed secondary structure, with values above 0.5 (red line) being higher confidence
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In order to gain insight into the likely structural properties of our dCasRx-APEX2 fusion protein
two further protein structure modelling tools were employed. AlphaFold 2 (AF2), developed
by Google DeepMind and run here via CATANA server (Jumper et al., 2021; Kutak et al., 2022),
and RoseTTAFold, created by the Baker Lab at the University of Washington, Seattle (Baek et
al., 2021). The former is widely considered the most accurate protein structure prediction
tool to date, outperforming all rival software at the most recent Critical Assessment of
Methods of Protein Structure Prediction (CASP) competition (Kryshtafovych et al., 2021).

Moreover, RoseTTAFold is the closest competitor to AF2 (Perrakis and Sixma, 2021).

The ORF of dCasRx-APEX2(TLCV2) contains a FLAG tag between dCasRx and APEX2 (Figure
4.5A), which provides additional function as a linker sequence given its sequence, DYKDDDDK,
is rich in aspartate and lysine residues, both commonly found in natural linkers (Table 4.3).
Visualisation of structural prediction Protein Data Bank (PDB) files from both AF2 and
RoseTTAFold using NCBI iCn3D (Wang et al., 2022) demonstrated a predicted separation
between dCasRx and APEX2, with an unstructured linker region joining them as verified by
the low pLDDT Predicted Local Distance Difference Test (pLDDT) score from AF2 which has
been noted as a predictor of disorder and residue flexibility (Figure 4.5B) (Tunyasuvunakool

etal., 2021; Guo et al., 2022; Goulet and Cambillau, 2022).

Further visualisation of conserved domains using Conserved Domain Database (CDD) analysis
in iCn3D confirmed predicted ‘Cas13d’ and ‘peroxidase’ domains, consistent with the
molecular functions of dCasRx and APEX2. Whilst highlighting of these domain predictions
additionally demonstrates functional separation in our fusion construct (Figure 4.5C, D).
Collectively, these analyses using the latest advances in protein structure prediction offer
confidence in the likely functioning of dCasRx-APEX2 as a fusion protein, in which both

proteins operate effectively.
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Figure 4.5 - Protein structure modelling of dCasRx-APEX2 indicates a separation of functional fusion protein
domains

A. Visual summary of dCasRx-APEX2(TLCV2) plasmid ORF structure. N and C-terminal SV40 NLS flank the dCasRx-
APEX2 ORF, which also contains a C-terminal HA tag. Protein structure predictions in B, C and D were based on
the amino acid sequence from the initiating M to the PG of the T2A site, which is the site of separation between
dCasRx-APEX2 and eGFP B. Visual representation of protein structure predictions from AF2 and RoseTTAFold,
using iCn3D. AF2 predictions are coloured based on pLDDT scores, a measure of AF2 prediction confidence.
Orange represents a low score (pLDDT < 50). RoseTTAFold predictions are coloured from N (red) to C (violet)
termini. Location of linker sequence is noted C, D. Highlighting (in yellow) of conserved Cas13d and peroxidase
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domains of AF2 (C) and RoseTTAFold (D) structural models using iCn3d. The highlighted domain is indicated by
a black box around the relevant domain above structure visualisations

4.5 Preliminary CasRx gRNA design algorithm testing

With creation of CasRx/dCasRx-APEX2 expression constructs appropriate for use in
CWR22Rv1 cell experiments having been achieved, the next priority was design of gRNAs that
would enable selective targeting of CasRx proteins to the CE3 region of AR mRNA. As a
relatively new technology, algorithms developed for Cas13 gRNA design are few in number.
This contrasts with Cas9, for which upwards of 15 published algorithms have been created
(Chen and Wang, 2022). Whilst generation of plasmids was undertaken (described in Section
4.2), HEK293FT cells were used for testing of a gRNA design algorithm with CasRx expression
vector pXR0OO1.

Wessels and Méndez-Mancilla et al screened a lentiviral library of 7,500 gRNAs targeting GFP
in HEK293 cells expressing CasRx and GFP, using FACS to sort gRNAs by knockdown efficacy
(Wessels, Méndez-Mancilla et al, 2020). Their library contained a variety of sequence lengths,
mismatches, and gRNA target locations across the GFP transcript, and in doing so the authors
were able to ascertain requirements for gRNA designs using CasRx. After expanding this to
additional endogenous transcripts CD44, CD55 and CD71 to increase prediction confidence,
an accompanying computational design tool was released that enables users to input Ensembl
transcript IDs and receive gRNA design predictions ranked on their likely efficacy (available at

cas13design.nygenome.org/) (Wessels, Méndez-Mancilla et al, 2020) (Figure 4.6).
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Figure 4.6 - A published algorithm enables CasRx gRNA design for transcript targeting

Wessels and Méndez-Mancilla et al undertook work to elucidate CasRx gRNA design requirements (Wessels,
Méndez-Mancilla et al, 2020). Accompanying this publication is a computational tool, available at
cas13design.nygenome.org/, enabling users to input Ensembl transcript IDs and receive CasRx gRNA sequences
likely to be efficacious against a desired RNA, sorted into quartiles of predicted knockdown effect. Screenshots
taken from cas13design.nygenome.org/ with targeting of TP53 transcript ENST00000269305 as an example

For preliminary testing of this algorithm in HEK293FT, TP53 mRNA was selected as a target
due toits high abundance in HEK293FT cells and the availability of pre-validated gPCR primers
sourced from a colleague at Newcastle University. Unlike the two component Cas9 gRNA
which consists of a CRISPR RNA (crRNA) complementary to the target and a trans-activating
CRISPR RNA (tracrRNA) which binds Cas9, CasRx gRNA consists of a single RNA oligomer (Scott
et al., 2019; Konermann et al., 2018). This comprises an invariable 30 nt direct repeat (DR)
stem loop region 5’ - AACCCCUACCAACUGGUCGGGGUUUGAAAC - 3’ which ‘loads’ the gRNA
onto CasRx protein, followed by a spacer exhibiting complementarity with target RNA which
is most effective at lengths of 22-23 nt (Wessels, Méndez-Mancilla et al, 2020; Konermann et
al.,2018; Zhanget al., 2018). TP53 gRNAs were ordered as single synthetic 52-53 nt RNA oligos

containing the 30 nt DR followed by spacer designs generated with the above algorithm.

HEK293FT were transfected in 6-well plates with 1 pug CasRx plasmid pXR001, incubated for
48 hours and transfected at final concentrations of either 10 nM or 25nM with three different
synthetic gRNAs designed to target TP53 mRNA, TP53 g1, g2 and g3. Additionally, a ‘non-
targeting’ (NT) gRNA spacer sequence designed by Konermann et al. was used as a control
(Konermann et al., 2018). After a further 48-hour incubation, RNA was harvested and RT-gPCR

for TP53 expression performed (Figure 4.7A). gPCR analyses of TP53 expression demonstrated
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effectiveness, to varying degrees, of all three TP53 gRNAs. Furthermore, the higher gRNA
concentration of 25 nM did not increase knockdown efficacy over 10 nM (Figure 4.7B). gRNA
concentrations greater than 25 nM were not tested as ultimately the purpose here was to
screen gRNA design algorithm effectiveness, and for future upscale in CWR22Rv1 proteomics
experiments concentrations of, for example, 50 nM would raise costs/required gRNA quantity
considerably. Additionally, this experiment provided valuable indications that use of synthetic

gRNAs as single 52-53 nt RNA oligos can mediate CasRx targeting to mRNA.
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Figure 4.7 - Application of a CasRx gRNA design algorithm in HEK293FT elicits TP53 knockdown by transfection
with synthetic gRNA and pXR001

A. HEK293FT, which uptake plasmids with exceptional efficiency, were transfected with CasRx expression
plasmid pXR001 and incubate for 48 hours, followed by transfection with synthetic gRNA oligos designed as
described above. After a further 48-hour incubation, RNA was extracted and RT-gPCR was performed to assess
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knockdown efficacy B. TP53-targeting gRNAs g1, g2 and g3 were transfected either alone or using a gl/g2
combination (5 nM/12.5 nM of each in the latter case). An NT gRNA negative control was also used. RT-gPCR
was subsequently used to assess knockdown efficacy. qPCR data comprises n = 3 independent biological
replicates, plotted as mean + SEM. Unpaired t-test was used for determination of statistical significance. Only
results significant at a 0.05 or lower have significance denoted (* = p <0.05, *** = p < 0.001).

4.6 Validation of dCasRx-APEX2 utility for protein proximity biotinylation

Use of synthetic gRNAs in HEK293FT to target TP53 mRNA garnered confidence that CasRx
can be targeted to specified mRNA using the aforementioned algorithm. The second novel
biotechnology requiring validation was that our dCasRx-APEX2 fusion protein could enable

proximity biotinylation of proteins in the presence of biotin-phenol (BP) and H.0,.

For initial testing of proximity biotinylation, dCasRx-APEX2 construct pXR002-APEX2, which
has the same amino acid ORF as dCasRx-APEX2(TLCV2), was employed. Initial plasmid
transfection in HEK293FT followed by incubation with BP and H;0: for 30 minutes and 1
minute, respectively, as employed previously (Hung et al., 2016), demonstrated successful
protein biotin-labelling as exhibited by biotin signal at a range of molecular weights. Whilst
cells transfected with pXR002-APEX2 that were untreated with BP/H,0; failed to undergo
biotinylation (Figure 4.8A, left panel). Moreover, the presence of dCasRx-APEX2 by HA
western blot was confirmed, while also demonstrating the expected loss of detection after
biotinylation. This is a consequence of compromised HA antibody-epitope engagement upon
biotinylation due to a high percentage of tyrosine residues in the HA tag (YPYDVPDYA), which
are highly reactive to biotin-phenoxyl radicals (Figure 4.8A, right panel) (Hung et al., 2016).
However, no biotinylated protein could be detected in fractions that were pulled down with
magnetic streptavidin beads and eluted despite high levels of biotinylation in the
corresponding lysates. Intriguingly, two protein bands were detectable in the eluate of

enriched protein from untreated cells (Figure 4.8A, left panel).

Pilot experiments had hitherto been performed with existing lab reagents for demonstration
of dCasRx-APEX2 functionality. Consequently, numerous alterations were made to our
protocol due to the lack of biotinylated protein enrichment. These alterations were made to
exactly match protocols of the Ting lab, the original authors of APEX2 methods (Hung et al.,
2016). Changes included: i) higher concentrations of biotin-phenoxyl radical quenchers

sodium ascorbate, TROLOX and sodium azide in post-biotinylation wash steps; ii) the
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concentration of protein in lysates was ascertained in order to ensure protein lysates and
streptavidin beads were being used at the correct ~1:1 ug ratio; iii) Pierce™ streptavidin
beads were used as opposed to New England Biolabs, the former being used throughout the
literature, and iv) streptavidin-bound samples were eluted in loading buffer supplemented
with 2 mM biotin and 20mM DTT. These alterations led to significant improvements in
biotinylated protein enrichment, regardless of which streptavidin washing protocols were
utilised, of which 7 x 1 ml washes with ice-cold RIPA buffer was taken forward for future use
(Figure 4.8B). Furthermore, the extent of biotinylated protein in the ‘flow-through’, or the
lysate content that failed to bind with streptavidin, was analysed. This detected a negligible
signal suggesting that the ~1:1 ug bead:protein ratio utilised is appropriate for enriching the
majority of biotinylated protein (Figure 4.8B, right panel). Additionally, there appears to be
presence of endogenously biotinylated proteins detected in HEK293FT samples untreated

with BP/H,0; (Figure 4.8B).
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Figure 4.8 - dCasRx-APEX2 plasmid pXR002-APEX2 enables live-cell protein biotinylation and streptavidin
enrichment from lysates in HEK293FT

A. HEK293FT were transfected with pXR002-APEX2 and incubated for 48 hours before proximity biotinylation
was induced with BP and H202for 30 minutes and 1 minute, respectively. Cells transfected with pXR002-APEX2
but untreated with BP/H.02 were used as a negative control. Protein lysates were extracted and incubated with
magnetic streptavidin beads, before being washed and eluted. Biotin and HA signal was determined by western
blot of input (1) and eluted (E) fractions B. Experiments were repeated and performed as in (A), with alterations
made to streptavidin enrichment and elution protocols as described in text. The extent of ‘flow-through’ (FT),
or protein components that did not bind to streptavidin, was also assessed. The multiple eluted fractions
represent testing of different streptavidin wash buffer combinations
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Next, verification was sought that proximity biotinylation was possible in the CWR22Rv1 CRPC
cell line. pXR002-APEX2 was employed again whilst generation of transgenic CWR22Rv1 was
undertaken (Chapter 5). Transfection with pXR002-APEX2 followed by proximity biotinylation
and streptavidin enrichment as performed successfully in HEK293FT (Figure 4.8B) led to
disappointing protein enrichment as evidenced by a lack of distinction between +/- BP/H,0;
experimental arms (Figure 4.9A). Consequently, incubations with BP and H,0, were increased
to 2 hours and 2 minutes, respectively, as has been performed by others and noted as
providing greater cellular BP availability (Gupta et al., 2018; Tan et al., 2020). These changes
improved proximity biotinylation efficacy, as evidenced by a greater distinction in eluted
biotin signal between +/- BP/H,0, experimental arms (Figure 4.9B). However, labelling
efficiency could not be substantially enhanced beyond this using these methods in
CWR22Rv1. More plasmid was introduced through means of a double-transfection, whereby
pXR0O02-APEX2 was transfected into cells for a second time 48 hours after the first
transfection, before cells were incubated for a further 48 hours. This led to a negligible
improvement in distinction between +/- BP/H,0; samples (Figure 4.9C), despite significantly

higher plasmid uptake with this approach (Figure 4.9D).
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Figure 4.9 - Endogenous biotinylated proteins negatively impact APEX2 effectiveness in CWR22Rv1
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A. CWR22Rv1 were transfected with pXRO02-APEX2 and incubated for 48 hours, before proximity biotinylation
was induced and protein lysates were extracted as performed in HEK293FT previously (Figure 4.8). Lysates were
enriched with magnetic streptavidin and eluted, also as performed in HEK293FT previously (Figure 4.8). Input
(1), eluted (E) and flow-through (FT) fractions were analysed by biotin western blot B. The same experiment was
performed as in (A), with an alteration that BP and H202 incubations were increased to 2 hours and 2 minutes,
respectively C. CWR22Rv1 were double-transfected, consisting of a second pXR002-APEX2 transfection 48 hours
after the first. 48 hours after the second transfection, cells were incubated with BP/H20, enriched with
streptavidin and eluted as in (B) D. Live-cell fluorescence microscopy was used to assess levels of pXR002-APEX2
plasmid uptake into CWR22Rv1 that had undergone single (1x) or double (2x) transfection
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4.7 Discussion

The primary goal of the experiments presented in this initial results chapter was to build
preliminary data and confidence in CasRx and dCasRx-APEX2 methodologies. Results and

analyses here provide an invaluable proof of principle that:

i) Expression of CasRx and dCasRx-APEX2 transgenes is detectable in CWR22Rv1 using western
blotting for its HA epitope tag and through fluorescence microscopy of downstream T2A-
eGFP. These features were subsequently taken forward and subcloned for both ORFs into a
doxycycline-inducible expression construct that enables puromycin selection, creating novel
plasmids CasRx(TLCV2) and dCasRx-APEX2(TLCV2). These will subsequently be utilised in the

creation of transgenic CWR22Rv1.

ii) The latest advances in protein structure prediction modelling software, namely AlphaFold
2 and RoseTTAFold, can be applied to simulate the structural properties of the dCasRx-APEX2
fusion protein. These provided encouraging predictions suggesting our chimeric protein is
likely to fold into two separate subunits connected by a flexible linker region. It must be
emphasised that these are predictions only, and dCasRx-APEX2 function will be empirically

assessed in coming chapters.

iii) Implementation of a published CasRx gRNA design algorithm enables targeted transcript
degradation through transfection of synthetic gRNA oligonucleotides, as demonstrated by

targeting of TP53 mRNA in HEK293FT.

iv) APEX2 is capable of mediating live-cell proximity biotinylation when fused with dCasRx,

and biotinylated proteins are amenable to enrichment with streptavidin.

APEX2 approaches require refinement in our chosen AR-V7 expressing model of CRPC, the
CWR22Rv1 cell line, due to an apparently high abundance of endogenously biotinylated
proteins (Figure 4.9) which are likely to saturate streptavidin binding availability. Their
presence will impose limitations on the capacity of streptavidin to bind our proteins of
interest including potential splicing factors labelled by APEX2, thus in theory lowering

successful protein identifications by mass spectrometry.

Contamination by endogenous biotinylated protein species has previously been noted as a

concern in a variety of methods utilising streptavidin-biotin chemistries, leading to false
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positives and greater background (Papageorgiou, Demmers and Strouboulis, 2013; Tytgat et
al., 2015; Grant et al., 2019). For example analysis of carboxylases, known to be endogenously
biotinylated, show them to reside in the cytoplasm or mitochondria in higher eukaryotes
(Chapman-Smith and Cronan Jr, 1999). Therefore, alternative means of cell lysis and
streptavidin enrichment will be explored. Given that splicing is a nuclear process (Han et al.,
2011), and if endogenously biotinylated contaminants were restricted to extranuclear cellular
compartments in CWR22Rv1, then isolation of nuclei may be an effective means of both
reducing contamination and providing greater resolution in studying splicing-specific

mechanisms.

It seems that other relevant studies utilising APEX2 have not encountered this difficulty, as
they have routinely generated material for streptavidin enrichment by whole-cell lysis (Gao
et al., 2018; Myers et al., 2018; Han et al., 2020; Lin et al., 2021; Han et al., 2017). The majority
of such APEX2 work has been performed in HEK293 cells, in which we observed significantly
lower biotinylated protein in BP/H,02-untreated cells than in CWR22Rv1 (Figure 4.8). Efforts
that will be made in this project to selectively isolate nuclear proteins thus represent a novel
approach to subcellular proximity biotinylation that may significantly reduce unwanted

contamination.

Furthermore, to enhance intracellular biotinylation and subsequent enrichment of modified
proteins, nuclear extraction will be performed in a doxycycline-inducible CWR22Rv1
derivative, generation of which will be explored in Chapter 5. This would be projected to
express the dCasRx-APEX2 fusion consistently across cells and between biological replicate
samples. It is prudent to perform optimisation of APEX2 methods in these cells as they will
subsequently be used for proteomics, and any lessons learnt from transient plasmid
transfection approaches may not apply to a lentivirally transduced cell line as we hope to

develop.

Having preliminarily validated these techniques, the focus of the following chapter will be
development and application of these in CWR22Rv1 for the ultimate goal of identifying CE3-

proximal proteins as putative AR-V7 splicing factors.
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Chapter 5 Development of transgenic CWR22Rv1l and CE3-
targeted proteomics workflows

5.1 Introduction and rationale

Having achieved demonstrable CasRx and dCasRx-APEX2 functionality through transient
transfection of HEK293FT and CWR22Rvl, focus was now shifted to optimisation of
techniques in CWR22Rv1. As previously shown (Figure 4.1), transient transfection efficiency
of plasmids in CWR22Rv1 is unlikely to provide the consistency or level of expression
necessary for larger scale proteomics experiments, therefore use of lentivirus for creation of
stable cell lines was explored. APEX2 workflows have largely adopted stable expression
approaches, either with the latter method of lentiviral transduction using constitutive or
doxycycline-inducible plasmids, or through knocking-in an APEX2 ORF at a gene of interest to
fuse endogenous protein with APEX2 (Gao et al., 2018; Myers et al., 2018; Han et al., 2020;
Gupta et al., 2018). Endogenous protein fusion-tagging presents an advantage that the level
of APEX2 fusion will not be excessive which may introduce off-target proximity biotinylation,
furthermore APEX2 fusion proteins will not need to compete with native species. However
given that this project requires introduction of a novel, non-mammalian protein, a lentiviral

expression approach is necessitated.

Paramount to project success is the selection of an appropriate CasRx gRNA to target dCasRx-
APEX2 to AR CE3 in CWR22Rv1. Here, a previously established and tested CasRx gRNA design
algorithm will be used along with synthetic gRNAs as done for TP53-targeting in HEK293FT
(Figure 4.7). This is in contrast to publications using combined CRISPR-APEX2 approaches
which express gRNA using U6-promoter driven constructs, either lentivirally or through
transient transfection (Gao et al., 2018; Myers et al., 2018; Han et al., 2020). We decided to
utilise synthetic gRNAs, as our lab has previously demonstrated siRNA and gRNA transfection
into CWR22Rv1 to occur at a far greater efficiency than seen using plasmids. Additionally this
approach enables faster testing of multiple gRNA sequences, obviating the need to transduce

and create a separate cell population for every gRNA of interest.

Proximity biotinylation in CWR22Rv1 will also be optimised prior to commencement of

proteomics experiments. Evidence from transient transfection with pXR002-APEX2 (Figure
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4.9) demonstrates that increasing incubation times with BP/H,0; to 2 hours/2 minutes,
respectively, leads to improved biotin-labelling in this cell type. Moreover, a double
transfection method also resulted in subtle improvements to labelling efficiency. The
hypothesis here is that longer incubation times, a higher proportion of cells expressing
dCasRx-APEX2 through lentiviral methods, combined with application of nuclear protein

isolation, will collectively permit application of this method in CWR22Rv1.

Since the advent of APEX2 proximity biotinylation of proteins, approaches have been
developed for APEX2 biotin-labelling of RNA. This can then be combined with streptavidin
pulldown and RNA-Seq of enriched mRNAs, termed APEX-Seq, and has been used to
interrogate spatial transcript localisation across a diverse range of subcellular compartments
(Fazal et al., 2019; Padrén, Iwasaki and Ingolia, 2019; Wu et al., 2021). Improvements to this
approach have been made through screening a range of biotin-conjugated aromatic
compounds to identify biotin-aniline (BAn), a compound capable of high efficiency APEX2-
catalysed RNA-labelling superior to that offered by BP (Zhou et al., 2019; Huang et al., 2021;
Li et al., 2022). The authors also utilised this method to validate APEX2 location with an
APEX2-gPCR assay, a powerful method that can be leveraged for this project as a means to
confirm dCasRx-APEX2 binding to its desired target transcript. This presents a crucial
advantage over conventional RNA immunoprecipitation (RIP) assays to confirm target RNA
binding in that it will utilise APEX2 biotinylation chemistries, which should more accurately

reflect the biochemical conditions that will occur in proteomics experiments.

The primary focus of this research is identification of novel splicing factors involved in AR-V7
splicing in CRPC. Numerous publications have identified such splicing regulators (Table 1.2),
primarily from candidate-based studies, which provide an informative resource to confirm
the effectiveness of our dCasRx-APEX2 workflow. A wide variety of possible analysis
workflows and normalisations could be applied to the data we will generate (Valikangas,
Suomi and Elo, 2018; Graw et al., 2020), therefore knowing the identities of confirmed CE3-

interacting proteins is crucial for analysis validation.
Thus, the main aims of this chapter are:

i) Development of transgenic CWR22Rv1 that express CasRx or dCasRx-APEX2 under the

control of a doxycycline-inducible promoter
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ii) Design of an appropriate synthetic gRNA to target CasRx/dCasRx-APEX2 to AR CE3 mRNA
in the CWR22Rv1 cell line

iii) Demonstration that CWR22Rv1 cells, expressing dCasRx-APEX2, can elicit live-cell
proximity biotinylation of proteins and RNA through use of aromatic biotin conjugates and

H,0;

iv) Confirmatory validation, through APEX2 proximity biotinylation of RNA, that dCasRx-APEX2

is localizing to its expected mRNA target

v) Application of developed techniques and upscaling of material for proteomic identification

of CE3-interacting proteins in CWR22Rv1.
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5.2 Specific materials and methods
All catalogue numbers are supplied at first reference to use of reagent in the document, after

which they are omitted.

5.2.1 Lentiviral production, cell line transduction and cell sorting

6 x 10° HEK293FT were seeded in 100 mm dishes in 10 ml media and incubated overnight.
The next day, media was replaced and cells were transfected, using TransIT®-LT1, with 7.5 ug
lentiviral packaging plasmid psPAX2 (Addgene #12260), 5 ug VSV-G plasmid pMD2.G
(Addgene #12259) and 2 ug lentiviral transfer plasmid. 48 hours post-transfection, HEK293FT
media was harvested and stored at 4°C, and culture media was replaced. Media was
harvested again the next day, and 48/72-hour lentiviral media harvests were combined, spun
at 500 x g for 5 minutes and supernatant was filtered through 0.45 um syringe filters.

Lentivirus aliquots were subsequently frozen in cryovials at -80°C.

For lentiviral transduction of CWR22Rv1, 1 x 10° cells were seeded in 10 cm dishes with 1 ml
lentivirus to a final plate volume of 10 ml. 1 ml media was used in place of 1 ml lentivirus as a
non-transduced control for puromycin selection. Polybrene (Sigma TR-1003-G) was added to
transduction mixes at a final concentration of 10 pug/ml. Cells were incubated for 48 hours
before lentiviral transduction media was removed and replaced with fresh media containing
2 pg/ml puromycin (Sigma P7255). Cells were maintained in 2 pg/ml puromycin until 100%

cell death occurred in non-transduced controls.

Successful integration and expression of CasRx(TLCV2) and dCasRx-APEX2(TLCV2) in
CWR22Rv1 was screened post-puromycin selection by FACS. Cells were treated with 1 pg/ml
doxycycline hyclate (Sigma D5207) for 72 hours, with culture media and doxycycline being
refreshed after 48 hours, and sorted using a FACSAria™ Fusion (BD) to retain cells with ~
10? fold greater GFP fluorescence than uninduced cells. FACS-selected CWR22Rv1 were then
taken forward for further expansion and expression was confirmed by western blot as
described in Section 3.2. Expression of eGFP was also used as a surrogate for transgene

expression by imaging cells with a Nikon™ TE2000 fluorescence microscope.
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5.2.2 CasRx gRNA transfection in CWR22Rv1(CasRx) and CWR22Rv1(dCasRx-APEX2)

CWR22Rv1(CasRx) and CWR22Rv1(dCasRx-APEX2) cells were reverse transfected with gRNAs
at the indicated concentrations using 0.2% lipofectamine™ RNAIMAX (Thermo 13778150)
according to manufacturer instructions. Opti-MEM™ | was used as serum-free media for
creation of transfection complexes. At the point of transfection, expression of CasRx/dCasRx-
APEX2 was induced using 1 pg/ml doxycycline hyclate. Culture media and doxycycline was
refreshed after 48 hours. Unless otherwise specified, 72 hours post-gRNA transfection,
samples were utilised for the relevant experiments as indicated in results. All gRNA sequences

used for targeting of AR mRNA in CWR22Rv1(CasRx) and CWR22Rv1(dCasRx-APEX2) are listed

in Table 5.1.

CasRx gRNA Sequence (5’ - 3’)
non-targeting (NT) AACCCCUACCAACUGGUCGGGGUUUGAAACUCACCAGAAGCGUACCAUACUC
AR gl AACCCCUACCAACUGGUCGGGGUUUGAAACGUCAAAAGUGAACUGAUGCAGCU
AR g2 AACCCCUACCAACUGGUCGGGGUUUGAAACAGAUGCUUGCAAUUGCCAACCCG
AR g3 AACCCCUACCAACUGGUCGGGGUUUGAAACAAAGUAAUAGUCAAUGGGCAAAA

Table 5.1 - CasRx gRNA sequences used for AR mRNA targeting in CWR22Rv1(CasRx) and CWR22Rv1(dCasRx-
APEX2)

5.2.3 dCasRx-APEX2 protein proximity biotinylation using CWR22Rv1(dCasRx-APEX2)

CWR22Rv1(dCasRx-APEX2) were induced with doxycycline for 72 hours as described in
Section 5.2.1, before APEX2 proximity biotinylation was performed by incubation with 500
UM biotin-phenol and 1mM H,0; for 2 hours and 2 minutes, respectively, as described in
Section 4.2.4. Proximity biotinylation was terminated using APEX2 quenching buffer washes

as detailed in Section 4.2.4, before nuclear-cytoplasmic fractionation was performed.

5.2.4 Biotinylated protein pulldown with streptavidin (nuclear-cytoplasmic fractionation)

For nuclear-cytoplasmic fractionation, after 4 x APEX2 quenching buffer washes were
performed, an additional 4 x PBS washes were carried out. Cells were then trypsinised,
pelleted and the NE-PER™ nuclear and cytoplasmic extraction kit (Thermo 78833) was used
according to manufacturer instructions with the following changes: i) protease inhibitor
cocktail tablets (as used for RIPA whole-cell lysis) were made up to a 100x stock concentrate
slurry in 100 pul PBS, which was added 1:100 to CER | and NER; ii) vortex and incubation times

for all lysis steps performed using CER | and CER Il were doubled; iii) after centrifugation of
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nuclei, the resulting pellet was washed once in each of 1 ml ice-cold PBS and 200 ul CER |,
ensuring complete removal of all supernatant before addition of NER; iv) during nuclear lysis
with NER, vortex times were doubled and at the 0, 20 and 40-minute lysis timepoints, nuclei
were sonicated 2x 30 seconds on/off on a low setting using a Bioruptor® (Diagenode)

sonicator.

All subsequent steps involving determination of protein concentration, streptavidin
pulldown, washing of beads and SDS-PAGE were performed as described in Section 4.2.5, with
the exceptions that NE-PER™ NER or CER | lysis reagents were used as blanks in place of RIPA
for assaying of protein concentration, and NER was added to overnight lysate/streptavidin

mixtures in place of RIPA.

5.2.5 Immunofluorescence

Cells were grown on 22mm x 22mm glass coverslips (VWR 631-0125) sterilised with 70%
ethanol. Upon the indicated timepoints/treatments, media was removed and cells were
washed with PBS, before being fixed in 4% paraformaldehyde (Fisher 11400580) in PBS for 20
minutes at room temperature. Cells were washed 2 x 5 minutes in PBS, and permeabilised
with 0.1% triton X-100 (Sigma X100) in PBS for 10 minutes at room temperature. Cells were
washed again for 2 x 5 minutes in PBS before being blocked in 4% BSA (Sigma 810033) in PBS

for 30 minutes at room temperature.

The relevant primary antibody was diluted 1:50 in 4% BSA/PBS, and blocked cells on coverslips
were stained at 4°C overnight. Cells were then washed for 3 x 5 minutes in PBS and incubated
for 1 hour at room temperature using donkey anti-mouse Alexa Fluor™ Plus 647 secondary
antibody (Thermo A32787) diluted 1:200 in 4% BSA/PBS. Cells then underwent another 3 x 5
minutes wash in PBS, before being mounted on glass slides (VWR 631-0108) using mounting
medium with DAPI (Abcam ab104139). Samples were imaged on a Leica™ DM6 widefield

microscope (Leica Biosystems).

Colocalisation analysis of immunofluorescence images was performed using Fiji (v2.1.0)
plugins JACoP (v2.1.1) and Colocalization Finder (v1.6) (Schindelin et al., 2012; Bolte and

Cordelieres, 2006; Carl et al., 2004), using default settings.
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5.2.6 Multiple structure alignment analysis of AlphaFold 2 structural predictions

PDB structural predictions were generated from dCasRx and dCasRx-APEX2 amino acid FASTA
sequences using AlphaFold 2 run via CATANA server as described in Section 4.4. Multiple
structure alignment analysis comparing dCasRx and dCasRx-APEX2 structures was carried out
using TM-score available at https://zhanggroup.org/TMscore/ (Zhang and Skolnick, 2004)
and iCn3D, available at https://www.ncbi.nlm.nih.gov/Structure/icn3d/ (Wang et al., 2022).

Both software were run using default settings.

5.2.7 Protein immunoprecipitation

CWR22Rv1(dCasRx-APEX2) induced with doxycycline or HEK293FT transfected with pXR002-
APEX2 were crosslinked in 150 mm dishes using 0.2% formaldehyde (Sigma F1635) in PBS for
15 minutes at room temperature, before formaldehyde wasremoved and crosslinking
reactions quenched in 125 mM glycine in PBS for 10 minutes at room temperature. Cells were
scraped into 5 ml ice-cold PBS and centrifuged at 1,000 x g for 10 minutes at 4°C. A further 5
ml of ice-cold PBS was used to scrape and wash out remaining cells from dishes, which was
combined with cell pellets and spun again at 1,000 x g for 10 minutes at 4°C. All supernatant

was removed and cell pellets were snap-frozen in LN,.

1.2 mg magnetic protein A Dynabeads™ (Thermo Fisher 10746713) were washed in 400 ul
0.5% BSA in PBS. Beads were magnetised and supernatant was replaced with fresh 700 pl
0.5% BSA in PBS, plus 1 — 5 ug of relevant antibody for protein(s) of interest. An appropriate
mouse (Thermo 15297367) or rabbit (Diagenode C15410206) IgG isotype control was also
included. Bead/antibody mixtures were rotated overnight at 4°C to allow antibody to couple
with beads. The next day, snap frozen cell pellets were lysed by resuspension in 250 — 500 pl
RIPA buffer supplemented with protease inhibitor cocktail, 1mM DTT and 400 uM
ribonucleoside vanadyl complex (VRC) (NEB S1402) and rocking on ice for 30 minutes, before
lysates were spun at 15,000 x g for 15 minutes at 4°C. The soluble protein supernatant was
then transferred to a fresh tube and protein concentration was determined by Pierce™ 660nm
protein assay as in Section 4.2.5. 50 pg of sample was taken as an input sample and boiled for

10 minutes with 6x SDS loading at 10 minutes at 100 °C.

Antibody-conjugated dynabeads were washed with 4 x 1 ml ice-cold NT, buffer (50 mM Tris-
HCl (pH 7.4), 150 mM NaCl, 1 mM MgCl, (Sigma M8266), 0.05% IGEPAL (Sigma 18996)),
followed by resuspension in 800 pl NT2 supplemented with 1mM DTT, 400 uM VRC and 15mM
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EDTA (Sigma E6758). 500 pug — 1 mg of protein lysate was added to the antibody-conjugated
beads/NT, mixture, which was rotated overnight at 4°C. The next day, beads were washed
with 7 x 1 ml ice-cold NT; and boiled in 50 ul SDS sample buffer mixed 9:1 with B-
mercaptoethanol for 15 minutes at 100°C. Input and immunoprecipitated samples were

subsequently analysed by SDS-PAGE for protein(s) of interest as described in Section 3.2.

5.2.8 RNA immunoprecipitation

For RNA immunoprecipitation, RIPA and NT; buffers were made up in nuclease-free water.
HEK293FT transfected with pXR002-APEX2, or 22Rv1(dCasRx-APEX2) induced with
doxycycline, were transfected with the relevant gRNAs as described in results, before being
crosslinked with formaldehyde, harvested, snap-frozen, and dynabeads blocked/coupled with
antibody as described in Section 5.2.7. Snap-frozen cells were lysed using RIPA buffer
supplemented with supplementary reagents as detailed in Section 5.2.7, with the addition of
100 U/mI RNaseOUT™ (Thermo 10777019). A5 - 10% volume of cleared RIPA lysate was taken
and stored at -80°C as an input sample. Antibody-conjugated dynabeads were washed in 4 x
1 ml ice-cold NT», and resuspended along with remaining RIPA lysates and NT to a final
bead/RIPA/NT, mixture volume of 1 ml, which was supplemented with final concentrations
of 1mM DTT, 400 uM VRC, 15mM EDTA and 200 U/ml RNaseOUT™ and rotated overnight at
4°C.

The next day, beads were washed with 7 x 1 ml NT,, and RNA was eluted/proteins were
digested by resuspending in 100 pul NT,, 4.8 ul 5 M NaCl and 200 pg proteinase K (Qiagen
1019497), before being incubated at 42°C for 1 hour followed by 55°C for 1 hour with regular
vortexing. Simultaneously, input lysates were mixed with 100 pl NT2,4.8 pl 5 M NaCl and 40
ug proteinase K, before being incubated at 55°C for 1 hour followed by 65°C for 1 hour with
regular vortexing. 1 ml TRIzol™ was then added to beads/input samples, RNA was extracted
and RT-gPCR analysis was performed as detailed in Section 3.3. Enrichment of target RNA(s)
between mRNA-targeting vs. NT gRNA samples was compared by normalising samples to their
respective input and calculating relative fold enrichment. RPL13A was used as a housekeeping

gene. Details of RT-gPCR enrichment analysis are explained in more depth in Section 5.2.9.

5.2.9 dCasRx-APEX2 RNA biotinylation and streptavidin-pulldown assay

5 x 108 CWR22Rv1(dCasRx-APEX2) cells were reverse transfected in 150 mm dishes with 25

nM of either NT or AR g2 gRNA using 0.2% RNAIMAX as described in Section 5.2.2, and
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expression of dCasRx-APEX2 was induced with doxycycline. After 72 hours, 500 mM biotin-
aniline (Iris Biotech LS-3970) dissolved in DMSO was diluted to 500 uM in culture media and
vortexed until fully dissolved. gRNA-transfected cells expressing dCasRx-APEX2 were
incubated in culture media + 500 uM biotin-aniline for 2 hours at 37°C and 5% CO;, before
H.0; was added to a final concentration of 1ImM and plates were gently swirled by hand for
2 minutes at room temperature. Media was quickly aspirated and replaced with APEX2
guenching buffer. APEX2 quenching buffer was removed and replaced 3 times for a total of 4
x quenching washes, which was followed by 4 x PBS washes. Cells were subsequently lysed in

an appropriate volume of TRIzol™ reagent.

Total RNA was extracted using TRIzol™ according to manufacturer instructions, with the
exception of changes to precipitation/washing as detailed in Section 3.3. 2 pug of RNA was
taken and stored at -80°C for use as an input sample, whilst biotinylated RNA in the remaining
sample was pulled down using Pierce™ streptavidin magnetic beads. Streptavidin beads and
total RNA were used at a 1:2.5 (ul:pg) bead:RNA ratio. RNA was stored at -80°C whilst beads
were washed and blocked. An appropriate volume of beads for the aforementioned ratio was
washed 2 x 1 ml in ice-cold nuclease-free NT, buffer, made up in nuclease-free H,0. Washed
beads were resuspended in 200 pl 0.1 M NaOH/0.05M NaCl in nuclease-free H,O
supplemented with 4% nuclease-free NT, and incubated for 2 minutes at room temperature,
which was performed twice. Beads were then resuspended in 200 pl 0.1 M NaCl in nuclease-
free H,0 supplemented with 4% nuclease-free NT, and incubated at room temperature for a
further 2 minutes. Streptavidin beads were subsequently blocked by overnight rotation at 4°C
in 500 ul RNA-blocking buffer (1 mg/ml BSA, 1 mg/ml yeast tRNA (Fisher 11508736) in

nuclease-free H;0, supplemented with 4% nuclease-free NT).

After streptavidin blocking, total RNA was thawed on ice. Beads were washed in 2 x 1 ml
nuclease-free NT, buffer and resuspended in 500 pl 0.05 M NaCl in nuclease-free water, and
thawed RNA was added. Bead/RNA mixtures were rotated for 90 minutes at 4°C followed by
30 minutes at room temperature, before being washed 7 x 1 ml in RIPA buffer made up in
nuclease-free H,0. Washed beads were resuspended in 100 pl digest/elute buffer (20 mM
DTT, 5 mM biotin, 200 pg/100 pl proteinase K, 200 U/ml RNaseOUT™, 0.2 M NaCl, made up
in nuclease-free water) and incubated for 1 hour at 42°C, followed by 1 hour at 55°C with

regular vortexing. 1 ml TRIzol™ was then added to beads/buffer mixture and vortexed
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thoroughly. RNA was isolated as previously for input samples, with the final RNA resuspension

being done in 15 ul nuclease-free water due to expected low yields.

Input samples were thawed and equal amounts of input/enriched RNA were reverse
transcribed and analysed by gqPCR as described in Section 3.3. Target RNA enrichment
between gRNA samples was calculated as below, with RPL13A used as a housekeeping gene.
For this worked example, AR-V7 is assumed as the target RNA. First, ACt was calculated for

both input and streptavidin-enriched samples:
Input ACt: mean Ct(ar-vz)input — mean CtreL13a) input
Enriched ACt: mean Ct(ar-v7) enriched —mean Ct(rpL13p) enriched

The above calculations of input/enriched ACt were performed for both NT and AR g2 gRNA

samples. Next, AACt was calculated for each gRNA against respective inputs:
AACt (NT): Enriched ACt(nT) - Input ACt(nT)
AACt (AR g2): Enriched ACt(ar g2) - Input ACt(arg2)

Finally, AACt for each gRNA arm was converted to linear scale, and fold enrichment in

AR g2 over NT samples was determined:
Fold enrichment: 2788C g g2 [ 2788 )

For confirmation of RNA biotinylation by dot blot, RNA was labelled with biotin-aniline and
enriched with streptavidin as above. 500 ng RNA was then spotted onto a BrightStar™ Plus
positively charged nylon membrane (Thermo AM10102) and crosslinked for 2 x 30 seconds
using a SpectrolLinker™ XL-1000 UV Crosslinker (Spectronics Corporation), before being air
dried for 15 minutes. The membrane was then blocked in PBS + 10% SDS and 1 mM EDTA for
20 minutes at room temperature, before being incubated with 1:2,500 streptavidin HRP for 1
hour at room temperature. Membranes were then washed for 2 x 10 minutes in each of PBS
+10% SDS, PBS + 1% SDS and PBS + 0.1% SDS, before being imaged for chemiluminescence as
in Section 3.2. Methylene blue stain (0.4 M acetic acid (Fisher A/0400/PB17), 0.4 M sodium
acetate (Sigma S2889), 0.2% (w/v) methylene blue (Sigma M9140)) was then added to

membranes for 30 minutes , and samples were washed with diH,O before imaging.
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5.2.10 dCasRx-APEX2 proteomics sample preparation

CWR22Rv1(dCasRx-APEX2) cells were utilised in proteomics experiments. Three experimental
arms were used, consisting of 1x unlabelled control, 1x NT gRNA and 1x AR g2 gRNA
transfected sample. 5 x 108 cells in 1 or 2 150-mm dishes were reverse transfected with 25
nM of the relevant gRNA (gRNA transfection was omitted for unlabelled control samples) and
induced with 1 pug/ml doxycycline hyclate as outlined in Section 5.2.2. 72-hours post-gRNA
transfection/doxycycline induction, proximity biotinylation and quenching washes were
performed as described in Section 5.2.3 (unlabelled controls omitted biotin-phenol and
hydrogen peroxide), followed by nuclear protein isolation using an NE-PER™ extraction kit

and assaying of protein concentrations as detailed in Section 5.2.4.

Next, an input sample was taken to confirm presence or absence of biotin-labelling by SDS-
PAGE and western blot, and an appropriate volume of streptavidin beads for a 1:1 ug
bead:protein ratio was washed with RIPA buffer as described in Section 5.2.4. Biotinylated
nuclear lysates/washed beads were mixed and mixtures made up to a final volume of ~500
ul by addition of NE-PER™ NER supplemented with protease inhibitor cocktail, and beads
were mixed overnight at 4°C. The next day, streptavidin beads were washed by vigorous
pipetting using 7 x 1 ml in ice-cold RIPA buffer. Beads were then left magnetised on racks and
gently washed with 4 x 1 ml ice-cold PBS, followed by 3 x 1 ml ice-cold 50 mM ammonium
bicarbonate (Sigma 09830), taking care not to disrupt magnetic binding of beads. All washing
steps were performed using filter tips in a class Il laminar flow hood to minimise keratin
contamination. After washing, streptavidin beads were resuspended in 100 pul 50 mM
ammonium bicarbonate, transferred to a fresh eppendorf tube, pelleted by centrifugation
and stored at -80°C. Beads were then sent on dry ice by courier to Glasgow Polyomics for

sample preparation and mass spectrometry.

5.2.11 Label-free mass spectrometry sample preparation and submission

Streptavidin-bound protein samples in 100 pl 50 mM ammonium bicarbonate received by
Glasgow Polyomics were prepared for LC-MS/MS by tryptic digest and drying via a filter aided
sample preparation (FASP) protocol. Briefly, samples were denatured in 4% (w/v) SDS, 100
mM Tris/HCI (pH 7.6), 0.1 M DTT and mixed with UA (8 M urea (Sigma, U5128) in 0.1 M
Tris/HCl (pH 8.5)). Samples were than alkylated using 0.05 M iodoacetamide in UA.

Streptavidin-bound proteins were digested into peptides using trypsin at 37°C overnight,
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which were then mixed with 10% acetonitrile, acidified in CF3COOH and dried down. Dried
peptides were solubilised in 20 pl 5% acetonitrile with 0.5% formic acid, before being sampled
using the auto-sampler of a RSLChano nanoflow uHPLC system (Thermo), followed by
electrospray ionisation and tandem mass spectrometry (MS/MS). This was initially performed
without quantification of peptide injection masses for initial n = 4 experiments. A 5 ul volume
of solubilised peptide was desalted and concentrated on a trap column in 1% acetonitrile and
0.1% formic acid, and peptide separation was performed on a PepMap™ C18 reversed phase
column using a formic acid/acetonitrile solvent gradient. LC eluates underwent electrospray
ionisation using Sharp Singularity emitters (Fossil lon Tech), followed by peptide ion detection

on an Orbitrap™ Elite mass spectrometer (Thermo).

After initial proteomics experiments, a second n =4 was performed in which digested peptide
concentrations were assayed. Dried, digested peptides were solubilised in 100 pul 100 mM
triethylammonium bicarbonate (TEAB) and their concentration was determined using a
DeNovix® DS-11 spectrophotometer against a standard curve of Hela cell digested peptide
standards (Thermo 88328). 5 ug of each peptide sample was then dried down, before all

subsequent steps were performed as for initial n = 4 experiments as described above.

5.2.12 Proteomics data analysis

Steps described in Section 5.2.11 were all performed by Glasgow Polyomics, who
subsequently provided Thermo Orbitrap™ RAW file outputs. MaxQuant (v2.0.3.0) (Cox and
Mann, 2008) was used for peptide and protein-level intensity quantification of mass
spectrometry outputs, with the inbuilt Andromeda search engine (Cox et al., 2011) run against
a Homo sapiens Uniprot (Swiss-Prot and TrEMBL) FASTA proteome (release version 2021_04,
accessed 14/01/2022). MaxQuant was run using label-free intensity based absolute
guantification (iBAQ) with default settings for instrument type ‘Orbitrap’ selected. Peptide-
spectrum match and protein-level false-discovery rate thresholds were set at 1%, and the

MaxQuant match between runs algorithm was enabled.

Protein-level iBAQ values were subsequently read into R (v4.1.2, R Core Team, 2021) via the
RStudio development environment (v2022.07.0, RStudio Team, 2022) for data processing.
Contaminant and reverse sequences were removed, and only proteins identified by > 2
unique peptides were retained. Individual replicates were batch processed separately. First,
iBAQ values in the corresponding unlabelled control sample were subtracted from iBAQ
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values in NT and AR g2 samples, and any resulting negative values were set to 0. For the initial
n = 4 experiment, proteins that had positive iBAQ values in at least 2 out of 4 replicates for
either gRNA arm were retained for analysis. Values of 0 were imputed with half the minimum
iBAQ value within that replicate. iBAQ values were converted to relative iBAQ (riBAQ) by
dividing each protein iBAQ value by the sum of iBAQ values within that sample. riBAQ values
were then log2 transformed. For calculation of protein enrichment, a moderated t-test with
a paired design was implemented using the limma package (v3.50.3, Ritchie et al., 2015) for

comparison of log2 riBAQ values between AR g2 and NT gRNA arms.

For the second, optimised n = 4 proteomics experiment, data was processed as above with
the following changes: i) proteins were only retained if they had a positive iBAQ value in at
least 3 out of 4 replicates for either gRNA arm; ii) log2 iBAQ, rather than riBAQ, values were

used as inputs for calculation of protein enrichment with limma.

STRING (Szklarczyk et al., 2022) was used for functional analysis of proteins enriched at the
specified significance thresholds. Rotation gene set testing and barcode plots were

implemented using limma.
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5.3 CasRx(TLCV2)/dCasRx-APEX2(TLCV2) enable creation of transgenic
CWR22Rv1 derivatives for use in CasRx and APEX2 workflows

In order to apply these biotechnologies in CWR22Rv1, novel plasmids CasRx(TLCV2) and
dCasRx-APEX2(TLCV2) (creation of which is discussed in Section 4.2) were utilised. CWR22Rv1
cells were transduced using lentivirus packaged with CasRx(TLCV2) or dCasRx-APEX2(TLCV2)
before undergoing puromycin selection. Subsequently, live-cell FACS gated for GFP
expression was used after 72 hours of doxycycline induction to select a polyclonal population
of doxycycline-inducible CWR22Rv1 cells expressing our CasRx proteins based on surrogate

expression of T2A-eGFP downstream of the CasRx/dCasRx-APEX2 ORFs.

The optimal cellular quantity of dCasRx-APEX2 to appropriately target AR CE3 mRNA is
challenging to determine. Given the high level of AR transcription in CWR22Rv1, there are
likely to be significant amounts of AR pre-mRNA, AR-FL and AR-V transcripts in the nucleus at
any given time. However, if dCasRx-APEX2 expression is too high relative to the number of
available transcripts, then greater levels of off-target biotinylation are probable due to a pool
of unbound fusion protein. There is discordance in the literature with regards to preferred
transgene expression levels (Myers et al., 2018; Han et al., 2020). Therefore, a polyclonal
population of inducible cells was selected (Figure 5.1A), as we hypothesised that this mixed

approach would collectively encompass suitable dCasRx-APEX2:AR CE3 mRNA ratios.

In addition, our goal was to express an engineered fusion protein for proteomics methods
rather than elicit or study a particular phenotype, rendering monoclonal selection
unnecessary and circumventing a need to repeat experiments in multiple individual clonal
lines. Interestingly, we observed a significant population of cells surviving puromycin selection
that failed to undergo GFP induction with doxycycline treatment (Figure 5.1A), highlighting
the value of constructs containing a 2A-fluorescent protein ORF for transduction workflows.
Subsequent live-cell fluorescence microscopy of the polyclonal population confirmed
successful FACS gating of inducible cells, with a far higher percentage of GFP-positive cells

than previously observed with transient plasmid transfections (Figure 5.1B).

For studying AR mRNA splicing it was imperative that levels of AR-FL and AR-V7 were retained
in our transgenic cells, including under doxycycline exposure. In order to test this we

compared expression of these transcripts in parental CWR22Rv1 with transgenic polyclonal
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populations CWR22Rv1(CasRx)and CWR22Rv1(dCasRx-APEX2), both with and without a 72-
hour doxycycline treatment. Reassuringly, there were no appreciable expression differences
in AR-FL or AR-V7 mRNA between cell populations (Figure 5.1C). Additionally, we used
western blot to confirm expression of HA-tagged CasRx and dCasRx-APEX2 occurred in the
presence of doxycycline only, whilst also determining that the maintenance of AR-FL/AR-V7
seen by qPCR was observed at the protein level (Figure 5.1D). Furthermore, CasRx and
dCasRx-APEX2 were expressed at the predicted molecular weights of ~112 and 139 kDa,
respectively (Figure 5.1E). Thus, we successfully created two novel doxycycline-inducible cell

populations for downstream use, CWR22Rv1(CasRx)and CWR22Rv1(dCasRx-APEX2).
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Figure 5.1 - Lentiviral transduction with CasRx(TLCV2) and dCasRx-APEX2(TLCV2) enables creation of
doxycycline-inducible CWR22Rv1 derivatives

A. CasRx(TLCV2) and dCasRx-APEX2(TLCV2) plasmids were packaged into lentivirus and used to transduce
CWR22Rv1. Cells were then puromycin selected and induced with 1 ug/ml doxycycline for 72 hours before being
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sorted by live-cell FACS. x-axis represent GFP signal intensity, events in purple were cells retained for expansion
in culture B. Live-cell fluorescence microscopy of cells sorted in (A) C. Parental CWR22Rv1, CWR22Rv1(CasRx)and
CWR22Rv1(dCasRx-APEX2) were treated with or without doxycycline for 72 hours, before RNA was extracted
and RT-gPCR was used to measure expression of AR-FL and AR-V7. Par = parental CWR22Rv1, CasRx =
CWR22Rv1(CasRx), dAPEX2 = CWR22Rv1(dCasRx-APEX2). qPCR data comprises n = 3 independent biological
replicates, plotted as mean + SEM D. Western blot analysis of the same treatment arms as in (C) was performed
to measure protein levels of AR-FL, AR-Vs and CasRx/dCasRx-APEX2 (HA tagged). a-tubulin was used as a loading
control. Par = parental CWR22Rv1, CasRx = CWR22Rv1(CasRx), dAPEX2 = CWR22Rv1(dCasRx-APEX2). Western
blot is representative of n = 2 biological replicates E. The molecular weights of HA-tagged CasRx and dCasRx-
APEX2 as detected by western blot are as indicated. Numbers to left of blot represent molecular weight, in kDa,
of ladder markers. Par = parental CWR22Rv1, CasRx = CWR22Rv1(CasRx), dAPEX2 = CWR22Rv1(dCasRx-APEX2)

5.4 Synthetic gRNAs enable targeting of AR CE3 mRNA in CWR22Rv1(CasRx)

Having  successfully  generated doxycycline-inducible CWR22Rv1 derivatives
CWR22Rv1(CasRx) and CWR22Rv1(dCasRx-APEX2), attention now turned to targeting
proteins local to AR CE3 mRNA. We leveraged the same gRNA design algorithm and synthetic
RNA oligo approach used previously to target TP53 mRNA in HEK293FT (Chapter 4.4)
(Wessels, Méndez-Mancilla et al., 2020) to design synthetic gRNAs directed at AR mRNA,
resulting in three gRNAs denoted AR g1, g2 and g3. Of these, AR g2 was complementary to
our region of interest for proteomics, CE3 (Figure 5.2A), whereas AR gl and AR g3 are
predicted to bind at AR exons 8 and 2, respectively. CWR22Rv1(CasRx)were subsequently
utilised to screen gRNAs for selection, with the assumption made that if CasRx is capable of
recognising, binding to and cleaving its mRNA target using a synthetic gRNA, then that gRNA
would likely be amenable for mRNA-targeted proteomics. This presents a key advantage in
that gRNAs can be efficiently screened based on knockdown efficacy as analysed by gPCR or
western blot, as opposed to performing more time and resource-intensive RNA-pulldown
assays with dCasRx-APEX2. For initial screening of AR gl1-3, CWR22Rv1(CasRx)were
transfected with gRNA and CasRx expression was induced with 1 pg/ml doxycycline. Cells
were incubated for 72 hours and RNA was harvested for RT-qPCR to quantify levels of AR-FL
and AR-V7 transcript.

As expected, transfection with CE3-targeting AR g2 mediated a significant reduction in AR-V7
mRNA (Figure 5.2B). AR-FL transcripts, which do not contain CE3, also underwent a decrease
with this gRNA although to a lesser extent than AR-V7. This seemingly contradictory result
would be explained by CasRx activity in the nucleus due to its C and N-terminal NLS. As CE3
arises from an intronic region, CasRx is capable of targeting this CE in nascent AR transcripts

to deplete overall AR pre-mRNA that could become any mature CDS, including AR-FL. Given
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that splicing is coupled with transcription (Herzel et al., 2017), there is only a short temporal
window in which CE3 could be bound by CasRx before being spliced into AR-V7 (or out of AR-
FL). Thus, if CasRx is mediating nuclear cleavage events there is an expectation that both AR-
FL and AR-V7 levels would decrease, the latter to a greater extent than the former. To further
probe this expectation, we assessed the effect of AR g2 on multiple AR-V species expressed
in CWR22Rv1, AR-V1, AR-V6 and AR-V9. Consistent with our model, AR g2 mediated reduction
of all mMRNAs assayed (Figure 5.2C). We confirmed this result at the protein level by western
blot, demonstrating comparable reductions to AR-FL and AR-Vs as seen by qPCR (Figure 5.2D,
left panel). Moreover, an AR-V7 specific antibody demonstrated a strong reduction of AR-V7

protein using AR g2 in CWR22Rv1(CasRx) (Figure 5.2D).

Interestingly, AR-FL levels consistently underwent an approximately 3-fold increase with AR
g3 (Figure 5.2B). This gRNA targets AR exon 2, whereas our qPCR primers for detection of AR-
FL bind in exons 3 and 4. Therefore, CasRx cleavage may apparently mediate unpredictable
effects on remaining AR exons, the mechanism of which is unclear. It was decided not to
investigate this further given that effects of AR g2 appeared consistent with CE3-targeting

capability, therefore this gRNA would be taken forward for future experiments.

104



AR-FL AR-V7 S

1.5+
ok 1.5 *k mm AR g?

ST

0.5+

1.04

0.5+

Relative Expression

L]

i
Relative Expression
Relative Expression

0- 0.0= 0.0-

AR‘FL —— AR'V?
AR-Vs | SIS s

a-tubulin | —

a-tubulin: [ S—— —

Figure 5.2 - Use of synthetic gRNA in CWR22Rv1(CasRx) elicits AR mRNA knockdown

A. A published CasRx gRNA design algorithm (Wessels, Méndez-Mancilla et al., 2020), utilised previously for
targeting TP53 mRNA in HEK293FT, was used to design synthetic gRNAs against AR transcripts. These gRNAs, AR
gl, g2 and g3 target AR exons 8, CE3 and 2, respectively B. CWR22Rv1(CasRx) were transfected with the indicated
gRNAs at 25 nM and induced with 1 pg/ml doxycycline. Cells were then incubated for 72 hours before RNA was
extracted for RT-gPCR and levels of AR-FL/AR-V7 mRNAs were analysed. gPCR data comprises n = 3 independent
biological replicates, plotted as mean + SEM. Unpaired t-test was used for determination of statistical
significance. Only results significant at a 0.05 or lower have significance denoted (* = p < 0.05, ** = p <0.01, ***
=p <0.001) C. The experimental setup in (B) was repeated, with only NT and AR g2 gRNA utilised in this instance.
Knockdown of the indicated AR transcripts by AR g2 was analysed. qPCR data comprises n = 3 independent
biological replicates, plotted as mean * SEM. Unpaired t-test was used for determination of statistical
significance (* = p < 0.05, ns = p > 0.05) D. The experimental setup in (C) was repeated and protein levels of AR-
FL, AR-Vs and AR-V7 were analysed. a-tubulin was used as a loading control. Western blot is representative of n
= 3 independent biological replicates
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Having determined AR g2 would be appropriate for proteomics workflows due to its ability to
target CE3, our gRNA delivery strategy was validated. 25 nM gRNA was used throughout
experiments in C 22Rv1(CasRx) (Figure 5.2). This was chosen despite prior demonstration in
HEK293FT that 10 nM gRNA resulted in comparable or superior knockdown of TP53 mRNA
than 25 nM gRNA (Figure 4.7). It was reasoned that due to their exceptionally high uptake
and expression of plasmid transgenes, HEK293FT would produce significantly more CasRx
than CWR22Rv1(CasRx). Were this the case, there is a higher likelihood of any CasRx protein
finding its cognate gRNA, even at a lower gRNA concentration. We hypothesised that gRNA
guantity may prove a rate-limiting step in CWR22Rv1(CasRx), whereby a higher concentration
would increase the likelihood of CasRx finding its gRNA. In order to test this, AR g2 knockdown
efficacy at 10 nM and 25 nM concentration was compared in CWR22Rv1(CasRx). This
comparison revealed superior knockdown of both AR-FL and AR-V7 with 25 nM AR g2 (Figure
5.3A). Due to a 25 nM concentration proving efficacious and comparable to CasRx knockdown
percentages seen in the literature, greater concentrations were not pursued. Significant
upscale of material would be required for subsequent proteomics experiments, thus it was
reasoned that increasing gRNA amounts further would reach the point of diminishing returns

for considerably greater costs.

Having demonstrated 25 nM gRNA to be appropriate for targeting of AR CE3 mRNA, the
efficiency of our chosen gRNA delivery reagent, RNAIMAX, was determined. To this end a
fluorescent NT CasRx gRNA was designed, in which a molecule of ATTO 590 dye was appended
to the 3’ end to enable fluorescence imaging assessment of gRNA uptake. CWR22Rv1 were
transfected with gRNA using lipofectamine™ RNAIMAX or lipofectamine™ 3000 (L3000), both
by reverse and forward transfection. Cells were incubated for 72 hours post-transfection
before being fixed, permeabilised and imaged for ATTO 590 and DAPI. Cells were also treated
with doxycycline as previously (Figure 5.2) in order to assess gRNA stability and retention
when present with CasRx at the 72-hour timepoint, as it has been noted in CRISPR-Cas9
systems that synthetic gRNA may be afforded protection from exonuclease degradation when
complexed with Cas9 (Allen, Rosenberg and Hendel, 2021). Appraisal of gRNA uptake by
fluorescence microscopy revealed greater gRNA transfection efficiency using RNAIMAX, and
that a reverse transfection protocol as has been performed in knockdown experiments is

preferable to forward transfection (Figure 5.3B). Although cells transfected with L3000 did
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exhibit efficient gRNA uptake, this was accompanied by extracellular fluorescent foci that may

represent a degree of cellular debris caused by toxicity (Figure 5.3B).
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Figure 5.3 - Transfection of 25 nM CasRx gRNA using RNAIMAX mediates efficient cellular uptake in
CWR22Rv1(CasRx)

A. 22Rv1(CasRx) were transfected with 10 nM or 25 nM AR g2 and induced with 1 pg/ml doxycycline. After 72
hours, RNA was harvested and analysed by RT-qPCR for levels of AR-FL and AR-V7 transcripts. Data comprises n
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= 3 independent biological replicates, plotted as mean + SEM. Unpaired t-test was used for determination of
statistical significance. Only results significant at a 0.05 or lower have significance denoted (* = p < 0.05, **=p
< 0.01) B. NT CasRx gRNA, conjugated with a 3" ATTO 590 fluorophore, was transfected into CWR22Rv1(CasRx)
at 25 nM using a range of methods, and cells were induced with doxycycline as in (A). At the 72-hour timepoint,
cells were fixed, permeabilised and imaged by fluorescence microscopy at 40x magnification (RNAIMAX =
lipofectamine™ RNAIMAX, L3000 = lipofectamine™ 3000)

Although fluorescence imaging results suggest retention of gRNAs is maintained at the 72-
hour timepoint, it is feasible that the oligonucleotide itself may be degraded by exonucleases
whilst observed signal is attributable to remaining ATTO 590 fluorophores. Similarly, studies
have aimed to enhance intracellular stability of synthetic CasRx gRNAs, resulting in use of
chemical modifications such as 3x uridine residues appended to the 3’ end of gRNAs by a
phosphorothioate bond, or a 3’ inverted thymidine. These modifications were demonstrated
to significantly improve target knockdown duration beyond the 24-hour timepoint in
HEK293FT cells expressing CasRx, purportedly due to added protection from 3’ -5 RNA

exonucleases (Méndez-Mancilla et al., 2022).

In order to test knockdown persistence with synthetic AR g2 in CWR22Rv1(CasRx), a time-
course experiment was established in which cells were transfected with 25 nM NT or AR g2
gRNA and CasRx expression was induced with doxycycline as previously, before RNA was
harvested at 24, 48 and 72-hour timepoints for subsequent gPCR knockdown analysis.
Analysis across a range of primer sets demonstrated no clear temporal trend in knockdown
of AR transcripts, including qPCR primers designed for CE3 found in AR pre-mRNA (Figure
5.4A). Knockdown efficiencies were variable (therefore individual datapoints were plotted),
and although the 24-hour timepoint led to somewhat more consistent knockdown across
replicates, the overall knockdown percentages displayed no clear inverse relationship
between time post-transfection and knockdown efficiency, as observed by others (Figure
5.4A) (Méndez-Mancilla et al., 2022). Intriguingly, samples harvested 48-hours post gRNA
transfection/doxycycline induction generally exhibited poorer transcript reduction than 24 or
72-hour timepoints (Figure 5.4A). Nevertheless, should previously published results
demonstrating synthetic gRNA degradation over time occur in our system, the expectation
would be of a linear reduction in knockdown percentage from 24-72 hours, which we did not

observe.
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Work on CasRx synthetic gRNA stability performed by others used fluorescent protein
intensity as a readout, demonstrating a near 4-fold reduction in protein knockdown between
24 and 72-hour timepoints for unmodified synthetic gRNAs that lack 3’ modifications,
reducing knockdown to only ~20% vs NT controls (Méndez-Mancilla et al., 2022). Thus, our
results were confirmed at the protein level by western blot. The same time-course, here
measuring AR-V7 protein levels, revealed no apparent differences in protein reduction
between 24 and 72-hour timepoints (Figure 5.4B). This direct comparison over time
confirmed our previous screening of synthetic gRNAs which were all harvested at 72 hours
(Figure 5.2). Given these results and that CWR22Rv1(CasRx)/CWR22Rv1(dCasRx-APEX2) were
sorted for GFP positivity after a 72-hour doxycycline induction, we proceeded with this
timeframe in subsequent work. It is intriguing that CasRx knockdown efficacy of AR-V7
measured by qPCR (Figure 5.4A) does not directly reflect protein level readouts (Figure 5.4B).
Variability in qPCR results was apparent, and the latter readout shows a comparatively greater
level of reduction. CasRx as a knockdown tool is still a relatively novel technique, and it is
conceivable that CasRx cleavage may result in irregular mRNA fragments that are detectable

by qPCR but unable to undergo translation into protein, possibly explaining this inconsistency.

Differences in gRNA delivery method may explain discrepancies between our results and
those of others. Our choice, RNAIMAX, is a cationic lipid-based formulation, which has been
noted to shield synthetic RNA oligonucleotides from exonuclease degradation for several
hours (Judge et al., 2006; Zuris et al., 2015). This contrasts with delivery by electroporation,
which offers no such protection (Kelley et al.,, 2016). Given that nucleofection, an
electroporation based method, was used in the sole publication to date that has studied
synthetic CasRx gRNA stability (Méndez-Mancilla et al., 2022), our results suggest that
cationic lipids are preferred for these workflows. It is likely that this approach sufficiently
protects gRNAs until CasRx is expressed, at which point complexing with the latter further

enhances guide preservation.

Collectively, this has demonstrated that an appropriately designed synthetic gRNA can be
used to selectively degrade AR transcripts in CWR22Rv1(CasRx). We have shown that
optimisation of delivery method, gRNA concentration and timeframe elicits effective
targeting of AR mRNA, which will be invaluable for targeting dCasRx-APEX2 to CE3 in

subsequent proteomics experiments.
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Figure 5.4 - Knockdown using synthetic gRNAs in CWR22Rv1(CasRx)is maintained over 72 hours

A. CWR22Rv1(CasRx)were transfected with 25 nM NT or AR g2 and CasRx expression was induced with 1 pug/ml
doxycycline as previously. RNA was harvested at 24, 48 and 72-hour timepoints for RT-qPCR knockdown analysis
of the indicated transcripts. qPCR data is normalised to a corresponding NT sample at each timepoint, plotted
as individual replicate knockdown vs NT control. Data comprises n = 3 independent biological replicates (n = 4
for 24-hour timepoint due to RNA extraction issues with 48/72-hour) B. The experimental setup in (A) was
repeated and protein was harvested for western blot analysis of AR-V7 levels. a- tubulin was used as a loading
control. Western blot experiment included a corresponding NT gRNA sample at each timepoint. Data comprises
n=1
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5.5 CWR22Rv1(dCasRx-APEX2) enable live-cell proximity biotinylation of

proteins

Now that selection and delivery of a synthetic gRNA was validated for CE3-targeted
proteomics by using CWR22Rv1(CasRx-TLV2), focus turned to CWR22Rv1(dCasRx-APEX2).
Previous results using transient plasmid transfection revealed that although CWR22Rv1
appear capable of live-cell proximity biotinylation by dCasRx-APEX2, alterations to cell lysis
and streptavidin enrichment were necessary, ostensibly due to the presence of endogenously
biotinylated proteins (Figure 4.9). Confidence that our dCasRx-APEX2 fusion protein was
functioning effectively was acquired by experiments in HEK293FT (Figure 4.8), and we now

possessed an effective means to express it in CWR22Rv1(dCasRx-APEX2) (Figure 5.1).

Due to the previously speculated presence of endogenously biotinylated proteins in
CWR22Rv1, and that these were likely to be cytoplasmic or mitochondrial (Section 4.7), a
nuclear isolation protocol was explored. This may have a dual advantage of both depleting
these contaminants and selectively enriching for proteins in the nucleus, where alternative
splicing takes place. CWR22Rv1(dCasRx-APEX2) were induced with 1ug/ml doxycycline for 72
hours, shown to enable effective dCasRx-APEX2 expression (Figure 5.1), before undergoing
proximity biotinylation by a 2-hour and 2-minute incubation with BP and H;0,, respectively.
These incubation times were demonstrated to improve biotinylation in CWR22Rv1 during
preliminary experiments with transient pXR002-APEX2 plasmid transfection (Figure 4.9). Post-
labelling, cells were washed with APEX2 quenching buffers as performed previously, washed
with PBS to remove quenchers and a nuclear-cytoplasmic fractionation was performed.
Western blot analysis revealed significant improvements in distinction between +/- BP/H,0;
experimental arms, as well as a clear ability to enrich biotinylated proteins with streptavidin
(Figure 5.5A). Crucially, these improvements were only seen in nuclear protein samples thus
vindicating earlier hypotheses regarding the source of contamination. No detectable
difference in biotin signal was observed between +/- BP/H,0, samples for cytoplasmic

fractions (Figure 5.5A).

Next, subcellular protein markers were used to assess bleed-through between
compartments. Cytoskeletal component a-tubulin was used as a cytoplasmic protein marker,
whilst we exploited constitutive nuclear localisation of AR-Vs as a surrogate for nuclear
content (Hohmann and Dehghani, 2019; Kim et al., 2022). Western blotting demonstrated
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greatly elevated a-tubulin protein content in the cytoplasmic compared to nuclear fraction
whilst the converse was true of AR-Vs, despite equal total protein as verified by ponceau stain
(Figure 5.5B). These results are consistent with an effective separation of cytoplasmic and
nuclear proteins. Our fractionation method does not enable the total absence of cytoplasmic
proteins, as evidenced by a small amount of a-tubulin signal in nuclear fractions, which may
also explain the persistence of biotin signal in unlabelled nuclei (Figure 5.5A). Finally, we
sought to demonstrate that both dCasRx-APEX2 induction with doxycycline and incubation
with BP/H,0; were required to enact proximity biotinylation in CWR22Rv1(dCasRx-APEX2).
Cells were either induced and not treated with BP/H,0,, treated and not induced, or both
induced and treated. Subsequent western blot analysis of nuclear proteins emphasizes that

both of these steps are required for effective proximity biotinylation (Figure 5.5C).
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Figure 5.5 - Nuclear/cytoplasmic fractionation enables effective enrichment of biotinylated proteins in
CWR22Rv1(dCasRx-APEX2)

A. 22Rv1(dCasRx-APEX2) were induced with 1 ug/ml doxycycline for 72 hours before proximity biotinylation was
performed with BP and H202 for 2 hours and 2 minutes, respectively. After washes with quenching buffer, cells
were subject to cytoplasmic-nuclear fractionation and separate subcellular fractions were enriched with
streptavidin and eluted as optimised previously. Western blot analysis of biotin signal in input (I) and eluted (E)
fractions of each subcellular compartment was performed. An unlabelled control induced with doxycycline but
untreated with BP/H202 was included B. a-tubulin and AR-Vs were used as markers of cytoplasmic (C) and
nuclear (N) protein content in input lysate samples from (A). Ponceau was used to confirm protein loading
C. 22Rv1(dCasRx-APEX2) were induced with doxycycline and untreated with BP/H202, treated and not induced,

112



or both induced and treated as in (A) before nuclear extraction was performed and biotinylated protein content
was analysed by Western blot. Ponceau was used to confirm protein loading

These results were further substantiated by immunofluorescence, as abundant cytoplasmic
signal is observed in CWR22Rv1(dCasRx-APEX2) untreated with BP/H,0;, whereas only
biotinylation using these reagents resulted in significant nuclear biotin staining (Figure
5.6A, B). Quantification of overlap between nuclear DAPI and biotin signal across all cells in
Figure 5.6A was performed using the Fiji (Schindelin et al., 2012) plugin JACoP (Bolte and
Cordelieres, 2006) to calculate Pearson’s correlation coefficient (PCC) and Manders’ M1 (MCC
M1), both commonly utilised methods of fluorophore colocalisation analysis (Dunn, Kamocka
and McDonald, 2011). This demonstrated a marked increase in both PCC and MCC M1
coefficients when APEX2 proximity biotinylation is performed with BP/H20; (Figure 5.6C). The
MCC M1 coefficient, or the fraction of detectable DAPI signal overlapping with biotin,
increased to a near-total colocalisation, scoring 0.992 (1 represents complete signal overlap)

(Figure 5.6C).

In order to further visualise colocalisation, DAPI and biotin were coloured green and red
respectively. Qualitative assessment of merged images demonstrably illustrates an increase
in yellow signal (representing combined green and red) in nuclei when cells were biotin-
labelled (Figure 5.6D). An additional Fiji plugin, Colocalization Finder (Carl et al., 2004), was
used to graphically display spectral overlap. Pixel scatterplots produced by this software
indicate an increase in signal overlap between DAPI (x-axis) and biotin (y-axis) with BP/H20;
treatment, seen as an upward shift of signal intensity away from the x-axis to a greater
correlation with biotin (Figure 5.6D). Signal intensity on the y-axis does not see the same
magnitude of shift, representing the fact that large amounts of cytoplasmic biotin will remain

spatially separate from DAPI (Figure 5.6D).
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Figure 5.6 (previous page) - Immunofluorescence visualises nuclear biotinylation in CWR22Rv1(dCasRx-
APEX2)

A. 22Rv1(dCasRx-APEX2) were induced with 1 ug/ml doxycycline for 72 hours before proximity biotinylation was
performed with BP and H20: for 2 hours and 2 minutes, respectively. Cells were then fixed, permeabilised and
analysed by DAPI staining and biotin immunofluorescence at 20x magnification B. Enlarged image of example
cells from (A) C. Quantification of DAPI/biotin overlap was performed using ImageJ plugin JACoP, as measured
by both Pearson’s correlation coefficient (PCC) and Manders’ M1 (MCC M1) D. Qualitative visualisation of
spectral overlap between biotin and DAPI was performed. Pixel scatterplots produced by Imagel plugin
Colocalization Finder were used to quantify the increase in signal overlap
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It is therefore apparent that inadequate APEX2 biotinylation and enrichment seen in
CWR22Rv1 previously (Figure 4.9) was due to contamination with endogenously biotinylated
proteins that reside in the cytoplasmic fraction. Extraction of nuclei vastly improved both
resolution between +/- BP/H,0; treated arms and the ability to enrich proteins using
streptavidin. Furthermore this observation was validated by immunofluorescence. Abundant
cytoplasmic biotin signal was observed in the absence of APEX2 biotinylation, whereas only
incubation with BP/H20; resulted in appreciable nuclear staining. Nuclear extraction will thus
be performed for subsequent proteomics experiments, providing a dual advantage of
reducing assay background and enriching for proteins in the nucleus where alternative
splicing occurs. The successfully developed transgenic CWR22Rv1(dCasRx-APEX2) will
therefore enable us to leverage proximity biotinylation in a model of CRPC that expresses AR-

V7.
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5.6 dCasRx-APEX2 is targetable to CE3 mRNA

The final stage of method development before proteomics workflows could commence was
to demonstrate dCasRx-APEX2 gRNA-directed targeting of CE3. This was a crucial piece of
validation, as although our previous work has shown effective targeting with AR g2 based on
knockdown readouts in CWR22Rv1(CasRx) (Figure 5.2), it is possible that catalytically inactive
dCasRx exhibits different properties when present in our dCasRx-APEX2 fusion. We again
employed AF2 structural predictions as before (Figure 4.5) to model both dCasRx and dCasRx-
APEX2 (Figure 5.7A). The unfused former has previously been shown to bind mRNA in a gRNA-
directed manner without cleavage due to two targeted mutations in each HEPN domain that

abrogate catalytic activity (Konermann et al., 2018; Du et al., 2020; Cao et al., 2023).

Multiple structure alignment (MSA) analyses were performed on AF2 PDB outputs to assess
predicted structural similarity between native and APEX2-fused forms of dCasRx. We used
TM-score (Zhang and Skolnick, 2004; Xu and Zhang, 2010) and iCn3D (Wang et al., 2022) for
calculation of MSA. Both programs gave significant predicted similarity between protein
structures, reflected by Template modeling scores (TM-score) of 0.739 and 0.9588
respectively, whilst TM-score visualisation shows the majority of each structure to have < 5 A
difference between predictions (Figure 5.7B). A TM-score of 1 represents a perfect match,
while scores > 0.5 are indicative of proteins that significantly share folding patterns (Xu and
Zhang, 2010). The higher TM-score (TM-score is a structural similarity metric, as well as a
specific program as used above by Zhang and Skolnick, 2004) derived from iCn3D is likely due
to this program calculating scores based on a core of aligned residues rather than all,
therefore the APEX2 fusion is excluded from calculations (Figure 5.7B). The difference in score
between programs recapitulates these differing metrics, as APEX2 (27 kDa) has approximately
% the mass of dCasRx (112 kDa), it follows that any MSA including APEX2 would result in a
TM-score ~25% lower, as we observe (0.739/0.9588 = 77%). MSA analyses therefore provide

some indication that fusion with APEX2 may not unduly perturb dCasRx function.
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dCasRx dCasRx-APEX2

TM-score: 0.739 TM-score: 0.9588

Figure 5.7 - Multiple structure alignment analyses demonstrate high structural similarity between dCasRx and
dCasRx-APEX2

A. Visualisation of dCasRx and dCasRx-APEX2 AF2 structural prediction PDB files in iCn3D. Structures are
coloured from red (N-terminus) to violet (C-terminus). APEX2 protein is highlighted by white dotted oval in
dCasRx-APEX2 structure image B. Multiple structure alignment (MSA) was performed using TM-score (left, Zhang
and Skolnick, 2004) and iCn3D (right, Wang et al., 2022) to compare AF2-predicted dCasRx structure when native
or fused with APEX2. TM-score MSA (left) displays wireframe model of dCasRx and dCasRx-APEX2 overlayed.
Regions in red are those which differ by < 5 A between structures. White region to the left of structure is APEX2,
which has no analogous structure in unfused dCasRx. iCn3D visualisation (right) only displays residues and
structural similarity of dCasRx, excluding APEX2 therefore resulting in a higher TM-score
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We next sought to experimentally validate dCasRx-APEX2 functionality and ability to bind CE3
via an RNA pulldown assay. This was initially attempted by use of RNA immunoprecipitation
(RIP). Here, HA-tagged dCasRx-APEX2 expression would be induced in CWR22Rv1(dCasRx-
APEX2) alongside transfection with gRNAs AR g2 or NT. Cells would subsequently be
formaldehyde treated to crosslink proteins with RNA, lysed to release cellular contents,
lysates immunoprecipitated with an HA antibody and bound RNA extracted using TRIzol.
More dCasRx-APEX2 is expected to be found at CE3 in cells transfected with AR g2 than NT
gRNA, therefore RT-gPCR analysis should demonstrate an enrichment for CE3 RNA in AR g2-

transfected cells (Figure 5.8).
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Figure 5.8 - Schematic of RNA immunoprecipitation assay to verify dCasRx-APEX2 binding with CE3 mRNA

CWR22Rv1(dCasRx-APEX2) will in theory have a higher proportion of dCasRx-APEX2 (purple/orange) localised at
CE3 (red) mRNA when transfected with AR g2 than NT gRNA. Formaldehyde crosslinking (black X) will stabilise
these interactions, before cell lysis and immunoprecipitation (IP) of HA-tagged dCasRx using antibody-
conjugated magnetic beads is performed to enrich dCasRx-APEX2-bound RNA. Subsequent washing of beads,
extraction of RNA and RT-gPCR can then be used to demonstrate enrichment of CE3 mRNA and thus its
interaction with dCasRx-APEX2 (Figure created using biorender.com)
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The decision to follow a formaldehyde-crosslinked approach was made based on previous
publications utilising dCas13 RIP, in which formaldehyde was used to fix dCas13 gRNA-mRNA
interactions before lysis and immunoprecipitation (Han et al., 2020; Abudayyeh et al., 2016).
Furthermore, this fixation of interactions was vital to validate that dCasRx-APEX2 was
associating with CE3 at the point of APEX2 biotinylation. It has been shown that in performing
RIP without crosslinking, ie native RIP, it is possible that proteins and RNAs may associate
during in vitro mixing of lysates/antibody in ways that would not otherwise occur in their
native cellular context (Mili and Steitz, 2004; Gagliardi and Matarazzo, 2016). Thus we would
be unable to confirm whether dCasRx-APEX2 is interacting with CE3 in live cells or if it is an
artefact of in vitro antibody incubations. Given that our goal is to capture live-cell protein
interactions with CE3 it is essential we capture this spatial information at what would be,

during proteomics experiments, the point of treating cells with BP/H,0,.

First, confirmation was required that dCasRx-APEX2 could be immunoprecipitated from cell
lysates by its HA epitope tag. As initial validation, we verified that pXR002-APEX2 transfected
HEK293FT lysates could be effectively immunoprecipitated, reasoning that success in
CWR22Rv1(dCasRx-APEX2) is unlikely if we are unable to pull down dCasRx-APEX2 in cells
expressing a far higher degree of transgene. Immunoprecipitation (IP) of dCasRx-APEX2 from
HEK293FT lysates was trialled using both an HA and FLAG antibody. Two independent
combinations of IP wash buffers were also tested. This demonstrated capability to pulldown
dCasRx-APEX2 using an HA antibody, whereas the FLAG tag present on the fusion protein
(Figure 4.5A) failed to enable IP (Figure 5.9A). A potential degree of protein degradation is
apparent in the form of smearing in these blots (Figure 5.9A). Given this is only observed in
immunoprecipitated samples it suggests this is likely to be a result of the IP process, possibly
due to prolonged incubation at 4°C during antibody pulldown. It is notable however that a
similar degree of smearing was seen in FLAG immunoprecipitated samples, despite this
antibody’s failure to enrich protein. Both HA and FLAG antibodies are raised in mouse, so this
effect could also, rather than degradation, merely be a detection artefact from using anti-
mouse secondary antibodies, which may be detecting fragmented mouse antibody/bead

complexes.

Next, transfection with pXR002-APEX2 was combined with 25 nM NT gRNA or a TP53 g1/g2

combination previously shown to enact effective TP53 mRNA depletion using CasRx plasmid
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pXR0OO01 (Figure 4.7B), followed by RIP and RT-qPCR as described above (Figure 5.8). Initial
results were encouraging, with a ~5-fold enrichment for TP53 mRNA seen in HEK293FT
transfected with TP53 g1/g2 over NT gRNA (Figure 5.9B, left panel). However, we were unable
to reproduce this enrichment in subsequent replicates (Figure 5.9B middle/right panels).
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Figure 5.9 - RNA immunoprecipitation of dCasRx-APEX2 targeted at TP53 mRNA fails to consistently enrich
TP53 transcripts in HEK293FT

A. HEK293FT were transfected with dCasRx-APEX2 expression plasmid pXR002-APEX2 and incubated for 72
hours, before being formaldehyde-crosslinked and lysed. Protein lysates were immunoprecipitated with
antibodies against FLAG or HA epitope tags. Western blot of input (1), flow-through (FT) and eluted (E) fractions
was performed with an HA antibody. Two lanes of eluate are present for each immunoprecipitation as two
different bead-washing protocols were tested B. HEK293FT were transfected with pXR002-APEX2 along with
either NT or TP53 g1/g2 gRNA and incubated for 72 hours. RIP was performed as summarised in Figure 5.8, and
RT-gPCR was used to compare TP53 mRNA enrichment between NT and TP53 g1/g2 transfected cells

As noted prior, HEK293FT express remarkably high levels of plasmid transgenes.
Consequently there is potential for an amount of cellular dCasRx-APEX2 protein to exist far in
excess of available TP53 target transcripts. Accordingly, there may be significant amounts of
HA-immunoprecipitated protein without an associated TP53 transcript bound due to mRNA
saturation. As we have observed by appreciable protein bands in our flow-through fraction
(Figure 5.9A, ‘FT’), the amount of dCasRx-APEX2 expressed may be above the limit of

immunoprecipitation, therefore an element of stochasticity exists as our target RNA-bound
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protein may be in unbound fractions. This could therefore explain the inconsistent nature of
our results in HEK293FT although results did show some promise based on a successful nl

replicate.

Titration of input protein lysate:antibody ratios may negate this problem, however as RIP
assays are ultimately being used here for confirmation of CE3 binding in CWR22Rv1(dCasRx-
APEX2) it would be prudent to optimise RNA pulldown assays in this cell line. Experiments in
HEK293FT have at a minimum confirmed that dCasRx-APEX2 can be immunoprecipitated by
its HA tag, which could now be applied to our transgenic model of CRPC in which lower levels
of dCasRx-APEX2 are expressed. To test this approach in CWR22Rv1(dCasRx-APEX2), cells
were induced with doxycycline before being lysed and lysates immunoprecipitated using an
HA antibody. Comparison with an isotype-matched IgG control demonstrated effective IP of
dCasRx-APEX2 (Figure 5.10A). This was then performed alongside transfection with 25 nM NT
or AR g2 gRNA, before RIP and RT-qPCR were performed as done previously in HEK293FT; in
this instance using primers to quantify AR-FL or AR-V7 mRNA where the latter should be
enriched using AR g2. Despite somewhat encouraging initial enrichment showing ~1.5-fold
over NT when assaying for AR-V7 (Figure 5.10B, left panel), once more consistent enrichment

was not achieved (Figure 5.10B, right panel).
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Figure 5.10 - RNA immunoprecipitation of dCasRx-APEX2 targeted at CE3 mRNA fails to consistently enrich
AR-V7 transcripts in CWR22Rv1(dCasRx-APEX2)

A. CWR22Rv1(dCasRx-APEX2) were induced with doxycycline for 72 hours, before being formaldehyde-
crosslinked and lysed. Protein lysates were immunoprecipitated with either an HA antibody or isotype-matched
IgG control. Western blot of input and pulled-down protein fractions was performed with an HA antibody B.
CWR22Rv1(dCasRx-APEX2) were induced with doxycycline alongside transfection with either NT or AR g2 gRNA
and incubated for 72 hours. RIP and RT-gPCR was performed as summarised previously (Figure 5.8), in this
instance using qPCR primers specific to AR-FL and AR-V7

Due to only achieving sporadic enrichment of targets in HEK293FT and CWR22Rv1(dCasRx-
APEX2), a change in experimental approach was considered. It is also pertinent to note that
formaldehyde concentrations used in our approach needs careful consideration, as
concentrations as low as 0.3% can trap significant amounts of material in the insoluble protein
fraction that is inappropriate for enrichment by IP (Patton et al., 2020; Klockenbusch and Kast,
2010). Lowering our concentration from 0.2% may have aided matters, particularly as our
study of an actively spliced exon could increase the chance of crosslinking with lower-
solubility chromatin components, for example histones, due to splicing being tightly linked

with transcription (Khan, Ng and Cheung, 2020; Merkhofer, Hu and Johnson, 2014).

A review of the literature revealed a powerful alternative that could address these challenges
whilst also providing higher confidence going into proteomics workflows. Simultaneous
publications from two independent groups reported on APEX-Seq, demonstrating that APEX2
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proximity biotinylation of RNA is possible in addition to protein. Biotinylated RNA, likely to be
proximal to their APEX2 fusion, was subsequently enriched with magnetic streptavidin beads
and sequenced to characterise spatial organisation of transcripts (Padrén, Iwasaki and Ingolia,
2019; Fazal et al., 2019). Importantly, these publications performed gPCR analysis of
enrichment prior to RNA-Seq to confirm enrichment with their APEX2 constructs. Further
work performed by others using APEX2 examined a range of aromatic biotin conjugates, in
doing so identifying biotin-aniline (BAn) to mediate substantially greater live-cell RNA
labelling than BP as used in the above APEX-Seq studies, again utilising streptavidin

enrichment followed by RT-qPCR to confirm target RNA enrichment (Zhou et al., 2019).

Based on this literature, an approach was conceived in which BAn would be used in lieu of BP
(Figure 5.11A) in CWR22Rv1(dCasRx-APEX2) transfected with AR g2 or NT gRNA to
demonstrate successful dCasRXAPEX2 binding at CE3-containing transcripts. Here, rather than
immunoprecipitating protein, total RNA would be extracted and enriched using streptavidin,
relying on APEX2/BAn-mediated covalent biotinylation of target RNA(s) (Figure 5.11B).
Analogous to our prior efforts using formaldehyde-crosslinked immunoprecipitation, RT-gPCR
should demonstrate an increased abundance of CE3 in cells transfected with AR g2 over NT
gRNA. Should this approach yield success, it presents a significant advantage in that CE3 RNA
enrichment will have been demonstrated using APEX2 proximity biotinylation chemistries,
offering greater confidence that it will reflect the cellular context in which proteomics is

performed.
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Figure 5.11 - Biotin-aniline mediated APEX2 proximity biotinylation provides an effective means to validate
dCasRx-APEX2 binding at CE3 mRNA

A. Chemical structures of biotin-phenol (BP) and biotin-aniline (BAn). Differing only by an amine (-NH2) in place
of a hydroxyl (-OH) group bound to its aromatic ring, BAn mediates far greater proximity biotinylation efficiency
of RNA than BP B. Incubation of CWR22Rv1(dCasRx-APEX2) with BAn/H202 would enable live-cell proximity
biotinylation of RNA (pink circles). Total RNA can then be extracted and biotinylated transcripts (with red circles)
enriched using streptavidin. Stringent washes are enabled by use of streptavidin, and elution of RNA followed
by RT-gPCR will ascertain target RNA abundance. Transfection with AR g2 gRNA using this approach would in
theory yield greater enrichment of CE3 mRNA than NT gRNA (Figure created using biorender.com)
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We tested this novel approach, again by inducing CWR22Rv1(dCasRx-APEX2) in concert with
NT or AR g2 gRNA transfection. After 72 hours, a respective 2-hour/2-minute incubation was
performed as previously, this time using BAn/H,0: in place of BP. Total RNA was extracted
using TRIzol, a portion of which was retained for use as an input sample, before equal masses
of the remaining sample RNAs were enriched for biotinylated transcripts using streptavidin
beads. Stringent bead washing and RNA elution followed by RT-qPCR of both input and
streptavidin-enriched samples thus enabled comparison of enrichment levels between NT

and AR g2-transfected samples, both of which are normalised to their respective input.

Our results demonstrated a specific enrichment of CE3 using two independent primer pairs
representing both AR pre-mRNA and mature AR-V7 transcripts, as would be predicted if
dCasRx-APEX2 was active in the nuclear compartment (Figure 5.12A). This also offers
encouragement that our workflow will be capable of characterising the CE3 interactome
during active splicing events, rather than only targeting post-spliced AR-V7. Furthermore as
predicted, our experiment failed to consistently enrich either AR-FL mRNA or negative control
B2M transcripts (Figure 5.12B). It bears noting that although AR-FL appears to exhibit some
level of enrichment (failing to reach significance at a 0.05), examination of individual values
highlights a single replicate skewing results whereas CE3 P1 and P2 are consistently enriched
across three biological replicates (Figure 5.12C). Exons encoding AR-FL are part of the same
AR pre-mRNA transcript as CE3, so it may be that for this single replicate a level of dCasRx-
APEX2 mislocalisation occurred, potentially due to factors such as variability in gRNA
transfection efficiency. The precise reasons why this single AR-FL enrichment may have taken
place are unclear, although crucially the wholly unrelated, yet highly expressed, B2M

transcript never exhibited enrichment In AR g2-transfected samples (Figure 5.12B).

Additionally, we set up a parallel experiment in which dCasRx-APEX2 and BAn/H20, RNA
biotinylation was performed in the absence of gRNA. This was enriched as above and eluted
RNA used to visualise biotinylation by RNA dot blot, demonstrating a detectable signal in RNA
derived from BAn/H202-treated cells (Figure 5.12D). Interestingly a degree of AR-V7
knockdown was observed in AR g2 input samples (Figure 5.12E), though this was not to the
same extent as in CWR22Rv1(CasRx) (Figure 5.2). However, no such reduction in AR species
is seen at the protein level in analogous samples (Figure 5.12F). A possible explanation for this

discrepancy is that RNA biotinylation may interfere to some degree with reverse transcription
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reactions. Literature on APEX-Seq used an RT stop assay to evaluate the effect of biotinylation,
noting that although it still enables production of full-length products an increased incidence
of truncated cDNA occurs (Fazal et al., 2019). Were this the case in our system, it provides an

additional layer of evidence that dCasRx-APEX2 is binding at AR transcript CE3.

In summary dCasRx-APEX2 appears, through use of gRNA AR g2, to be binding at CE3 of AR
MRNA as expected. Attention will now turn to application of our system for proteomics

experiments and ultimately definition of the CE3 interactome in CWR22Rv1(dCasRx-APEX2).
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Figure 5.12 - RNA biotinylation with biotin-aniline enables a CE3 pulldown assay in CWR22Rv1(dCasRx-APEX2)

A. CWR22Rv1(dCasRx-APEX2) were transfected with either NT or AR g2 gRNA and induced with doxycycline for
72 hours before being biotinylated by incubation with BAn and H20: for 2 hours and 2 minutes, respectively.
Total RNA was extracted and an RNA pulldown assay was performed with streptavidin as summarised in Figure
5.11. RT-qPCR was used with the indicated primer sets to quantify levels of pre-spliced (CE3 P1) and post-spliced
(CE3 P2) CE3 mRNA enrichment between AR g2 and NT-transfected samples. Data comprises n = 3 independent
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biological replicates, plotted as mean * SEM. Unpaired t-test was used for determination of statistical
significance (* = p < 0.05) B. Enrichment data for experiment summarised in (A), using primers specific to AR-FL
and B2M mRNA. Data comprises n = 3 independent biological replicates, plotted as mean + SEM. Unpaired t-test
was used for determination of statistical significance (ns = p > 0.05) C. Plot of individual biological replicate
enrichment values for qPCR data from (A) and (B), for the primer sets indicated D. Live-cell BAn/H20; proximity
biotinylation was performed in 22Rv1(dCasRx-APEX2) as in (A), followed by streptavidin enrichment of total RNA
extracts. A negative control induced with doxycycline but untreated with BAn/H202 was also included. RNA dot
blot was performed using streptavidin-HRP. Methylene blue stain was used to confirm presence of RNA in each
sample E. Input samples from pulldown assays were analysed for AR-V7 levels by RT-qPCR. qPCR data comprises
n = 3 independent biological replicates, plotted as mean * SEM. Unpaired t-test was used for determination of
statistical significance (ns = p > 0.05). F. Western blot depicting levels of AR-FL and AR-V protein in 22Rv1(dCasRx-
APEX2) induced and transfected with the same gRNAs as in RNA-pulldown experiments. a-tubulin was used as
a loading control. Protein samples are sourced from proteomics experiment inputs
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5.7 Proteomics workflows successfully enrich splicing proteins and expected

CE3 mRNA interactors

With successful demonstration of dCasRx-APEX2 binding at CE3 through use of AR g2
completed, application of CWR22Rv1(dCasRx-APEX2) to proteomics workflows could begin.
Our experimental setup will encompass three arms including a non-biotinylated control, as
well as NT and AR g2 gRNA-transfected plates analogous to the above RNA pulldown assay
(Figure 5.13). Efforts so far to optimise dCasRx-APEX2 expression, gRNA delivery, proximity
biotinylation and streptavidin enrichment should enable successful transition to proteomics
experiments. In order to increase protein quantities for mass spectrometry, material will be

significantly upscaled to 1 x 150 mm dish per condition.
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Figure 5.13 - CWR22Rv1(dCasRx-APEX2) CE3-targeted proteomics experimental setup

Three experimental arms are to be utilised for proteomics workflows. CWR22Rv1(dCasRx-APEX2) will be
simultaneously transfected with relevant gRNAs and dCasRx-APEX2 expression induced with doxycycline. 72
hours later, APEX2 proximity biotinylation will be performed as before using BP/H20,. An unlabelled control, in
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which dCasRx-APEX2 expression is induced without subsequent APEX2 labelling, will also be included. Biotin-
phenoxyl radical quenching washes, nuclear extraction and streptavidin enrichment will all be performed
according to our previous optimisation, before samples are submitted for tryptic digest and LC-MS/MS (Figure
created using biorender.com)

We opted to use label-free mass spectrometry. Label-free approaches have been shown to
provide deeper proteome coverage and a higher number of protein identifications compared
to isobaric tagging methods or isotope-labelled amino acids, though they do sacrifice a degree
of quantification accuracy due to higher variability (Li et al., 2012; Rozanova et al., 2021;
Stepath et al., 2020). Numerous studies utilising proximity biotinylation, whether with BiolD,
APEX2 or the more recent TurbolD, have chosen this method with demonstrable success
(Barnes et al., 2022; Lamb et al., 2016; Peterson et al., 2021; Hobson et al., 2022; Santos-
Barriopedro, van Mierlo and Vermeulen, 2021). Furthermore, this approach has been
effectively leveraged in other dCas13 and dCas9 publications with aims similar to this project

(Lin etal., 2021; Zhang et al., 2020; Gao et al., 2018).

Our approach outlined in Figure 5.13 was adopted for n = 4 biological replicates to help
alleviate potential variability. A nuclear lysate input sample was retained to confirm successful
dCasRx-APEX2 biotinylation (Figure 5.14A), before equal amounts of 100 - 250 pg nuclear
protein (nuclear lysate concentrations varied across replicates) were used per streptavidin
enrichment, performed as previously. Beads were washed in PBS and ammonium bicarbonate
after post-enrichment RIPA washes in order to remove residual detergent that may interfere
with mass spectrometry (Yeung et al., 2008). Pelleted streptavidin beads bound to
biotinylated proteins in 50 mM ammonium bicarbonate were subsequently stored on dry ice
and sent to our proteomics service provider, Glasgow Polyomics. Once received, a filter-aided
sample preparation (FASP) protocol was followed to denature, alkylate, and digest
streptavidin-bound proteins into peptides, which were solubilised and used for nanoflow
high-performance liquid chromatography (HPLC), electrospray ionisation and tandem mass
spectrometry (MS/MS) (Figure 5.14B). Our primary goal with this n =4 was to give preliminary
indications regarding workflow effectiveness and protein enrichment profiles using AR g2 in

CWR22Rv1(dCasRx-APEX2).
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Figure 5.14 - Nuclear lysates from proteomics experimental arms, detailed in 5.14, are utilised for LC-MS/MS

A. After applying the experimental setup detailed in Figure 5.13, a portion of extracted nuclear protein is
retained for SDS-PAGE and Western blot for biotinylated proteins to confirm APEX2 labelling (C = unlabelled
control). Western blot is representative of n = 4 proteomics experimental inputs. Ponceau was used to confirm
equal protein loading B. Biotinylated nuclear proteins, enriched with magnetic streptavidin and washed, are
retained in ammonium bicarbonate and frozen on dry ice before being sent to our proteomics service provider,
Glasgow Polyomics, for filter-aided sample preparation (FASP). In doing so, samples were denatured and
alkylated, digested into peptides with trypsin and solubilised for use in nanoflow high-performance liquid
chromatography (HPLC), electrospray ionisation and tandem mass spectrometry (MS/MS) on an Orbitrap Elite
instrument (SDS = sodium dodecyl! sulphate, IAA = iodoacetamide) (Figure created using biorender.com)
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For each experimental arm Glasgow Polyomics returned RAW files, a proprietary data type
that contains all spectral and fragmentation data obtained from Thermo Orbitrap
instruments. RAW files are amenable to analysis using MaxQuant, a popular software suite
for mass spectrometry data analysis (Cox and Mann, 2008). MaxQuant employs an inbuilt
peptide search engine, Andromeda, which applies a probabilistic scoring model to evaluate
peptide-spectrum matches (PSM), or the likelihood of a given input spectrum to be derived
from a particular peptide based on comparison with that peptide’s theoretical spectrum. (Cox
et al., 2011). Theoretical spectra are derived from in silico simulated trypsin digest of a user-
supplied proteome amino acid FASTA (in our case the Homo sapiens Uniprot database).

Furthermore, peptides are assigned to proteins based on this same database.

A target-decoy approach is also utilised by MaxQuant to generate false-discovery rates (FDR)
for peptide and protein assignment, whereby the proteome sequences are reversed to create
a decoy database in which no ‘true’ matches would be expected. A statistical assumption is
made that the number of matches for a peptide or protein arising from this decoy database
will match the number of false positives from the original database. The proportion of false
to true positives can thus be calculated as a percentage and any identifications above a
specified FDR cut-off, typically 1% which we used here, are discounted (Cox et al., 2011,
Nesvizhskii et al., 2010).

MaxQuant can also be applied to protein quantitation. An analysis pipeline was devised
whereby this will be used to generate intensity based absolute quantification (iBAQ) values.
Protein iBAQ is defined as the summed intensity, or abundance, of all peptides assigned to a
protein divided by the number of theoretically observable tryptic peptides for that protein
(Schwanhausser et al., 2011). The fold enrichment of proteins in AR g2 over NT samples can
then be calculated using these values. Furthermore, unlabelled control iBAQ values will be
subtracted from the latter two arms to correct for nonspecific contaminant binding. The R
language for statistical software will be used for all quantitative processing of protein iBAQ
values (v4.1.2, R Core Team, 2021) via the RStudio development environment (v2022.07.0,
RStudio Team, 2022) (Figure 5.15).
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Figure 5.15 - Simplified summary of computational analysis pipeline for mass spectrometry data

Our experimental setup completed for n = 4 biological replicates will result in 12 RAW mass spectrometry files,
usable as inputs for MaxQuant software. MaxQuant will be used to determine peptide-spectrum matches (PSM),
assignment of peptides to protein IDs, and calculation of intensity based absolute quantification (iBAQ) values
for all identified proteins. These will subsequently be read into R, where a wide range of statistical software
packages can be applied for background correction using unlabelled control values, normalisation and ultimately
calculation of protein enrichment in AR g2 over NT samples

A prominent issue faced when using label-free proteomics workflows is the presence of
missing values (MVs). These occur when there is insufficient information to assign detected
ions to a peptide or protein resulting in an intensity score of 0, which may be due to variability
in technical workflows such as trypsin mis-cleavage or ion suppression which have an element
of randomness (Lazar et al., 2016). More relevant to our analysis are non-random MVs arising
from the inherent detection limits of mass spectrometry and associated computational
analyses. Because peptide/protein assignment with MaxQuant is an FDR-based approach, it
is possible that peptide ions are present but lack the intensity and statistical confidence to be

assigned a PSM (Li and Smyth, 2023).

MaxQuant output tables were filtered to remove common laboratory contaminants such as
keratin, identification of which is built into MaxQuant. We also adopted a conservative
approach for controlling potential nonspecific contaminants by filtering for proteins identified
by at least two unique peptides (Cassidy et al., 2021; Higdon and Kolker, 2007). Preliminary
assessment of our filtered dataset revealed a high prevalence of MVs, which will impede

guantitative analysis of protein enrichment between experimental arms (Figure 5.16).
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Figure 5.16 - Proportion of MVs and valid assigned iBAQ values from initial n = 4 MaxQuant processing

Relative proportion of missing values (MV) and successfully assigned iBAQ (valid iBAQ) scores in MaxQuant
protein quantification outputs for each experimental arm. Samples are presented by experimental arm, as n1 -
n4 from left to right

Despite this apparent limitation of our preliminary dataset, to garner some level of insight
into workflow effectiveness we proceeded with quantitative enrichment analysis between AR
g2 and NT experimental arms. First, control iBAQ values were subtracted from NT and AR g2
arms, and any resulting negative iBAQ values were set to 0. Next, due to MV prevalence we
used a lenient threshold of retaining proteins that were detected in at least two out of four

replicates of either gRNA sample.

Remaining MVs were then imputed. The most appropriate strategy for MV imputation is
subject to debate (Webb-Robertson et al., 2015). We presumed that our MVs are non-random
as a result of missing the LC-MS/MS detection limit, thus we opted for a simple imputation
approach whereby MVs are replaced with half the minimum iBAQ value in its AR g2/NT
replicate pair. This has proven effective in left-censored datasets (ie when MVs are skewed

towards the lower end of the dataset, as is likely the case here) (Wei et al., 2018).

In this initial n = 4 dataset, the amount of digested peptide input injected for LC-MS/MS was
not quantified which may also account for the significant inter-replicate variability in number
of MVs. For these samples, equal concentrations of initial nuclear lysates were first added to

streptavidin beads for enrichment, washing and digestion before a fixed volume of tryptic
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digest was loaded. Due to the unknown concentrations of eluted protein, as an attempt to
normalise for differing peptide injection amounts we calculated relative iBAQ (riBAQ) for each
protein, in which iBAQ protein values are divided by the sum of all iBAQ values in that sample

(Krey et al., 2018). It must be noted however that MVs will reduce riBAQ accuracy.

Log2 transformed riBAQ values were subsequently compared between AR g2 and NT arms for
calculation of fold enrichment using a paired test design with R Bioconductor package limma
(Ritchie et al., 2015). Originally developed for microarrays, the linear statistical models
applied by limma are appropriate for quantitative mass spectrometry and have been used
effectively in label-free CRISPR-APEX2 workflows analogous to that applied here (Gao et al.,
2018; Lin et al.,, 2021). Encouragingly, previously identified regulators of AR-V7 splicing
RBM39, KHDRBS1 (Sam68) and SRSF1 (SF2) (Melnyk et al., 2020; Stockley at al., 2015; Liu et
al., 2014) were enriched in AR g2-transfected samples relative to NT, albeit relatively weakly

(p < 0.25). (Figure 5.17A).

Although our preliminary dataset lacked sufficient power to effectively analyse AR g2
enrichment trends, by taking the complete filtered list comprising 187 identified proteins
used for limma as inputs for gene ontology (GO) analysis using STRING (Szklarczyk et al.,
2022), we demonstrated that RNA binding and processing terms were overrepresented
(Figure 5.17B). Additionally we saw significant cellular component enrichments related to the
nucleus, further garnering confidence that our workflow has strong selectivity for proteins in
the nuclear fraction (Figure 5.17B). Therefore, early indications were that dCasRx-APEX2 is at

a minimum enriching for RNA-associated proteins in the nucleus.
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Figure 5.17 - CE3-targeted dCasRx-APEX2 proteomics enriches previously published AR-V7 splicing regulators
and selects for nuclear/RNA-binding proteins

A. Volcano plot displaying log2 fold enrichment (x-axis) and -logio p-values (y-axis) for protein enrichment
between AR g2 and NT arms in our preliminary n = 4 proteomics experiment, calculated by limma. Previously
identified AR-V7 regulators RBM39, KHDRBS1 and SRSF1 are labelled. Enrichment cutoffs for visualisation are
limma p-value (unadjusted) < 0.25 and linear fold enrichment > 1.5 (log2 0.585) B. STRING GO term analysis of
all 187 proteins identified by mass spectrometry, whether statistically enriched or not, was performed. The top
5 most significant terms for each GO category are displayed, ranked by -logio STRING FDR

135



A low overall number of proteins compared to similar studies and a lack of statistical
enrichment prompted discussion with our proteomics service provider, Glasgow Polyomics,
regarding how we could enhance workflow effectiveness and improve power. As a result, two
key parameters were changed. First, the amount of nuclear protein available for streptavidin
enrichment was upscaled significantly by doubling all tissue culture inputs. Consequently,
sufficient material was obtained to use 500 ug biotinylated nuclear lysate per pulldown, a
marked increase on our initial n = 4. This subsequently provided enough downstream protein
for our second adjustment: quantification of trypsin-digested peptide concentrations prior to
LC-MS/MS. This approach has been successfully adopted by others to select optimal injection
amounts for label-free mass spectrometry (Maia et al., 2020). After consultation with Glasgow
Polyomics, injection of 5 ug digested peptide per experimental arm was chosen. Prior
experience from our service provider dictated that this is an optimally effective peptide
concentration for their LC-MS/MS instruments, whilst injection of equal peptide amounts also

provided an additional layer of normalisation between samples.

A second n = 4 proteomics experiment was performed using identical experimental arms as
previously and employing the above alterations. Assaying of digested peptide concentrations
showed, as expected, a consistently higher amount of peptide in biotin-labelled vs. unlabelled
control arms (Figure 5.18A). Furthermore, MaxQuant calculation of iBAQ values
demonstrated significantly greater proportions of successful protein identifications with
minimal, and substantially less variable, MVs in gRNA samples compared to initial

experiments, vindicating our adapted approach (Figure 5.18B).
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Figure 5.18 - Assaying tryptic peptide concentrations enables a significantly greater proportion of MaxQuant
protein identifications

A. Mean total post-enrichment peptide amounts + SEM for n = 4 proteomics input samples, assayed post-tryptic
digest by Glasgow Polyomics. Biotinylated sample data points are the mean of NT and AR g2 arms B. The
proportion of MVs to successfully assigned iBAQ values was plotted as in 5.17 for this second n = 4 experiment

Generation of a more robust n = 4 dataset thus enabled greater analytical power.
Consequently, a more stringent protein inclusion threshold was used whereby proteins
required an iBAQ value in at least 3 replicates in either gRNA arm to be candidates for
imputation and enrichment analysis. Application of this threshold further demonstrated the
increased power of this dataset based on number of available proteins for analysis, as after
background correction and filtering for proteins as described, the resulting matrix numbered

755 proteins as opposed to 187 for our initial n = 4.

We opted not to further normalise iBAQ values beyond doing so by injecting equal digested
peptide concentrations for LC-MS/MS. Label-free proteomics normalisation approaches
largely rely on a background of unchanging proteins to calculate sample scaling factors (Cox
et al., 2014; Lee et al., 2016). Given the expected differences in dCasRx-APEX2 subcellular
location and hence protein interactomes between AR g2 and NT experimental arms, we
lacked confidence in obtaining adequate invariant proteins for normalisation. Moreover,
normalisation by riBAQ as used for our initial n = 4 may also be inappropriate here. In our NT-
transfected arms it would be expected that dCasRx-APEX2 would diffuse relatively freely in
the nucleus, thus it may biotinylate a large range of proteins but at smaller molar amounts

insufficient for PSM and iBAQ assignment. Therefore, the summation of iBAQ values may not
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accurately reflect total protein, more so in NT than AR g2 samples for the aforementioned
reasons. Finally, normalisation by intensity of dCasRx-APEX2 itself may also not function
effectively as although a degree of APEX2 self-biotinylation would be expected, differences in
protein-protein interactions and subnuclear location between samples may impact the
degree to which this occurs. It is likely that other studies came to similar conclusions, as no
CRISPR-APEX2 publications have normalised by the latter metric (Myers et al., 2018; Han et
al., 2020; Lin et al., 2021; Gao et al., 2018).

Visualisation of protein iBAQ values subsequently used for limma analysis in our workflow
exemplifies the benefits of our approach to normalising peptide concentrations for LC-
MS/MS. Log2-transformed iBAQ intensities in AR g2 and NT samples show appreciably greater
equivalence in our dataset (Figure 5.19A) than between gRNA arms in analogous label-free
CRISPR-APEX2 publications that utilised the iBAQ metric (Figure 5.19B) (Gao et al., 2018; Lin
et al., 2021). Whilst the latter publications still successfully identified and validated DNA/RNA
interacting proteins by use of an appropriate gRNA, the additional normalisation utilised here

by post-digest peptide quantification provides greater statistical confidence in results.
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Figure 5.19 - Injection of equal peptide concentrations for LC-MS/MS enables greater protein intensity
homogeny between samples

A. Boxplot of log2 iBAQ values in AR g2 and NT experimental arms, subsequently used as input for imma analysis.
Boxplots are nl to n4, from left to right, in each indicated gRNA arm B. Log2 iBAQ values sourced from the
indicated label-free CRISPR-APEX2 publications were plotted as in (A). gRNA labels are omitted

Limma analysis was applied as previously described using a paired design for calculation of
protein fold enrichment between AR g2 and NT arms. Our optimised n = 4 experiment

resulted in significantly greater protein enrichment than initial data (Figure 5.20).
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Additionally, enrichment patterns between gRNAs were as expected. In NT-transfected
samples a greater randomness of protein biotinylation would be predicted, whereas using AR
g2 should result in more consistent protein intensities. Therefore the former may result in
log2 fold enrichments that fail to achieve adequate repeatability for statistical significance,

whereas the latter would provide such significance (Figure 5.20, top panel).
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Figure 5.20 - Experimental optimisation of proteomics workflows significantly improved dataset power

Protein enrichment was calculated between AR g2 and NT gRNA arms using iBAQ values with the limma package
as in Figure 5.17A. Enrichment cutoffs for visualisation in ‘Optimised n = 4’ are limma p-value (unadjusted) <
0.05 and linear fold enrichment > 1.5 (log2 0.585). Cutoffs for initial n = 4 are as described in Figure 5.17A.

Further validation of this approach was sought via functional analysis of protein enrichment
results. Protein enrichment tables were split on the basis of significance at a limma-adjusted
p-value (FDR) of 0.25 (limma utilises the Benjamini-Hochberg method of FDR adjustment
(Benjamini and Hochberg, 1995)). An FDR of 0.25 has historically been adopted as a threshold
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for exploratory functional enrichment analysis and was applied by similar dCas13-APEX2
experiments to that presented here (Subramanian et al., 2005; Lin et al., 2021). Separate
analysis of the two groups, comprising proteins with enrichment FDR </> 0.25, using STRING
revealed a substantially greater representation of proteins related to the spliceosome in the
< 0.25 group (using Kyoto Encyclopaedia of Genes and Genomes (KEGG) classification) (Figure
5.21A). Additionally, STRING identified significant functional clustering related to mRNA
processing within proteins enriched at an FDR < 0.25, including 3’-end processing as would be
predicted given CE3 status as a 3’ terminal exon (Figure 5.21B). These results reflect the
expected functional enrichment of proteins seen if dCasRx-APEX2 was targeted to an actively

spliced 3’ terminal exon.
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Figure 5.21 - STRING analysis of proteins enriched by AR g2 demonstrates significant enrichment for the
expected biological processes

A. KEGG analysis, performed using STRING, was applied to proteins in two separate groups representing those
enriched by AR g2 at a imma FDR < 0.25 and > 0.25. The top 5 most significant KEGG terms are displayed for
each group, ranked by -logio STRING FDR. KEGG spliceosome is highlighted by a red asterisk. KEGG spliceosome
-logi0 STRING FDR for each group is also plotted separately B. The same analysis was performed as in (A), using
STRING network functional classification of proteins. The top 5 most enriched STRING network category terms
are displayed for each group, ranked by -logio STRING FDR

Having acquired substantial evidence that AR g2 was enriching for the expected protein
classes, we leveraged previous publications reporting on CE3 interactors that promote AR-V7

splicing to further authenticate analyses. We filtered limma outputs for inclusion of previously
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established regulators (sourced from Table 1.2, in addition to other proteins identified within
those publications). In doing so a skewed trend towards positive enrichment with AR g2 was
observed, although not all proteins achieved the required consistency for statistical

significance (Figure 5.22A).

To quantitatively validate whether published AR-V7 splicing regulators trended towards
enrichment in AR g2-transfected samples, rotation gene set testing (ROAST) was
implemented via limma (Wu et al., 2010; Ritchie et al., 2015). The selection of gene set testing
employed here was considered, as other popular statistical tests such as gene set enrichment
analysis (GSEA) may have been applicable (Subramanian et al., 2005). However, GSEA was
deemed inappropriate for these purposes, as it is designed to accommodate large, genome-
wide datasets of > 10,000 genes. Furthermore, GSEA requires a pre-ranked list as input. For
our smaller protein enrichment dataset, it was preferable to perform gene set testing of
enriched proteins (or the genes encoding them) based on statistical significance, which
factors in consistency of enrichment. P-values are not directional thus unable to be used for
GSEA ranking, as they do not indicate in which sample a protein is enriched, whilst ranking by
raw fold enrichment will not select for the proteins of most interest, namely those that were
repeatedly enriched across replicates and thus at a greater significance, representing the
strongest candidate CE3 splicing regulators (Figure 5.20, top panel). ROAST utilises
information relevant to this purpose such as correlations between replicates, therefore
factoring in directionality and statistical significance, and is shown to be robust in smaller
datasets (Wu et al., 2010). Additionally, it is directly applicable to datasets analysed using
linear statistical models, as performed here using limma (Ritchie et al., 2015). Given that these
characteristics are well suited to our data, and that the ROAST algorithm is implementable
within the same limma software used in all other protein enrichment analyses, it represented
an appropriate choice of test. ROAST substantiated our observations by proving a statistically
significant directionality, showing that published AR-V7 regulators have an asymmetrical
distribution towards more significant FDRs in our dataset (Figure 5.22B). This provided greater
confidence that AR g2 is capturing proteins as expected given the enrichment trends seen

amongst these documented proteins.

Optimisation of CE3-targeted dCasRx-APEX2 proximity biotinylation, streptavidin enrichment

and LC-MS/MS, allied to application of suitable quantitative analyses, has demonstrated
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significant enrichment of splicing factors. Furthermore, pre-existing knowledge of published
interactors served as a vital positive control to confirm workflow effectiveness. Satisfied with
validation of results, proteomics experiments provided a powerful dataset representing a rich
source of hitherto unidentified CE3-proximal proteins in the CRPC cell line CWR22Rv1. Efforts
now turn to closer examination of enriched proteins and ultimately application of this dataset

to uncover novel regulators dictating AR-V7 generation.
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Figure 5.22 - Previously identified regulators of AR-V7 generation are enriched by our dCasRx-APEX2 workflow
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A. Protein enrichment results were filtered for previously published AR-V7 regulators as described in text.
Volcano plot enrichment cutoffs are as used in Figure 5.20 ‘optimised n = 4’ B. ROAST was performed using the
list of proteins in (A) as input. FDR represents ROAST-calculated significance of statistical enrichment for this list.
Barcode plot represents ranking of -logio FDR values for this list amongst all proteins from limma analysis
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5.8 Discussion

The primary objective of this project, identification of novel AR-V7 splicing regulators, hinged
on generation of a high-quality proteomics dataset. The processes undertaken in this chapter
have achieved this through meticulous development of CE3-targeted proximity biotinylation
in CWR22Rv1(dCasRx-APEX2), requiring: i) creation of transgenic doxycycline-inducible
CWR22Rv1; ii) synthetic CasRx gRNA design and validation for targeting of CE3 mRNA; iii)
optimisation of dCasRx-APEX2 proximity biotinylation and streptavidin enrichment of
proteins; and iv) application of RNA biotin-labelling with BAn to confirm dCasRx-APEX2
presence at CE3. Collectively, these enabled powerful enrichment of proteins using CE3-
targeting gRNA AR g2, statistical significance of which was quantified using the linear models

available in the R Bioconductor package limma.

Functional interrogation of the most effectively enriched proteins using STRING
demonstrated an overrepresentation of proteins involved in mRNA splicing, processing and
3’-end maturation, all processes that would be predicted at an actively spliced 3’ terminal
exon. In addition, we were able to utilise the current knowledgebase of published AR-V7
splicing regulators as a positive control and secondary layer of validation. By doing so, we
confirmed an association using ROAST whereby previously identified factors were skewed

towards statistical enrichment in our dataset.

Additional proximity biotinylation technologies have emerged since the advent of BiolD and
APEX2. One such example, TurbolD, was developed by directed evolution yeast display
screening of biotin ligase BirA, using the same approach as for development of APEX2 to select
for mutants with the greatest biotinylation capability (Branon et al., 2018; Lam et al., 2015).
TurbolD, like BiolD, presents an advantage over APEX2 methods in that it uses soluble
exogenous biotin as opposed to the more toxic combination of BP/H,0, which precludes use
of the latter in in vivo or organoid systems (Che and Khavari, 2017). Moreover, biotin exhibits
far greater membrane permeability than BP, further enabling its potential applications in
more complex systems (Mair and Bergmann, 2022; Murata et al., 2021). By progressively
reducing biotin incubation times with BirA mutants, TurbolD was developed as a ligase
capable of biotinylation after 10-minute biotin treatments (Branon et al., 2018; Cho et al.,
2020). To date, only one recent publication has exploited CRISPR-TurbolD approaches in the

form of a dCas9-TurbolD fusion (Yheskel, Sidoli and Secombe, 2023). However, in this instance
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it was used without a gRNA as a background control for KDM5-TurbolD protein enrichment

rather than being targeted to a specific genomic locus.

More novel still are ultralD and AirID. As the smallest developed enzyme to date for proximity
biotinylation at just 19.7 kDa, ultralD is even more favourable for fusion constructs yet still
retains biotinylation catalysis comparable to TurbolD, biotinylating proteins within a 10-
minute exogenous biotin incubation (Kubitz, Bitsch and Zhao et al., 2022). AirID, though it
performs better than first and second-generation BiolD enzymes, does not have the same
biotinylating potency as TurbolD. However, it has been shown to mediate more specific
proximity biotinylation with fewer off-targets. Additionally, unlike TurbolD it has no
detectable toxicity as a fusion protein, even when expressed constitutively for several days

(Kido et al., 2020; Branon et al., 2018).

Theoretically, the various BiolD-derived methods discussed fulfil criteria appropriate for our
study of alternative splicing regulators. APEX2 still holds the kinetic advantage of a brief 1 - 2
minute labelling reaction upon H;0; addition, providing greater temporal resolution. Another
significant advantage is its ability to catalyse biotin-radical formation with a range of aromatic
substrates, thereby expanding the range of biomolecules amenable to biotinylation, whereas
methods that have evolved from BiolD solely label lysine residues of proteins (Sears, May and
Roux, 2019). Most notably for our experiments, BAn is appropriate for RNA labelling, whilst
biotin-naphthylamine also enables effective DNA biotinylation (Zhou et al., 2019). This
capability proved crucial to project success by enabling us to confirm dCasRx-APEX2

localisation to our mRNA of interest by BAn/H20, RNA biotinylation.

The repertoire of available enzymes for proximity biotinylation has thus expanded in recent
years, each having their own merits. Prudence is advised when selecting an enzyme, as
choices are best judged on the specific experimental goals. It remains to be seen whether
more novel enzymes will be used as CRISPR-based fusions, as has been successfully achieved
by numerous groups with APEX2. Although APEX2 functioned effectively for this study, other
available enzymes do hold advantages as discussed. They open the possibility of proximity
biotinylation assays in a wider range of models such as CRPC organoids or in vivo systems,
which may identify an additional cohort of AR-V splicing regulators. Performing an analogous
experiment using the same gRNA AR g2 in CWR22Rv1 with, for example, a dCasRx-TurbolD
fusion to compare enriched protein populations would certainly be edifying.
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We opted for label-free mass spectrometry for its ability to provide deeper proteome
coverage, whilst also performing a high number of biological replicates to help alleviate the
variability seen in such workflows (Li et al., 2012; Rozanova et al., 2021; Stepath et al., 2020).
Significant issues regarding high MV incidence were solved through quantification of trypsin-
digested peptides prior to LC-MS/MS, ensuring an optimal and equal amount of peptide was
loaded for each run. Label-free proteomics necessitates separate LC-MS/MS runs for every
sample, which is a major source of variability in using this method. An alternative is to perform
multiplexed proteomics, either by metabolic labelling using stable-isotope labelling by amino
acids in cell culture (SILAC), or isobaric labelling, commonly performed with tandem mass tags

(TMT) or isobaric tags for relative and absolute quantification (iTRAQ).

SILAC is performed by culturing cells through multiple passages with addition of amino acids
that contain heavy isotopes such as *3C, which behave identically to conventional amino acids
when incorporated into proteins. Therefore, by incubating different experimental arms with
either regular or heavy amino acids, LC-MS/MS runs can be multiplexed and the sample from

which peptides are derived determined by isotope mass shifts (Chen et al., 2015).

Isobaric labelling introduces a chemical tag to tryptic peptides which undergoes
fragmentation at a predictable point during MS2. By introducing different mass tags to
separate samples, they can be multiplexed as for SILAC, although when using TMT/iTRAQ tags
peptides are of the same mass at the MS1 level and a mass differential is only introduced
after collision-induced fragmentation (Pappireddi, Martin and Wihr, 2019). Though these
approaches undoubtedly improve quantification precision between independent LC-MS/MS
runs (Rozanova et al., 2021), it was decided that label-free methods would be utilised in order
to maximise protein identifications, with 4 independent biological replicates being performed

to help mitigate variability.

The current range of published CRISPR-APEX2 studies show that any of label-free, metabolic
and isobaric labelling methods can be successfully implemented for gRNA-directed proximity
proteomics (Gao et al., 2018; Yi et al., 2020; Lin et al., 2021; Qiu et al., 2019; Han et al., 2020;
Myers et al., 2018). It has been shown that label-free mass spectrometry worked effectively
for this study, although any potential further improvements by multiplexing are hard to

ascertain without direct testing. Furthermore, the approach utilised here negated
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requirements to purchase and optimise additional labelling reagents or metabolic

incorporation protocols, thus simplifying the overall workflow.

Undertaking a similar experimental design using APEX2 fused with the DNA-targeting ability
of dCas9, as performed by others (Gao et al., 2018, Myers et al., 2018), would be of great
interest. Given that alternative splicing can be influenced by chromatin architecture, histone
marks and histone modifying enzymes (Naftelberg et al., 2015; Agirre at al., 2021), this could
identify a distinct class of splicing regulator. For example histone demethylase KDM4B, which
has been shown to bind chromatin at the genomic CE3 locus (Duan et al., 2019), was not
enriched by this dataset whereas KDM4B-associated factors TRIM28, SF3B3 and U2AF2 were.
Our method of nuclear extraction has likely isolated soluble proteins, neglecting to isolate the
insoluble fraction that often constitutes chromatin-associated elements (Takat et al., 2009).
Therefore, matched workflows that label proteins proximal to DNA/chromatin or RNA at CE3
in a gRNA-directed manner using dCas9 and dCasRx, respectively, may be combined with
optimisation of protein isolation to provide complementary datasets. Indeed this is an area
of active research in the host group, and colleagues are currently undertaking development

of a dCas9-based APEX2 methodology.

In retrospect, significant advantages may have been gained by fusing catalytically active CasRx
with APEX2 in the same manner as dCasRx. In order to validate dCasRx-APEX2 RNA-targeting
functionality and verify that fusion with APEX2 was not deleterious, it was necessary to
develop a BAn/H20, RNA-labelling and streptavidin pulldown assay. Though this methodology
achieved the desired goals, it is costly, time-consuming, and technically laborious compared

to a simpler gPCR or western blot knockdown readout.

Had CasRx been fused with APEX2 from the outset with an identical linker to dCasRx-APEX2,
the latter approaches could have been used by making the assumption that if a CasRx-APEX2
fusion could effectively utilise a gRNA for target mRNA degradation, it must be capable of
gRNA-mRNA binding and recognition. Therefore, it follows that dCasRx-APEX2, which only
differs by four catalytic residues, would similarly bind mRNA in a gRNA-directed manner. This
would have created the possibility to screen multiple gRNAs against a target more efficiently,
possibly using a higher throughput technique such as FACS. Nevertheless, we designed and
validated the necessary gRNA for this project although this idea would warrant testing for
future use of this method at other RNA interactomes of interest.
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Our attention now turned to harnessing this proteomics dataset for selection and validation
of novel AR-V7 splicing regulators, which forms the focus of the subsequent and final results

chapter.
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Chapter 6 Selection and validation of novel AR-variant
splicing factors

6.1 Introduction and rationale

With proximity biotinylation proteomics targeted at CE3 mRNA in CWR22Rv1 successfully
validated, protein enrichment data now required application towards achieving the project’s
primary objective: identification of novel AR-V7 splicing regulators. All work performed up to
this point including reagent generation, technical optimisation and proteomic analyses have
ultimately had this goal in mind, therefore this next stage represents a crucial proof of concept
that this approach is more than a demonstration of novel techniques and can help answer
biologically relevant questions. Using a dCasRx-APEX2 approach with gRNA AR g2, we
enriched 203 CE3-proximal proteins at p < 0.05 and FDR (adjusted p-value) < 0.25 (Figure
5.20). Therefore, the next step of analysis will be formulation of a selection strategy from this

list of proteins to identify candidates for functional validation.

Careful assessment of the dataset ruled out simply selecting a panel of the most enriched
CE3-proximal proteins. Functional analyses of experimentally identified proteins
demonstrated significant overrepresentation of splicing processes (Figure 5.21), providing
confidence of our targeting to an actively spliced mRNA exonic region. Therefore, we were
cognizant of the fact that selecting the most highly enriched factors could merely reflect
proteins that are abundantly present at all splicing junctions. The purpose of this project was
to select factors that are reasonably specific for CE3 inclusion in AR-V7, in the hope that their
inhibition may provide superior selectivity and minimise global alternative splicing

perturbations.

Numerous publications have examined AR-V splicing factor inhibition in CRPC as summarised
in Table 1.2. However, these have largely explored members of the core spliceosomal
machinery or polyadenylation complexes. Given the essential cellular functions of alternative
splicing, targeting these core components would be likely to cause prohibitive toxicity as seen
in clinical trials of pharmacological splicing inhibition to date, which have failed in solid

tumours (Eskens et al., 2013; Hong et al., 2014; NCT00499499 and NCT00459823). Although
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the remit of this project will not move beyond preclinical work, we hope to demonstrate an

element of specificity for AR-V7 splicing among our chosen factors.

It was therefore decided to leverage a range of publicly available PCa and CRPC clinical
datasets to assist target selection for two primary reasons. Firstly, by correlating expression
of proteins (or the genes encoding them) with a range of parameters including, for example,
AR-V7 levels, activation of AR-V7 target genes, or patient survival, it was hypothesised that
this would maximise the chances of selected protein(s) being bona fide AR-V7 splicing
regulators. Such metrics should complement this interactome dataset well to collectively
provide information on splicing factors that are: i) interacting with CE3 mRNA in a CRPC model
expressing high levels of AR-Vs; and ii) associated with AR-V7 splicing and activity in patient
cohorts. This combined information is significantly more powerful than the latter alone, as
correlation with AR-V7 expression signatures does not necessarily reflect causation. However,
linking correlative data with our experimental validation of CE3 interaction would strongly

indicate a direct role in AR-V7 generation.

The second reason to utilise such data is in an effort to raise translational relevance. The
approach used here has been designed, optimised, and applied in a single model of CRPC.
Although future work could undoubtedly include expansion of techniques to other PCa lines
that express AR-Vs, at present only CWR22Rv1 have been used. Whilst this has provided an
excellent proof of concept for this biomolecular technique, there will naturally be concerns
regarding whether identified factors are specific to this cellular and genetic background only.
Therefore, use of patient-derived datasets will be invaluable for any future utility of validated

proteins as predictive biomarkers of AR-Vs or therapeutic targets to block AR-V7 splicing.

Splicing factor aberrations in solid tumours are largely gene amplification or overexpression
events as opposed to the high frequency of splicing factor mutations seen in haematological
malignancies (Anczukéw and Krainer, 2016). Hence, use of clinical cohort gene expression
data represents an appropriate means of selection from our AR g2-enriched protein list.
Clinical proteomics data would have been of additional value, particularly
phosphoproteomics as splicing regulators, including the SR protein family, are regulated by
phosphorylation status (Jeong, 2017). However, there is a marked paucity of patient-derived
proteomics data. Although public repositories including the Clinical Proteomic Tumor Analysis
Consortium (CPTAC) are available, their depth is limited, and currently the wealth of available
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data using genomics and transcriptomics far exceeds that of proteomics (Kwon et al., 2021;
Seydel, 2022). The Human Proteome Project (HPP), launched in 2010, is attempting to bridge
the knowledge gap (Adhikari et al., 2020). However considering the range of possible post-
translational modifications and lack of nucleic acid-based signal amplification techniques such
as PCR, the technical complexity of large-scale proteomics is readily apparent. Therefore gene

expression analyses will form the mainstay of our work.

Discussion of specific datasets and how they have been used will follow in subsequent results
sections. Ultimately, the aim is to select protein candidates for subsequent manipulation in
vitro, thereby experimentally confirming their involvement in AR-V splicing. It is likely that
these experiments will result in a lead protein showing the most encouraging data, for which
more extensive functional investigation will be performed. This validation will form the final
stages of this PhD project as proof that dCasRx-APEX2 technology can successfully unveil

novel splicing regulators, in this instance being applied to AR-V7 in CRPC.
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6.2 Specific materials and methods

All catalogue numbers are supplied at first reference to use of reagent in the document, after

which they are omitted.

6.2.1 Analysis of publicly available RNA-Seq clinical cohorts

For interrogation of the SU2C/PCF mCRPC cohort (Abida et al., 2019), the R Bioconductor
package cBioPortalData (v2.6.1, Ramos et al., 2020) was used to extract relevant study data
for analysis as detailed in results sections. Unless specified otherwise, Pearson’s correlation
coefficient was used for determining correlations between parameters. Specific gene sets
used for AR and AR-V7 activity correlations are specified within analysis results. For
determining mean correlation across signatures, Fisher z-transformation was applied to
correlation coefficients. Custom R scripts were used to analyse parameters for each of the 63

gene panel.

For the TCGA-PRAD dataset, TCGAbiolinks (v2.15.3) was used to extract raw gene expression
counts. Information on patient V7 status was obtained from cBioPortal (Gao et al., 2013)
entries, with presence or absence of AR-V7 defined as in the TCGA-PRAD 2015 analysis (TCGA,
2015). Differential gene expression analysis between AR-V7 positive and negative patients
was performed using edgeR (v3.32.0) (Robinson, McCarthy and Smyth, 2010). log2 counts-

per-million were generated using the edgeR trimmed-mean of M values normalisation.

The R software environment was used via RStudio, with versions as described in Section

5.2.12.

6.2.2 Analysis of publicly available microarray datasets

Microarray gene expression data was obtained via gene expression omnibus series GSE35988,
microarray platform GPL6480 (Grasso et al., 2012). Differential gene expression analysis
between tunour types was implemented using limma via the GEO2R online tool (Barrett et
al., 2012). log2 normalised microarray expression values generated by GEO2R were extracted

for visualisation and plotting.

6.2.3 Determination of gene essentiality
Data on pan-cellular gene essentiality was obtained from the cancer dependency map

(DepMap) portal (Tsherniak et al., 2017)., available at https://depmap.org/portal/.
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6.2.4 Patient survival analysis

Patient survival in the SU2C/PCF mCRPC cohort was determined by Pearson’s correlation
coefficient between log2 FPKM expression for the genes specified and overall patient survival,
measured in months, which was obtained from cBioPortal (Gao et al., 2013). Patient survival
between top and bottom quartiles of gene expression in the TCGA-PRAD dataset was
determined by logrank test. All TCGA-PRAD survival analysis and plots were performed using
the Tumor online Prognostic analysis Platform (Ouyang et al., 2022), available at

http://www.biostatistics.online/topp/.

6.2.5 Amino acid multiple alignment between TRA2A and TRA2B

UniProt amino acid FASTA sequences for TRA2A (UniProt Q13595) and TRA2B (UniProt
P62995) were aligned using the constraint-based alignment tool for multiple protein
sequences  (COBALT) (Papadopoulos and  Agarwala, 2007), available at

https://www.ncbi.nlm.nih.gov/tools/cobalt/

6.2.6 siRNA transfection

CWR22Rv1 cells were reverse transfected in 6-well plates with siRNA at a 25 nM
concentration using 0.2% lipofectamine™ RNAIMAX according to manufacturer instructions.
Opti-MEM™ | was used as serum-free media for creation of transfection complexes. 72 hours
later, protein or RNA was harvested and RT-gPCR or western blot was performed as described

Sections in 3.2 and 3.3.

VCaP cells were seeded in 6-well plates in either 10% FBS or 10% dextran-coated charcoal
stripped FBS as specified and grown until 80% confluent. At 80% confluency, siRNA was
transfected into cells and enzalutamide was added. Briefly, media was refreshed with the
addition of 10 uM enzalutamide where applicable and siRNA was transfected at a 25 nM
concentration using 0.2% lipofectamine™ RNAIMAX according to manufacturer instructions.
Opti-MEM™ | was used as serum-free media for creation of transfection complexes. 72 hours
after enzalutamide treatment/siRNA transfection, protein or RNA was harvested and RT-

gPCR or western blot was performed as described in Sections 3.2 and 3.3.

All siRNA sequences used are listed in Table 6.1. SMARTpool siRNA was used at 25 nM final
concentration. For combined TRA2A/B depletion, 25 nM of each TRA2 siRNA was used.
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siRNA Sense sequence (5’ - 3’)

non-targeting (NT) UUCUCCGAACGUGUCACGU
(Sigma)
THRAP3 SMARTpool THRAP3 SP 1: GGUAUAAGCUCCGAGAUGA
(Horizon L-019907-00- THRAP3 SP 2: CCGAGUGACUGCUUAUAAA
0005) THRAP3 SP 3: CAACAUAUAGUGACCAUUG

THRAP3 SP 4: CAAAUGGGAGGGCCUGGUA

SART1 SMARTpool SART1 SP 1: GCUACAAACCCGACGUUAA
(Horizon L-017283-00- SART1 SP 2: CCGAAUACCUCACGCCUGA
0005) SART1 SP 3: GAACCGAUCGUGAAUAGGG

SART1 SP 4: UAAAGACCCUAGGAGAGGA
TRA2A (Thermo s26664) GGAUCUUCGUGAAGUAUUU
TRA2B (Thermo s512749) GGAGGAUACAGAUCACGUU

Table 6.1 - siRNA sequences used in knockdown experiments

6.2.7 CWR22Rv1 TRA2 knockdown RNA-Seq analysis

CWR22Rv1 were reverse transfected as in Section 6.2.6, using NT, TRA2A, TRA2B or combined
TRA2A/B siRNA. 72 hours post-transfection, RNA was extracted using the GenElute™
mammalian total RNA miniprep kit. n = 3 biological replicates were prepared and sent on dry
ice to GENEWIZ™ for paired-end, strand-specific RNA-Seq. RNA-Seq libraries were prepared
using poly(A) selection and ~25 - 40 million 2 x 150 bp reads were sequenced per sample on
an lllumina NovaSeq™ 6000. FASTQ files were quality checked using FastQC (v0.11.9,
Andrews, 2010) and a quality summary report was compiled with MultiQC (v1.9, Ewels et al.,
2016). lllumina universal adapter sequences were trimmed from reads using Cutadapt (v3.5
Martin, 2011), and successful adapter removal was confirmed by running trimmed FASTQ files

through FastQC again (v0.11.9).

A genome index was generated using STAR (v2.7.0e, Dobin et al., 2013) genomeGenerate
mode with the GENCODE GRCh38 primary assembly and associated GTF annotation (release
v43). SAM files were generated against this index with STAR (v2.7.0e), using default settings.
SAMtools (v1.16.1, Li, Handsaker et al., 2019) was subsequently used for sorting files by
genomic coordinate. SAMtools was also used for conversion of files to BAM format. A gene
counts matrix was created with featureCounts (Subread v1.4.0) (Liao et al., 2014), using

GENCODE primary assembly GTF annotation (release v43).
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For differential gene expression analysis, gene-level counts generated by featureCounts were
exported. DESeq2 (v1.34.0, Love, Huber and Anders, 2014) was used with default settings for
calculation of differential gene expression between samples, and the ashr algorithm for log2
fold change shrinkage (Stephens, 2017) was implemented within DESeq2. Genes were sorted
by log2 fold change for gene set enrichment analysis using GSEA software (v4.0.3)
(Subramanian et al., 2005). Gene expression counts, normalised by DESeq2, were extracted

for plotting.

For differential exon usage analysis, exon-level counts were generated from sorted BAM files
using the QoRTs package (v1.3.6, Hartley and Mullikin, 2015) with GENCODE primary
assembly GTF annotation (release v43). JunctionSeq (v1.2.4, Hartley and Mullikin, 2016) was
used with default settings to calculate differential exon usage of genes between siRNA

conditions. Exon coverage counts, normalised by JunctionSeq, were extracted for plotting.

All Linux software was run on the Rocket high performance computing server at Newcastle

University. All R packages were run using R and RStudio as described in Section 6.2.1.

6.2.8 Sulforhodamine B (SRB) assay

In 96-well plates, 2,500 and 5,000 cells per well of CWR22Rv1 and VCaP cells, respectively,
were reverse transfected as in Section 6.2.6. Transfections were performed in 90 pul total
media volume, with a 25 nM concentration of the indicated siRNAs. After 24 hours, 10 ul
DMSO or enzalutamide was added to a concentration of 0.1% DMSO, or 10 uM enzalutamide
in 0.1% DMSO, in a final culture volume of 100 ul. At the indicated post-treatment timepoints,
cells were fixed using 10% (w/v) ice-cold TCA (Sigma T4885) and stored at 4°C until processing.
Once all timepoints were fixed, plates were washed in diH,0 and air dried. Cells were then
stained using 0.4% (w/v) SRB (Sigma $9012) dissolved in 1% acetic acid (v/v) for 30 minutes at
room temperature. Plates subsequently underwent two rounds of 5 washes in 1% acetic acid
(v/v) and were air dried. Cell-bound dye was solubilised in 100 pl 10 mM Tris-HCI (pH 10.8) by
shaking at room temperature for 15 minutes, before 570 nm absorbance readings were taken
using a microplate reader (Bio-Rad). All SRB data was normalised to respective day 0 samples,
before being scaled within each biological replicate to the NT siRNA/DMSO-treated
experimental arm. SRB datapoints were calculated as an average of technical triplicates within

each biological replicate.
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6.2.9 Phosphorodiamidate morpholino and decoy RNA oligomer transfection

For phosphorodiamidate morpholino oligomers (PMO) experiments, CWR22Rv1 and VCaP
cells were reverse transfected in 12-well plates with the indicated PMO at a 10 uM
concentration using 0.2% lipofectamine™ RNAIMAX according to manufacturer instructions.
Opti-MEM™ | was used as serum-free media for creation of transfection complexes. 48 hours
later, transfection was confirmed by live-cell imaging of fluorescein-conjugated oligomers
with a Nikon™ TE2000 fluorescence microscope, before RNA was extracted for RT-gPCR as
detailed in Section 3.3. PMO sequences used are: CE3 block, 5 -
AGTCAGCCTTTCTTCAGGGTCTGGT - 3’; control, 5 - CCTCTTACCTCAGTTACAATTTATA - 3.

For decoy RNA experiments, CWR22Rv1 cells were reverse transfected in 12-well plates with
the indicated decoy RNA oligomers at a 5 UM concentration using 0.2% lipofectamine™
RNAiIMAX according to manufacturer instructions. Opti-MEM™ | was used as serum-free
media for creation of transfection complexes. 48 hours later, RNA was extracted for RT-qPCR
as detailed in Section 3.3. Decoy RNA sequences used are: TRA2 decoy, 5 - (AGAA)5, - 37,
control decoy, 5’ - (GCAAUCC)3,- 3.

156



6.3 Publicly available prostate cancer data facilitates splicing factor selection

For selection of protein candidates from the CE3 interactome, a range of publicly available
datasets were employed. Before analysing these, the limma-derived protein enrichments
were filtered, as despite seeing significant overrepresentation of splicing processes dCasRx-
APEX2 also captured ribosomal proteins (Figure 5.21A). Furthermore, protein subunits of RNA
polymerase Il were enriched, indicating that this dataset selected for transcriptional
processes to some degree. Although splicing occurs cotranscriptionally and is influenced by
transcriptional rates (Merkhofer, Hu and Johnson, 2014), this project’s primary focus was on
splicing factor identification. To generate a final protein list for further analysis, limma outputs
were filtered to solely include proteins enriched at p < 0.05 and FDR (adjusted p-value) <0.25
that are also functionally involved in any category of splicing activity based on annotation
sourced from QuickGO (Binns et al., 2009), resulting in 63 protein candidates for subsequent

interrogation.

A large cohort of 429 mCRPC patients from the international Stand Up to Cancer/Prostate
Cancer Foundation (SU2C/PCF) consortium was selected, from which tumour RNA-Seq gene
expression data is publicly available for more than 200 samples (Abida et al., 2019). All data
for this study was accessed for analysis using the R Bioconductor package cBioPortalData
(Ramos et al., 2020). Additionally, this dataset contained two forms of RNA-Seq expression
library, derived from exon capture technology and poly(A) selection. We chose the former (n
= 208 patients) due to its greater tolerance for RNA degradation, which is more likely to be a

concern for patient tumour-derived RNA extractions (Cieslik et al., 2015).

First, fragments per kilobase million (FPKM) RNA-Seq expression values from the final 63 gene
panel were correlated with AR-V7 spliced reads per million (SRPM), whereby a spliced read
is classed as an RNA-Seq read mapping across the exon 3/CE3 splice junction (Figure 6.1A)
(Abida et al., 2019). Correlation analysis revealed 26 genes to have an association with AR-V7
at p <0.05 (Figure 6.1B). As AR-V7 levels have been shown to further increase upon treatment
with enzalutamide (ENZ) and/or abiraterone acetate (AA) both in patients and xenograft
models (Sharp et al., 2019; Sowalsky et al., 2022), which was also observed in this dataset
(Figure 6.1C), it was of interest to separate this n = 208 cohort into groups of AA/ENZ naive
and treated patients. Separate analysis of naive/treated groups demonstrated striking

differences in the strength of correlation upon treatment for certain genes including
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published AR-V7 regulator SFPQ (Takayama et al., 2017) (Figure 6.1D). Analysis of expression
changes in response to these agents will further aid target selection from CE3-interacting

proteins identified by dCasRx-APEX2 workflows.
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Figure 6.1 - Correlation of enriched proteins' gene expression with AR-V7 splicing in an mCRPC patient cohort

A. Proteins enriched using dCasRx-APEX2 at p < 0.05 and FDR < 0.25, that were also associated with splicing gene
ontology, were selected for correlation analysis using an n = 208 mCRPC patient cohort (Abida et al., 2019).
Genes encoding this list of 63 proteins were examined for correlation between gene expression (FPKM) and AR-
V7 splicing (SRPM), the latter being classed as the number of RNA-Seq mapped reads spanning the exon 3/CE3
boundary per million reads B. Expression of 26 genes correlated with AR-V7 SRPM at p < 0.05 using Pearson’s
correlation coefficient C. Mean AR-V7 SRPM was compared between AA/ENZ naive and exposed patients.
AA/ENZ naive comprised n = 106 patients, AA/ENZ exposed comprised n = 89 patients. Individual patient AR-V7
SRPM values are plotted, significance was determined by unpaired t-test (*** = p < 0.001) D. Numerous genes
exhibit significantly greater FPKM expression correlation with AR-V7 SRPM in AA/ENZ-treated patients than
AA/ENZ-naive. Correlation was determined using Pearson’s correlation coefficient. SFPQ is displayed as an
example
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Examination of AR-V7 SRPM across the analysed cohort demonstrated numerous patients had
SRPM values of either 0 (n = 24) or < 0.5 (n = 61) (Figure 6.2A). Given that the AR-V7 SRPM
measure relies on reads spanning the exon 3/CE3 junction, it was theorised that a secondary
AR-V7 activity readout may act as a surrogate marker for AR-V7 generation where SRPM is at
the limits of detection. To this end, a range of gene sets and signatures representing AR-V7
activity were leveraged. One of these was a 2012 study that utilised ectopic expression of AR-
V7 in LNCaP PCa cells, which are negative for AR-V7, in the presence or absence of androgen
to derive a pair of distinct 25-gene signatures, AR_FL_UP and AR_V7_UP, that delineate
transactivation by AR-FL and AR-V7, respectively (Hu et al., 2012).

Precise categorisation of AR-FL/AR-V7 specific target genes is somewhat challenging, as the
cistromes of AR species overlap considerably (Cato et al, 2019). Furthermore, the host lab has
generated a CRISPR-engineered CRPC cell line, CWR22Rv1-AR-EK, that expresses AR-Vs in the
complete absence of AR-FL (Kounatidou et al., 2019). Knockdown of AR-Vs in this cell line
results in a highly significant negative gene set enrichment analysis (GSEA) result for the
‘Hallmark Androgen Response’ (Figure 6.2B) (Liberzon et al., 2015; Subramanian et al., 2005).
This is a well-defined gene set representing the AR transcriptional response to androgen

treatment, further evidencing the intersection of AR-FL/AR-V transactivation capability.

Therefore, expression of the 25-gene AR-FL and AR-V7 signatures described (Figure 6.2C) was
correlated with the final list of genes encoding 63 splicing factors enriched by dCasRx-APEX2.
Two metrics were analysed. First, genes were ranked on the basis of mean correlation with
AR_V7_UP genes in n =208 mCRPC cases (Figure 6.2D). Given the aforementioned overlap in
AR-FL/AR-V7 targets, an assessment of preferential correlation with AR-V7 transactivation
over AR-FL would also be insightful. Consequently, the same correlation was performed using
AR_FL_UP genes to provide a readout of AR-FL activity, and the relative correlation with
AR_V7_UP over AR_FL_UP was determined. Genes in the top quartile (Q4) of AR_V7_UP over

AR_FL_UP relative correlation are plotted (Figure 6.2E).
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Figure 6.2 (previous page) - Target gene expression data may provide an auxiliary readout of AR-V7 generation

A. Numerous RNA-Seq samples in the analysed SU2C/PCF mCRPC cohort had either 0 (n = 24) or < 0.5 (n = 61)
AR-V7 SRPM B. GSEA of the Hallmark Androgen Response from an RNA-Seq experiment in which AR-Vs are
depleted in CWR22Rv1-AR-EK, a CRPC cell line that expresses AR-Vs only (Kounatidou et al, 2019) C.
Experimental summary of a study that used combinations of AR-V7 plasmid transfection and treatment with
synthetic androgen R1881 in LNCaP PCa cells, which are AR-V7 negative, to derive AR-FL and AR-V7 25-gene
transactivation signatures (Hu et al., 2012) (Figure created using biorender.com) D. Mean correlation analysis
was performed for each of the 63-gene list with the AR_V7_UP 25-gene signhature (Q4 - top quartile marked by
blue dotted line and points). Pearson’s correlation coefficient was used. Fisher z-transformation was applied for
calculation of mean correlation across the 25-gene signature. Q4 correlating genes are displayed in the table E.
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The same correlation analysis was performed as in (D), using the AR_FL_UP signature. From this, the relative
correlation with AR-V7 over AR-FL target genes was derived. Log2 AR-V7/AR-FL correlation is plotted for the top
quartile (Q4) of genes.

To further probe correlations, two additional gene signatures associated with AR-V7 levels
were sourced from the literature. Both studies analysed tumours for gene expression
patterns, deriving 59-gene (Sharp et al., 2019) and 41-gene (Cai et al., 2018) signatures. The
former validated an association between this 59-gene signature and nuclear AR-V7 protein
expression in CRPC (Sharp et al., 2019), whilst the latter study performed specific knockdown
of AR-V7 in CWR22Rv1 before going on to demonstrate that of the transcriptome alterations
by knockdown, a signature of 41 genes correlated with AR-V7 positivity in patient samples

(Cai et al., 2018).

Correlation analysis was performed again, this time against each of the above signatures
(Figure 6.3A, B). Mean Pearson’s coefficients were not as great as those seen for AR_V7_UP
(Figure 6.2D), although this would largely be expected given that AR_V7_UP was defined in a
tightly controlled in vitro model of PCa as opposed to large CRPC tumour cohorts that are
likely to exhibit significantly greater heterogeneity. Nevertheless, an awareness of how genes
that encode the 63-protein list of enriched splicing regulators correlate with these clinically

confirmed signatures will aid target selection.
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Figure 6.3 - Correlation of enriched protein genes with clinically identified AR-V7 signatures provides
additional evidence for protein selection

Correlation analysis of genes encoding the 63-protein list of splicing regulators enriched by dCasRx-APEX2 was
performed as in Section 6.2, in this instance against two AR-V7 target gene signatures (A - Sharp et al., 2019, B -
Cai et al., 2018) confirmed to associate with AR-V7 expression in CRPC tumour cohorts. Mean Pearson’s
coefficient is plotted for the top quartile of correlated genes
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In addition to this n = 208 mCRPC cohort, TCGAbiolinks was used (Colaprico et al., 2016) to
access RNA-Seq count data derived from The Cancer Genome Atlas (TCGA) prostate
adenocarcinoma cohort (TCGA-PRAD); specifically a 2015 analysis of 320 patients that
included sample information on AR-V7 mapped reads (TCGA, 2015). It could be argued that
analysis of AR-V7 in a primary prostate cancer cohort such as this is less relevant to splicing
factor selection, given the lower AR-V7 frequency observed compared to the SU2C/PCF
mCRPC dataset and also observed by others (Sharp et al., 2019). However, the fundamental
mechanisms of CE3 sequence recognition and binding by splicing factors and, ultimately, AR-
V7 generation, are likely to be similar between primary PCa and CRPC as there are no
observed changes to the CE3 sequence in AR pre-mRNA between these disease states. Rather,
it is probable that changes in AR-V7 frequency between primary PCa and CRPC are due to
alterations in splicing factor expression levels. Therefore, it was decided that expression

analysis within TCGA-PRAD data in addition to the SU2C/PCF cohort would still be informative.

The Data from the TCGA-PRAD cohort was used to split patient samples into two groups based
on a binary classification of AR-V7 presence (n = 83) or absence (n = 237), in which the authors
defined ‘presence’ as > 2 total reads spanning the junction. Transcriptome-wide differential
gene expression analysis (DGEA) between groups was subsequently performed using the
edgeR Bioconductor library (Robinson, McCarthy and Smyth, 2010), and results were filtered
for genes in the panel of 63 that also exhibited upregulation in AR-V7 positive patients at an
FDR < 0.05. This returned a group of just four genes: THRAP3, U2AF2, RBM4 and TRA2B (Figure
6.4A).

As an alternative measure of association, patients were split into the top and bottom quartiles
of expression for each of the 63-gene list before assessing differences in AR-V7 read numbers
between bottom (Q1) and top (Q4) quartile groups. This analysis demonstrated that when
split by expression quartiles, 15 genes on our panel exhibit significantly greater (p < 0.05) log2
AR-V7 reads in Q4 vs Q1 samples (Figure 6.4B). Therefore, analysis of this TCGA-PRAD cohort
provides additional information that supplements prior examination of an n = 208 mCRPC
patient dataset (Abida et al, 2019). Collectively, analysis of these datasets provided
comprehensive information helping inform selection of splicing factors from the panel of 63

for functional validation (Figure 6.5).
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Figure 6.4 - A panel of genes encoding dCasRx-APEX2-enriched splicing factors are associated with AR-V7
expression in TCGA-PRAD samples

A. Patients from the TCGA-PRAD cohort for which AR-V7 spliced read information was available (n = 320), were
split into two groups denoting absence (negative, n = 237) or presence (positive, n = 83) of AR-exon 3/CE3-
spanning RNA-Seq alignments. Transcriptome-wide differential gene expression analysis was performed using
edgeR and results were filtered for genes differentially expressed at an FDR < 0.05 that were also in the 63-gene
panel encoding AR g2-enriched splicing factors. Just 4 genes: THRAP3, U2AF2, RBM4 and TRA2B met these
criteria. Log2 edgeR-normalised counts-per-million (CPM) are plotted. Asterisks denote edgeR analysis FDR
significance (* = FDR < 0.05, ** = FDR < 0.01). Individual data points for each sample are plotted in black, red
denotes the median value and 25"/75%™ percentiles B. In the same TCGA-PRAD dataset, patient samples were
split into two groups comprising the upper (Q4) and lower (Q1) quartiles of edgeR normalised log2 CPM values.
This was performed for each gene in the panel of 63. For each of these 63 divisions, log2 AR-V7 reads were
compared between Q4 and Q1 by unpaired t-test. 15 genes, plotted above, had significantly greater AR-V7 reads
in Q4 at a p < 0.05. Mean log2(AR-V7 reads +1) are plotted as the mean + 95% confidence intervals
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Figure 6.5 - Summary of CWR22Rv1 CE3 interactome triangulation with publicly available datasets

dCasRx-APEX2 workflows in CWR22Rv1 enriched 203 CE3-interacting proteins at p < 0.05 and FDR < 0.25. This
panel was further refined for proteins with established splicing activity, yielding a list of 63. Two large RNA-Seq
datasets obtained from PCa and mCRPC patients enrolled into TCGA and SU2C/PCF studies were analysed for
associations between AR-V7 splicing, activity signatures and expression of genes encoding the panel of 63
proteins
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As a result of these analyses, two protein candidates were taken forward for experimental
investigation: TRA2B and THRAP3. Both genes encoding these were in our panel of 26 that
significantly correlate with AR-V7 SRPM in the SU2C/PCF mCRPC cohort (Figure 6.1B), and
TRA2B expression correlates to a far greater degree in AA/ENZ-exposed than AA/ENZ-naive
patients (Figure 6.6A). THRAP3 exhibited strong correlation with AR-V7 SRPM in both
subgroups of patients, at greater statistical significance than TRA2B (Figure 6.6B). In addition,
TRA2B was the second highest-correlating gene with the AR_V7_UP activity signature and
was amongst the top quartile of genes exhibiting differentially increased correlation between
AR_V7_UP and AR_FL_UP (Figure 6.2D, E). Furthermore, THRAP3 and TRA2B were amongst
the genes correlating highest with the 59-gene (Sharp et al., 2019) or 41-gene (Cai et al., 2018)

clinically observed AR-V7 expression signatures (Figure 6.3).

Both genes were in a group of just 4 out of the 63-gene list to have greater expression in AR-
V7 positive TCGA-PRAD patients at an FDR < 0.05 (Figure 6.4A), whilst also being one of 15 to
display significantly higher AR-V7 spliced reads in Q4 over Q1 gene expression groups (Figure
6.4B). TRA2B and THRAP3 also belonged to an 8-gene set that both correlated with AR-V7
SRPM in the SU2C/PCF cohort and demonstrated higher AR-V7 between quartile groups in
the TCGA-PRAD dataset at p < 0.05 (Figure 6.6C).
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Figure 6.6 - TRA2B and THRAP3 emerge as lead splicing candidates for functional analysis

A. TRA2B FPKM expression was correlated with AR-V7 SRPM in AA/ENZ naive and exposed patients of the
SU2C/PCF mCRPC cohort (correlation data sourced from analysis summarised in 6.1) B. THRAP3 FPKM expression
was correlated with AR-V7 SRPM in AA/ENZ naive and exposed patients of the SU2C/PCF mCRPC cohort
(correlation data sourced from analysis summarised in 6.1) C. Eight genes were statistically significant in both
the analysis performed in (A) and (B), and in the Q4 vs Q1 AR-V7 analysis summarised in 6.4B. Two of these
genes were TRA2B and THRAP3 (highlighted with red asterisk)
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Other genes also presented as strong potential candidates from our analyses, including
EIF4A3, EFTUD2, and DHX9. All genes of interest were examined on the cancer dependency
map (DepMap) portal, an analysis led by the Broad Institute whereby genome-wide CRISPR
and RNAi screens were used to determine pan-cancer cellular gene essentiality (Tsherniak et
al., 2017). EIF4A3, EFTUD2 and DHX9 are all classified as ‘common essential’ genes, depletion
of which is deleterious in the vast majority of tested cell lines indicating likely involvement in
core spliceosomal machinery. Encouragingly, TRA2B and THRAP3 displayed more favourable
profiles, suggesting both proteins may be involved in more selective splicing regulatory

processes that are not absolutely essential for cell viability (Figure 6.7A).

Additional supplementary lines of evidence further supported selection of TRA2B and
THRAP3. Analysis of microarray gene expression data from a cohort of localised, treatment-
naive PCa and mCRPC tumours (Grasso et al., 2012) highlights THRAP3 as one of the most
highly overexpressed of all assayed genes in mCRPC (Figure 6.7B). Though this dataset does
not include information on AR-V7, thus was omitted from original analyses, it provided
auxiliary justification for THRAP3 selection. Moreover, survival analysis revealed TRA2B
expression to negatively correlate with overall survival in the SU2C/PCF mCRPC dataset
(Figure 6.7C) and to significantly associate with lower progression-free survival in the TCGA-
PRAD cohort, further bolstering TRA2B selection as a clinically relevant splicing factor in CRPC
that merits study (Figure 6.7D).

Lastly, both TRA2B and THRAP3 have been noted in the literature previously, though not in
relation to AR-V splicing. A 2015 study of an independent PCa cohort in China noted TRA2B
expression to associate with poor survival outcomes, biochemical recurrence, and lymph
node metastases (Diao et al.,, 2015). THRAP3 was examined in another publication that
performed phopshoproteomic comparisons between LNCaP and an androgen-independent
derivative, LNCaP-Al. They found multiple differences in THRAP3 phosphorylation sites
between LNCaP-Al and LNCaP, which was shown to alter its association with a range of
splicing factors (Ino et al., 2016). As LNCaP-Al are known to express a degree of AR-V7
compared to their androgen-sensitive parental cell line (Liu et al., 2014), this study potentially
implicates THRAP3 in this process. Neither of these publications examined AR-V expression
or splicing thus conferring a sufficiently novel angle for our study whilst also providing

encouragement for our selected factors.
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Figure 6.7 - Supplementary analyses further vindicate selection of TRA2B and THRAP3 as candidates

A. Pan-cellular essentiality of TRA2B and THRAP3, along with other genes that scored well in our analyses, was
examined using the cancer dependency map (DepMap). DepMap assesses deleterious effects of gene depletion
across several hundred cell types by both CRISPR knockout (CRISPR) and RNA interference (RNAI). Cell line
dependency indicates the percentage of cell types screened by DepMap for which a given gene is essential to
survival B. Analysis of expression differences was performed between localised, treatment (Tx) naive PCa vs
mMCRPC tumours from a previous microarray study (Grasso et al., 2012). Differential expression was analysed
between groups using limma via the GEO2R online tool (Barrett et al., 2013). Log 2 normalised expression is
plotted for THRAP3. Significance is determined by /imma analysis FDR (**** = p < 0.0001) C. Pearson’s
correlation coefficient between log2 TRA2B FPKM and overall survival (months) in the SU2C/PCF mCRPC cohort
was determined D. Difference in progression-free interval between the top (red) and bottom (black) patient
quartiles of TRA2B expression in the TCGA-PRAD cohort was determined by logrank test. Survival analysis in (D)
was performed using the Tumor online Prognostic analysis Platform (ToPP) (Ouyang et al., 2022)

An additional factor to be included in functional experiments was SART1. Given the
aforementioned possibility of workflows selecting for cotranscriptional as well as splicing
processes, it would be of interest to select a protein that was significantly enriched by dCasRx-
APEX2 proteomics that may not be an AR-V7 specific regulator based on analyses presented
here. A previous CRISPR screen noted that SART1 depletion appears to mediate a degree of

depletion in both AR-FL and AR-V7 (Tang et al., 2022). Furthermore by using some of the same
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analyses as in Section 6.7, SART1 expression is significantly increased in mCRPC patients and
negatively associates with survival in the TCGA-PRAD cohort (Figure 6.8). Therefore its
enrichment by dCasRx-APEX2 and association with these metrics, whilst lacking AR-V7
specificity, may indicate that it functions as a more general oncogenic regulator of the AR

gene.

TRA2B, THRAP3 and SART1 proteins will now be functionally investigated in the forthcoming

chapter by analysing any effects their depletion has on AR-FL/AR-V7 levels.
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Figure 6.8 - SART1 was selected as an additional factor upregulated in mCRPC and associated with poor PCa
survival

SART1 expression differences between mCRPC and therapy-naive PCa were analysed by the same methods as
used in Figure 6.7B. Survival analysis between the top (red) and bottom (black) SART1 patient expression
quartiles in the TCGA-PRAD cohort was performed as in Figure 6.7D
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6.4 Experimental validation confirms TRA2B as an AR-V7 splicing factor

To investigate functional involvement of the selected factors in AR-V7 splicing, each gene was
depleted using siRNA. All experiments used a non-targeting (NT) siRNA as a control for
comparison with splicing factor-targeting siRNA. CWR22Rv1 were used initially in order to
validate observations from proteomics experiments. This was first tested by gPCR, whereby
levels of AR-FL and AR-V7 were assayed using a common AR exon 3 primer in combination
with a reverse primer selective for either exon 4 (AR-FL) or CE3 (AR-V7) (Figure 6.9A). Neither
TRA2B or THRAP3 depletion mediated reductions in AR-FL or AR-V7 transcripts, instead the
opposite effect was observed with both mRNAs increasing in abundance (Figure 6.9B).
Conversely, SART1 knockdown caused a significant decrease in both AR-FL and AR-V7,
potentially alluding to its function as a general driver of AR transcription (Figure 6.9B). Levels
of target gene depletion were also checked, and it is notable that siRNA only modestly

downregulated TRA2B in this instance (Figure 6.9C).
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Figure 6.9 - Initial assessment of AR-FL and AR-V7 mRNA levels upon target depletion in CWR22Rv1

A. Summary of qPCR assay used to determine AR-FL and AR-V7 mRNA levels. A forward primer which binds
within exon 3 can distinguish between AR-FL and AR-V7 by use of differing reverse primers selective for either
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AR exon 4 or CE3 B. CWR22Rv1 were transfected with 25 nM siRNA that targets TRA2B, THRAP3 or SART1 and
incubated for 72 hours before RNA was extracted. RT-gPCR was used to analyse levels of AR-FL and AR-V7
transcript. Data comprises n = 2 independent biological replicates, plotted as mean + SEM. Unpaired t-test was
used for determination of statistical significance (* = p < 0.05, ** = p < 0.01, ns = p > 0.05) C. Samples described
in (B) were also checked for depletion of their respective target genes. Data comprises n = 2 independent
biological replicates, plotted as mean * SEM. Unpaired t-test was used for determination of statistical
significance (* = p < 0.05, *** = p <0.001, ns = p > 0.05)

Despite enrichment by dCasRx-APEX2 proteomics workflows and strong evidence from
clinical cohorts, depletion of TRA2B or THRAP3 actually increased levels of both AR transcripts
assayed. A subsequent review of the literature and consultation with the Elliott lab in
Newcastle University, a group that works extensively on TRA2 proteins, highlighted that
TRA2B has a closely related paralog, TRA2A. Their 2014 study in the breast cancer cell line
MDA-MB-231 revealed that dual depletion of both TRA2B and TRA2A was required for
alterations in splicing of CHEK1 exon 3, with lone TRA2B or TRA2A knockdown failing to elicit
this effect (Best et al., 2014).

Encouraged by this, TRA2B was re-examined by using siRNA targeted to TRA2A, TRA2B, or a
combination of the two. This revealed a striking difference in effect on AR-FL and AR-V7 mRNA
in contrast with single siRNA treatment. Dual TRA2A/TRA2B depletion mediated an even
greater increase in AR-FL than TRA2B knockdown alone (Figure 6.10A, lower significance for
TRA2A/B arm is due to replicate variability). Crucially, this dual depletion arm resulted in a
significant decrease in AR-V7 mRNA (Figure 6.10A). This reciprocal effect on AR-FL and AR-V7
levels is highly relevant to this study. Were TRA2 proteins truly controlling AR mRNA splicing
in the absence of an effect on gene transcription, it naturally follows that if the exon 3/CE3
(ARV-V7) splice site is not being selected as efficiently there will be a concomitant increase in

exon 3/exon 4 (AR-FL) splice junctions, precisely as we observed.

An element of reciprocal control exists between TRA2 proteins, as knockdown of one paralog
has been shown to mediate increases in the other in a model of breast cancer (Best et al.,
2014). This is due to TRA2 autoregulation in which TRA2B mediates inclusion of a ‘poison
exon’, encoding a premature stop codon, into its own transcript as an autoregulatory
mechanism (Stoilov, 2004). Furthermore, poison exon regulation occurs between TRA2 genes,
with knockdown of each paralog reducing premature stop codon inclusion in the other (Best

et al., 2014). We observed a similar effect in CRPC cell line CWR22Rv1, with gene expression
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of TRA2B increasing upon TRA2A depletion, and vice versa (Figure 6.10B). We also confirmed
that dual TRA2A/B depletion robustly reduces expression of both genes (Figure 6.10B).
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Figure 6.10 - Dual TRA2 depletion in CWR22Rv1 alters AR mRNA splicing decisions to significantly deplete AR-
V7 levels

A. CWR22Rv1 were transfected with 25nM siRNA targeting TRA2A, TRA2B or with a combination of TRA2A and
TRA2B siRNA (TRA2A/B). Cells were incubated for 72 hours before RNA was extracted and RT-qPCR was used to
analyse levels of AR-FL and AR-V7 transcript. Data comprises n = 2 independent biological replicates, plotted as
mean + SEM. Unpaired t-test was used for determination of statistical significance. Only results significant at a
0.05 or lower have significance denoted (* = p < 0.05, ** = p < 0.01) B. Samples described in (A) were also
checked for levels of TRA2A and TRA2B. Data comprises n = 2 independent biological replicates, plotted as mean
+ SEM. Unpaired t-test was used for determination of statistical significance. Only results significant at a 0.05 or
lower have significance denoted (** = p < 0.01, *** = p < 0.001)

Next, confirmation of these events at the protein level was sought. Western blot results
recapitulated gPCR data, with THRAP3 knockdown having no effect, SART1 abrogating AR-FL

and AR-V7 levels, and a combined TRA2A/B depletion increasing and decreasing levels of AR-
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FL and AR-V7, respectively (Figure 6.11A). Reciprocal upregulation of TRA2A upon TRA2B
knockdown was even more apparent at the protein level, whereas transfection with TRA2A
siRNA had little discernible effect on TRA2B protein (Figure 6.11B). Additionally, TRA2B
knockdown was incomplete at the protein level. Interestingly, both the Ilatter two
observations were observed in breast cancer cell line MDA-MB-231, where no apparent
increase in TRA2B protein was seen after TRA2A RNAI (Best et al., 2014). The authors also
failed to elicit as great a reduction in TRA2B protein as for TRA2A, which we also observed in
CWR22Rv1 (Best et al., 2014). Whether this is a consequence of siRNA potency or TRA2B

regulatory mechanisms is unclear.
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Figure 6.11 - Effects of dual TRA2A/B depletion in CWR22Rv1 are also observed at the protein level

A. CWR22Rv1 were transfected with the indicated siRNAs at 25 nM and incubated for 72 hours. Then, cell lysates
were harvested for analysis of AR-FL, AR-Vs and AR-V7 protein levels by western blot B. Sample described in (A)
were also analysed for levels of TRA2A and TRA2B. Western blots are representative of n = 3 biological replicates.
a-tubulin was used as a loading control throughout

Given this apparent specificity for AR-V7 production, TRA2A/B were taken forward as proteins
of most interest. Based on analysis of publicly available data, it was likely that TRA2 splicing
control is not solely restricted to the CWR22Rv1 genetic background. Therefore analysis was
expanded to a second AR-V expressing PCa cell line, VCaP. CWR22Rv1 express constitutively
high levels of AR-V7, whereas VCaP exhibit lower steady-state levels of AR-V7 which can be
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augmented by treatment with NSAA enzalutamide or androgen deprivation (Paschalis, Welti
et al., 2021; Liu et al., 2014). VCaP were transfected with the same siRNAs as for CWR22Rv1
in steroid-depleted media (SDM) and treated with 10 uM enzalutamide to maximise AR-V7
levels. An NT siRNA arm without enzalutamide treatment was also included to check for

NSAA-induced increases in AR-V7 levels.

gPCR analysis shows that this experimental setup failed to trigger an enzalutamide-mediated
spike in AR-V7 splicing between NT -/+ enzalutamide arms at the 72 hour timepoint.
Nevertheless, by comparing results between enzalutamide-treated arms the effects of TRA2
depletion in reducing AR-V7 mRNA is clear (Figure 6.12A). Reductions in AR-V7 are, however,
not accompanied by the significant induction of AR-FL seen in CWR22Rv1 (Figure 6.12A). The
AR gene is amplified to upwards of 20 copies in VCaP (Makkonen et al., 2011). Given that an
AR auto-regulatory loop has been noted in models of CRPC (Alimirah et al., 2006; Isaacs et al.,
2012), it is possible that this high-level AR amplification may restrain increases in AR-FL
relative to CWR22Rv1.

Interestingly, in the VCaP cell line, it appears single knockdown of TRA2B, and to a lesser
extent TRA2A, depletes AR-V7 levels. Importantly AR-FL expression is largely unaffected,
indicating that AR mRNA TRA2 splicing control in VCaP is specific to AR-V7 (Figure 6.12A). The
same extent of TRA2 paralog compensation seenin CWR22Rv1 is not readily apparent in gPCR
gene expression readouts (Figure 6.12B). This requires confirmation at the protein level,
however. Precisely why this difference would occur between cell lines and why poison exon-
mediated reciprocal control between TRA2A/B is apparently absent in VCaP is not

immediately obvious.
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Figure 6.12 - AR-V7 splicing is controlled by TRA2 in VCaP

A. VCaP were transfected with siRNA in SDM and treated with 10 uM enzalutamide (Enz) and incubated for 72
hours, before RNA was harvested for RT-gPCR analysis of AR-FL and AR-V transcript levels. An enzalutamide-
untreated arm was also included to confirm NSAA-mediated induction of AR-V7 levels. B. Samples described in
(A) were analysed for levels of TRA2A and TRA2B mRNA. All gPCR data in (A) and (B) comprises n = 3 independent
biological replicates, plotted as mean * SEM. Unpaired t-test was used for determination of statistical
significance. Not all statistical test results are plotted for ease of visualisation (* = p < 0.05, ** = p < 0.01, *** =
p <0.001, ns = p >0.05)

Initial results in VCaP were encouraging, although successful induction of AR-V7 with
enzalutamide, and potential abrogation of this with TRA2 knockdown, would be a substantial
illustration of AR-V7 splicing control by TRA2. It was hypothesised that performing
experiments in SDM may have negated any effect of enzalutamide on AR-V7 production,
essentially raising the baseline above which further NSAA-induced increases would be
inconsequential to the rate of AR transcription. Alternatively, combining the complete
androgen absence of SDM with enzalutamide and siRNA transfection may have been too

great a cellular stressor.
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Cell culture media supplemented with 10% FBS contains a castrate level of androgen at < 20
ng/dl testosterone, and despite this not being as low as androgen-null SDM, use of standard
10% FBS with enzalutamide should reasonably reflect a typical clinical scenario (Sedelaar and
Isaacs, 2009; Song and Khera, 2014). The above experimental setup in VCaP cells was
therefore repeated; this time using standard 10% FBS as opposed to 10% dextran-coated

charcoal stripped FBS used in SDM.

With this approach, 10 uM enzalutamide significantly increased levels of AR-V7 and, to a
lesser extent, AR-FL mRNA as measured by gPCR (Figure 6.13A). TRA2 depletion in
enzalutamide-treated VCaP lowered AR-FL levels to an extent, however there is a significantly
greater differential between enzalutamide-exposed TRA2A/B and NT siRNA arms for AR-V7
(Figure 6.13A). Furthermore as previously observed, no reciprocal TRA2 paralog upregulation
was detected in VCaP (Figure 6.13B). These observations were recapitulated at the protein
level with no apparent change in AR-FL seen between arms, whereas AR-V7 is augmented
with enzalutamide, an effect that is quashed by TRA2 knockdown (Figure 6.13C).
Furthermore, consistent with gPCR results, no compensatory TRA2 upregulation is seen in

western blot data (Figure 6.13D).
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Figure 6.13 - Enzalutamide mediates an elevation in AR-V7 in VCaP, which is quashed by TRA2 depletion

A. VCaP were transfected with siRNA in full media containing 10% FBS and treated with 10 uM enzalutamide
(Enz) and incubated for 72 hours, before RNA was harvested for RT-qPCR. An enzalutamide-untreated arm was
also included to confirm NSAA-mediated induction of AR-V7 levels B. Samples described in (A) were analysed for
levels of TRA2A and TRA2B mRNA. All gPCR data in (A) and (B) comprises n = 3 independent biological replicates,
plotted as mean + SEM. Unpaired t-test was used for determination of statistical significance. Not all statistical
test results are plotted for ease of visualisation (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, ns = p > 0.05) C.
Lysates from VCaP cells treated as in (A) were analysed for levels of AR-FL and AR-V7 by Western blot D. Samples
described in (C) were also analysed for levels of TRA2A and TRA2B. Western blot data is representative of n = 3
biological replicates. a-tubulin was used as a loading control throughout
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Itis notable that despite enzalutamide increasing AR-V7 levels in VCaP, and the ability to block
this by depleting TRA2 proteins, expression of TRA2A or TRA2B do not themselves increase
with enzalutamide exposure (Figure 6.13). The reason for this may lie with TRA2 protein
functional regulation, which will be explored in Section 6.5. Given these results in CWR22Rv1
and VCaP cells suggest a specificity for AR-V7, this TRA2 splicing axis has met criteria for the

original project aims and will form the focus of subsequent experiments.

179



6.5 Transcriptomic analyses further characterise TRA2 functions in CWR22Rv1

Based on results presented in Section 6.4, TRA2B and its paralog TRA2A were taken forward
as lead candidates for analysis due to their specific effect on AR-V7 levels being likely to
indicate a splicing effect rather than general transcriptional modulation. First, their functional
involvement in splicing will be explored further, as the remainder of this thesis will focus on

the TRA2 splicing axis.

Transformer 2 (TRA2) was first characterised as an alternative splicing regulator involved in
sex determination in Drosophila melanogaster, before two mammalian homologues, TRA2a
(TRA2A) and TRA2[3 (TRA2B), were discovered (Forch and Valcarcel, 2003; Dauwalder, Amaya-
Manzanares and Mattox, 1996; Beil, Screaton and Stamm, 1997). TRA2A and TRA2B share
approximately 75% sequence homology and are members of the SR protein family of splicing
factors, which typically function to recruit spliccosome components at nascent transcript
splice sites (Jeong, 2017). Structurally, both homologs have an RNA-recognition motif (RRM)
flanked by N and C-terminal arginine/serine rich (RS) domains responsible for protein-protein
interactions (Figure 6.14A) (Xue, Ma and Zhang, 2023). Using the constraint-based alignment
tool for multiple protein sequences (COBALT) (Papadopoulos and Agarwala, 2007),
comparison of UniProt amino acid FASTA sequences for TRA2A (UniProt Q13595) and TRA2B
(UniProt P62995) highlights the extensive similarity between TRA2 paralogs, though there are
notable differences including polyglycine repeats after their respective RRMs (Figure 6.14A).
TRA2 RRMs also exhibit 81% homology (Figure 6.14A), which would be expected to provide a

level of overlap between nucleotide binding preferences.

The apparent functional redundancy existing between TRA2 proteins has been noted by this
work on AR-V7 in CWR22Rv1, as well as work by others in breast cancer where depletion of
both TRA2A and TRA2B was required for appreciable splicing changes in exons encoding a
range of genes including CHEK1, ATRX, GLYR1 and CEP95 (Best et al., 2014). Further
supporting this is experimental evidence that ectopic expression of either TRA2A or TRA2B
can activate splicing of the TRA2A poison exon (Grellscheid, Dalgliesh and Best et al., 2011).

This suggests that for at least some target RNAs, TRA2 paralogs can compensate adequately.

However, TRA2B knockouts in mice are embryonic lethal despite retention of functional

TRA2A (Mende et al., 2010). Additionally, TRA2A and TRA2B exhibit inverted expression
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patterns between maturation-normal and maturation-deficient human oocytes (Li et al.,
2020); whilst our experiments using VCaP show that TRA2B knockdown alone has a greater
effect on AR-V7 than TRA2A, and is almost equivalent to that of dual TRA2A/B depletion
(Figure 6.12, Figure 6.13). Therefore, it is evident that TRA2 proteins do not exhibit complete
compensatory ability. Furthermore, the TRA2 RRM differs in amino acid composition between
paralogs by ~20% (Figure 6.14A). Given the tightly regulated nature of alternative splicing,
this difference may confer variation in splicing enhancer specificity between TRA2A and

TRA2B.

Interestingly, TRA2 proteins have been shown as preferential activators of alternative rather
than constitutive splicing. Previous work performed using Hela nuclear extracts has
demonstrated that both TRA2 paralogs bind to purine-rich RNA splicing enhancer elements
(Tacke et al., 1998). Additionally, by using SR-protein deficient cytoplasmic S100 protein
extracts, it was shown that unlike other SR proteins, TRA2 proteins alone are unable to render
these extracts splicing-proficient, and TRA2A or TRA2B only enhanced splicing of specific
purine-rich sequences when supplemented with low concentrations of nuclear extract (Tacke
et al., 1998). Consistent with dCasRx-APEX2 proteomics having been targeted to an exonic
region using AR g2, TRA2 proteins are known to predominantly bind exonic, rather than

intronic, splicing enhancer elements (Grellscheid et al., 2011; Lam et al., 2003).

TRAZ2 paralog dysregulation has been implicated in a range of solid cancers including breast,
lung, and colon, where they are associated with progression and therapeutic resistance. This
has been reviewed extensively by others, therefore in the interests of maintaining focus on
PCa, CRPC, and AR gene splicing, readers are directed to the relevant reviews (Best et al.,
2013; Xue, Ma and Zhang, 2023). TRA2A correlation with some of the same patient cohort
metrics used for TRA2B selection in Section 6.2 was examined. Only TRA2B exhibits a
statistically significant positive correlation with AR-V7 SRPM in the SU2C/PCF cohort (Figure
6.14B). Furthermore, in this cohort TRA2B expression has a strong positive association with
canonical AR-V7 target gene UBE2C, part of the AR_V7_UP signature and used extensively by
the host lab as an AR-V7 activity readout, whereas TRA2A correlates negatively (Figure 6.14C).
Finally TRA2B, but not TRA2A, expression is elevated in AR-V7 positive patients from the
TCGA-PRAD cohort (Figure 6.14D), whilst separation of TCGA-PRAD samples into the top and

181



bottom quartiles of expression only reveals an appreciable difference in AR-V7 reads between

quartiles for TRA2B (Figure 6.14E).
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Figure 6.14 - TRA2 protein TRA2B specifically correlates with AR-V7 in clinical patient cohorts

A. Both TRA2A and TRA2B, which share approximately 75% amino acid homology, are part of the SR family of
splicing proteins. They differ from other SR proteins in having both N and C-terminal RS domains, with a single
RRM (Figure created using biorender.com). Alignment analysis between TRA2A and TRA2B amino acid
sequences using COBALT highlights homologous amino acids (pink), as well as those that differ (blue).
Polyglycine repeats regions are in grey. The RRMs of TRA2A and TRA2B exhibit ~81% homology B. Pearson’s
correlation coefficients were compared between AR-V7 SRPM and FPKM expression values of TRA2A and TRA2B
in the SU2C/PCF mCRPC patient cohort C. Pearson’s correlation coefficients were compared between UBE2C
FPKM expression values and those of TRA2A and TRA2B in the SU2C/PCF mCRPC patient cohort D. Differential
gene expression analysis was performed between AR-V7 positive and negative patients in the TCGA-PRAD cohort
using edgeR. Normalised log2 counts per million (CPM) for TRA2A and TRA2B were extracted and plotted.
Individual data points for each sample are plotted in black, red denotes the median value and 25th/75th
percentiles (* = FDR < 0.05, ns = FDR > 0.05) E. In the same TCGA-PRAD dataset as in (D), patient samples were
split into groups comprising the upper (Q4) and lower (Q1) quartiles of normalised log2 CPM values for TRA2A
and TRA2B. log2 AR-V7 reads were compared between Q4 and Q1 by unpaired t-test (* = p < 0.05, ns = p > 0.05).
Mean log2(AR-V7 reads +1) are plotted as the mean + 95% confidence intervals
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Only TRA2B was enriched by dCasRx-APEX2 workflows using AR g2, whereas TRA2A was not
detected in any experimental arms. The above analysis further exemplifies that of the TRA2
proteins, it is TRA2B specifically that appears to associate with AR-V7 splicing events.
However, the apparent functional redundancies and compensatory mechanisms between
TRA2 proteins seen in CWR22Rv1 are of interest. Particularly as despite this lack of clinical AR-
V7 association TRA2A still exhibits correlation with poorer survival outcomes in both

SU2C/PCF (Figure 6.15A) and TCGA-PRAD (Figure 6.15B) cohorts, though to a lesser extent

than TRA2B.
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Figure 6.15 - Both TRA2 paralogs are associated with poorer clinical outcomes in prostate cancer

A. Pearson’s correlation analysis was performed between log2 FPKM expression of both TRA2A and TRA2B and
overall survival (months) in the SU2C/PCF mCRPC cohort. B. Differences in progression-free interval times
between the top (red) and bottom (black) quartiles of TRA2A and TRA2B expressing patients in the TCGA-PRAD
cohort were determined by logrank test. Survival analysis in (B) was performed using the Tumor online
Prognostic analysis Platform (ToPP) (Ouyang et al., 2022)
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In order to acquire a deeper understanding of functional overlap and transcriptomic
alterations resulting from TRA2 knockdown in CRPC, RNA-Seq of TRA2-depleted CWR22Rv1
was performed using the same experimental arms as previously: NT, TRA2A, TRA2B and
TRA2A/B siRNA. Previous work examining transcriptomic changes in MDA-MB-231 utilised
two arms: a negative control and combined TRA2A/B knockdown (Best et al., 2014), whereas
our setup will provide insight into how TRA2A, TRA2B and combined TRA2A/B depletion differ
to provide a fuller picture of TRA2 redundancy in the CWR22Rv1 model of CRPC.

Each of the above experimental arms was performed for three independent biological
replicates for a total of 12 samples. RNA was extracted and as for proteomics, material was
outsourced for paired-end RNA sequencing with GENEWIZ™. This returned ~30-40 million 2
x 150 bp RNA-Seq reads per sample in the form of raw FASTQ sequencing files for analysis.

First, RNA-Seq library quality was assessed using FastQC (Andrews, 2010) and a quality report
for all samples was compiled with MultiQC (Ewels et al., 2016). FastQC assesses a multitude
of quality metrics including confidence of a correctly assigned base across the read, GC
content and the presence of any significantly overrepresented sequences that could indicate
contamination (Andrews, 2010). This revealed overall good quality sequencing based on these
metrics, with just one QC failure (Figure 6.16, left panel) indicating adapter contamination.
Note that the ‘sequence duplication” QC score (Figure 6.16, fourth column) is expected to fail
for RNA-Seq, due to the presence of highly expressed genes and deduplication is not

recommended (Parekh et al., 2016).

Adapter contamination transpired to be due to the Illumina Universal sequencing adapter: 5’
- AGATCGGAAGAG - 3'. These sequences were removed using Cutadapt (Martin, 2011), as
adapter removal can enhance the mapping efficiency during RNA-Seq alignment (Zhou and
Rokas, 2014). Cutadapt successfully removed adapter sequences (Figure 6.16, right panel),

enabling analysis to proceed to the next stages.
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Figure 6.16 - Adapter trimming with Cutadapt successfully eliminates lllumina adapter contamination

RNA-Seq library QC was compared before (left) and after (right) adapter trimming with Cutadapt. Note that
sequence duplication (fourth column) is expected to fail QC for RNA-Seq due to the presence of highly expressed
genes. Top panel is MultiQC summary for all samples, bottom panel is example adapter content plot from FastQC
showing the presence (left) and absence (right) of adapter sequences (red line) at the 3’ end of RNA-Seq reads.
Green = passed QC, amber = passed with warnings, red = QC failure

In order to ascertain global gene expression changes resulting from TRA2 depletion,
differential gene expression analysis (DGEA) was performed. RNA-Seq reads were aligned
using STAR (Dobin et al., 2013) to an hg38 human reference genome, sourced from the
GENCODE project (Harrow et al., 2012). Aligned reads were subsequently assigned to exons
to derive gene-level expression counts using featureCounts (Liao, Smyth and Shi, 2014),
before the resulting counts matrix was used for DGEA between samples with the R
Bioconductor package DESeq2. DESeq2 uses sophisticated approaches based on a background
of unchanging genes to normalise for sequencing library depth and composition, enabling
between-samples comparisons (Love, Huber and Anders, 2014) (Figure 6.17A). STAR and
featureCounts successfully aligned reads and assigned genes for the majority of reads (Figure
6.17B), giving at least 16 million reads per sample for DGEA, a more than adequate amount

for well-annotated genomes (Liu, Zhou and White, 2014).
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Figure 6.17 - A computational pipeline enables differential gene expression analysis of RNA-Seq data

A. After passing QC, FASTQ read files were aligned to a reference genome with STAR, before gene-level counts
were generated with featureCounts. Both these steps were performed using Linux software packages. The
resultant matrix of gene counts was subsequently used as input for R Bioconductor package DESeq2 for DGEA.
Figure created using biorender.com B. STAR and featureCounts successfully aligned reads and assigned genes
for the majority of reads, providing > 16 million reads per sample for DESeq2 DGEA

After library normalisation, samples were visualised by principal component analysis (PCA) of
normalised gene counts to assess intra-arm similarity and acquire insight into inter-arm
differences (Groth et al., 2013). The resulting PCA plot highlighted that samples clustered well
between replicates of the same arm, whilst clear differences were apparent between target-
specific siRNA knockdowns (Figure 6.18A). Interestingly, TRA2A and TRA2B knockdown
samples had a greater separation based on the 2" principal component (PC2) than the 1%
principal component (PC1) (Figure 6.18A). As PC1 represents a greater percentage of

variability between samples than PC2 (Groth et al., 2013), this indicates that TRA2A and
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TRA2B knockdowns are more closely related to each other than to NT or TRA2A/B, from which
they were predominantly separated on PC1 (Figure 6.18A). This suggests a potential degree
of TRA2 overlap as alluded to previously. Crucially no batch effects were present, providing

confidence in DGEA.

As an alternative means of assessing sample similarity, hierarchical clustering was performed.
The Euclidean distance, or divergence of expression profiles (Glazko and Mushegian, 2010),
between normalised gene counts for each sample was determined and plotted as a sample
distance heatmap (Figure 6.18B). This algorithm recapitulated results of PCA analysis in
showing that: i) samples cluster more closely within than between experimental arms, and ii)
TRA2A and TRA2B depleted samples have more similar expression profiles than any other
experimental arm, as reflected by their separation further down the hierarchical clustering

tree than any other pairs of samples (Figure 6.18B).
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Figure 6.18 - Principal component analysis and hierarchical clustering demonstrate sample expression
similarities and differences between experimental arms

A. Principal component analysis (PCA) of DESeq2-normalised gene counts B. Heatmap of hierarchical clustering
determined by Euclidean distance between normalised gene counts for each sample. Colour scale denotes count
profile divergence between sample pairings from perfect overlap (blue) to maximum divergence (red)

DGEA was subsequently performed using DESeq2. Although RT-qPCR validation of successful

siRNA-mediated target depletion in the RNA-Seq samples prior to sample submission had
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already been performed (data not shown), confirmation was sought by RNA-Seq. RNA-Seq
expression profiling of TRA2 revealed a strikingly similar pattern to that seen by qPCR and
western blot experiments, with TRA2B depletion causing a nearly twofold increase in TRA2A
counts (Figure 6.19A). Conversely, TRA2A knockdown does not enact the same effect on

TRA2B levels (Figure 6.19A).

Volcano plots were created to summarise all fold changes and FDRs (DESeq2 Benjamini-
Hochberg adjusted p-values) of differentially expressed genes (DEGs) across each
experimental contrast. These reiterate TRA2A or TRA2B as amongst the most downregulated
genes in their respective siRNA treatments (Figure 6.19B). Moreover, summation of total
positively or negatively DEGs at a cut-off of FDR < 0.05 and linear fold change +/- 1.5 shows
that combined TRA2A/B knockdown generates an appreciably greater number of DEGs than
the total of lone TRA2A and TRA2B depletions (Figure 6.19B). It is particularly interesting that
TRA2B knockdown results in significantly fewer DEGs than TRA2A, as although reductions in
TRA2B mediate significant TRA2A elevation, the inverse only occurs to a minimal extent. This
potentially implies that TRA2B depletion is more effectively buffered by augmented TRA2A,

resulting in fewer total DEGs.
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Figure 6.19 - TRA2 paralogs are efficiently depleted by siRNAs and combined depletion results in significantly
greater differential expression

A. Summary of RNA-Seq gene expression counts, normalised by DESeq2, for TRA2A and TRA2B in each sample
B. Volcano plot of DEGs resulting from each respective TRA2 siRNA vs NT DGEA. TRA2A and TRAZB are
highlighted in boxes. Cutoffs for significantly DEGs (points in red) are FDR < 0.05 and linear fold change +/- 1.5.

In order to more closely examine this, the overlap in identity of DEGs at FDR < 0.05 and linear

fold change +/- 1.5 between experimental contrasts was ascertained. More than 700 genes
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were uniquely altered by lone TRA2A knockdown, compared to just 88 for TRA2B (Figure
6.20). This may suggest the aforementioned TRA2A compensation is quashing the effects of
TRA2B depletion, although it is impossible to answer this definitively as it may simply be that
TRA2B has a narrower range of targets in CWR22Rv1. Additionally, the TRA2A siRNA used
appears to have a greater ability to diminish its target than TRA2B siRNA (Figure 6.11, 6.13).
Notably, nearly 1,900 genes were significantly differentially expressed by combined TRA2A/B
depletion (Figure 6.20). This large number of unique DEGs alludes to a degree of functional
overlap between TRA2A and TRA2B. In theory, combined knockdown of two entirely
functionally unrelated genes would return the sum of DEGs resulting from each individual
knockdown, whereas combined TRA2 depletion resulting in a number of unique DEG
identities far in excess of their individual knockdowns would suggest intersecting roles.
Nevertheless, many DEGs unique to single TRA2 siRNA treatments were observed. Therefore
as expected given their 75% amino acid homology, TRA2 paralogs are likely to regulate both

unique and shared RNA targets, of which AR is putatively the latter.

TRA2A KD TRA2B KD

TRA2A/B KD

Figure 6.20 - Overlap analysis of TRA2 knockdown significantly DEGs alludes to both redundant and unique
expression changes

The identities of genes differentially expressed at FDR < 0.05 and linear fold change +/- 1.5 for each TRA2 siRNA
vs. NT contrast were extracted. Overlap between genes in each experiment contrast was determined
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Regardless of global transcriptomic effects resulting from TRA2 paralog knockdown, RNA-Seq
data will provide greater insight into the effects of TRA2 depletion on this project’s primary
goal; validation of a novel AR-V splicing factor. Given preliminary indications from gPCR and
western blot analysis that TRA2A/B depletion in CWR22Rv1 is mediating a splicing switch from
AR-V7 to AR-FL, readouts of respective AR protein activity were analysed. Here, 25-gene
expression signatures AR_V7_UP and AR_FL_UP (Hu et al.,, 2012), previously used in
proteomics target selection (Figure 6.2), were profiled across DGEA results. As expected, a
signalling shift is apparent whereby combined TRA2A/B depletion diminishes AR-V7
transactivation (Figure 6.21A) whilst augmenting AR-FL activity (Figure 6.21B). GSEA analysis
confirmed significant negative and positive enrichments in TRA2A/B knockdowns for

AR_V7_UP and AR_FL_UP, respectively (Figure 6.21A, B).
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Figure 6.21 - Combined TRA2A/B depletion drives a switch from AR-V7 to AR-FL signalling in CWR22Rv1

A. Normalised RNA-Seq counts were filtered for genes found in in the AR_V7_UP 25-gene signature (Hu et al.,
2012). Heatmap displays z-score scaled normalised counts for each gene in this signature across each sample.
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Plot on the right is GSEA of AR_V7_UP for the TRA2A/B vs. NT experimental contrast B. The same analysis was
performed as in (A), using the AR_FL_UP signature. For heatmaps, red and blue indicate positive and negative z-
scores, respectively. For GSEA, NES = normalised enrichment score, FDR = GSEA false discovery rate

The 41-gene and 59-gene AR-V7 signatures (Cai et al., 2018; Sharp et al., 2019) were also
leveraged for GSEA. As expected, the 41-gene signature, derived from AR-V7 knockdown in
CWR22Rv1 before being confirmed in clinical samples (Cai et al., 2018), was significantly
negatively enriched in TRA2A/B knockdown samples (Figure 6.22, left panel). Conversely, the
59-gene signature that associates with nuclear AR-V7 protein expression (Sharp et al., 2019)
was positively enriched although this was not statistically significant (Figure 6.22, middle
panel). The difference in derivation of these gene sets may explain this discrepancy. The
authors of the latter signature emphasise in their study that this does not directly encompass
an AR-V7 cistrome, rather it represents unifying gene expression characteristics of AR-V7
positive disease (Sharp et al., 2019). It may be that certain genes found in this signature select
for AR-V7 expression, potentially by better enabling AR-V7 transactivation rather than being
direct expression targets of AR-V7. For example HOXB13 found in this gene set is a known
pioneer factor that facilitates AR-V7 binding to open chromatin (Chen et al., 2018). Finally as
predicted, the Hallmark Androgen Response is significantly upregulated by combined TRA2

depletion further indicating potentiation of AR-FL splicing (Figure 6.22, right panel).
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Figure 6.22 - Additional gene set enrichments further demonstrate an AR splicing switch
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GSEA of published 41-gene and 59-gene AR-V7 expression signatures was performed for DGEA results of
TRA2A/B knockdown. GSEA was also performed for the Hallmark Androgen Response
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In addition to DGEA, RNA-Seq aligned reads were used to gain a greater understanding of
differential AR exon splicing resulting from TRA2 knockdowns. qPCR and western blot data
indicate that TRA2 depletion is specifically impacting AR splicing rather than transcription,
and a more detailed examination of RNA-Seq alignments will confirm this. If TRA2 is regulating
splicing decisions beyond exon 3, then the first three AR exons before this junction should be
unaffected. The JunctionSeq R Bioconductor package (Hartley and Mullikin, 2016) was used
to overlap read alignment Binary Alignment Map (BAM) files with annotated exons and
subsequently calculate normalised differential exon usage (DEU) across experimental arms.
JunctionSeq implements similar normalisation algorithms to DESeq2 to enable cross-sample

comparison of exonic reads (Hartley and Mullikin, 2016).

DEU analysis demonstrated striking changes to exon read coverage across the AR transcript
between experimental arms. Plotting of JunctionSeg-normalised RNA-Seq reads across AR
exons showed a significant decrease in CE3 reads in CWR22Rv1 that had undergone dual TRA2
depletion, which was accompanied by the anticipated increase in exons 4-8 (Figure 6.23A).
Crucially, mean coverage of exons 1-3 was unchanged and differences only became apparent
beyond this transcript position, vindicating assumptions that TRA2A/B knockdown is altering
AR splicing rather than gene transcription (Figure 6.23B). This also suggests other facets that
may impact expression such as mRNA stability are unlikely, as if AR-V7 transcripts were

degraded then exons 1-3 would concomitantly decrease as well.
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Figure 6.23 - Differential exon usage analysis of RNA-Seq reads confirms a TRA2 control of an AR splicing switch

A. Differential exon usage (DEU) analysis of RNA-Seq BAM files was performed using JunctionSeq. Mean
normalised exon counts for each siRNA treatment are plotted + SEM for the AR exons indicated B. Mean
JunctionSeg-normalised exon counts for AR exons 1-3 and 4-8 were pooled. Mean normalised exon counts +
SEM are plotted across samples for the indicated exons. Significance asterisks denote JunctionSeq FDR of DEU
contrasts between the indicated samples (*** = FDR < 0.00001). Not all samples have significance denoted for
ease of visualisation
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Quite remarkably, global analysis of JunctionSeq-calculated DEU alterations revealed that CE3
and exon 4 were amongst some of the most differentially utilised exons across the entire
annotated transcriptome (Figure 6.24). Precisely, of all exons analysed by JunctionSeq CE3 is
the 11" most negatively differentially used exon upon TRA2A/B depletion. This further
validates that TRA2B and its paralog TRA2A are critical components of AR-V7 generation in
this model of CRPC.
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Figure 6.24 - AR CE3 and exon 4 are amongst the most differentially utilised exons in the annotated
transcriptome upon TRA2A/B depletion in CWR22Rv1

Volcano plot illustrates -log10 FDR (y-axis) vs log2 fold change (x-axis) of DEU in TRA2A/B vs NT-transfected
samples, as calculated by JunctionSeq. Only exons differentially used between samples at an FDR < 0.01 are
included. Exons highlighted in red meet a cut-off of linear fold change +/- 2 and FDR < 0.00000001. AR CE3 and
exon 4 are highlighted

Finally, DEU results were used to examine coverage of other cryptic exons (CEs) that give rise
to alternative AR-Vs in CRPC. Although AR-V7 is the most well studied and clinically validated
AR-V, other variants are observed in CRPC and analysis of their expression will provide
information on TRA2 control across all AR-Vs. CE1, which is spliced into AR-V1 and has been
associated with CRPC and abiraterone resistance (Hu et al., 2009; Stuopelyte et al., 2020),
also exhibited significant negative differential usage upon combined TRA2 knockdown (Figure

6.25).

CE4 is included in transcripts such as AR-V3, another AR-V linked with emergence of CRPC
(Kallio et al.,; Wiistmann et al., 2023). Similar to other CEs, TRA2A/B depletion significantly

diminished CE4 inclusion in transcripts (Figure 6.25). Interestingly, for this cryptic exon lone
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TRA2 depletion also mediated reductions in transcript usage (Figure 6.25). This DEU data is
consistent with western blot observations that TRA2A/B knockdown significantly depletes AR-
Vs as detected by an AR NTD domain antibody, which is reactive to all AR-Vs (Figure 6.11A).
As proteomics experiments were targeted at CE3 only, it is interesting that other CEs also
exhibit reduced coverage when TRA2 paralogs are depleted. This implies that TRA2 plays a

role in AR splicing and CE inclusion across multiple AR-Vs.
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Figure 6.25 - Alternative cryptic exon inclusion is also regulated by TRA2

JunctionSeq DEU analysis results for cryptic exons CE1 and CE4, included in AR-Vs such as AR-V1 and AR-V3, are
shown as normalised exon counts + SEM for each sample. Significance values denote JunctionSeq FDR (*** =
FDR < 0.00001). Only results significant at a 0.001 or lower have significance denoted
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6.6 TRA2 knockdown elicits contrasting proliferative responses in CWR22Rv1

and VCaP

In order to assess a potential therapeutic index of targeting TRA2 as a means to modulate
pathogenic splicing, proliferation assays were performed to evaluate toxicity of TRA2 paralog
depletion. Furthermore, TRA2 depletion may sensitise cells to NSAA enzalutamide by driving

cell signalling away from undruggable AR-V7 back towards a dependency on AR-FL.

CWR22Rv1 were transfected with the same TRA2 siRNAs as previously utilised in media
containing 10% FBS, incubated for 24 hours and treated with either 10 uM enzalutamide (Enz)
or DMSO control. Cells were then fixed at days 0, 2, 4 and 6 and growth over time was
measured by sulforhodamine B (SRB) assay. As expected, CWR22Rv1 are highly resistant to
enzalutamide, with no apparent difference in proliferation between Enz and DMSO treatment
arms observed (Figure 6.26A). First, toxicity of TRA2 depletion in the absence of Enz was
established. This revealed that CWR22Rv1 in fact proliferated more effectively upon single
TRA2 paralog depletion (Figure 6.26B), whereas cells underwent ~50% reduction in growth

with dual TRA2A/B depletion (Figure 6.26B).

Similar results were observed in CWR22Rv1 treated with 10 uM Enz (Figure 6.26C). Although
statistically cell growth was inhibited to a greater degree, comparison of NT and TRA2A/B
arms demonstrates that in actuality this difference in significance is due to lower data
variability in Enz-treated samples, as a negligible difference was seen in effect size (Figure
6.26D). Therefore, TRA2A/B depletion does not appear to sensitise cells to enzalutamide, at
least not at a 10 uM concentration. The fact that single TRA2 knockdown enhances rather
than retards proliferation may allude to the reciprocal upregulation observed in CWR22Rv1,

as dual depletion inhibits growth whether in the presence or absence of NSAA enzalutamide.

The same experimental setup was performed in VCaP. VCaP are a more enzalutamide-
sensitive PCa line than CWR22Rv1, as reflected by ~50% reductions in growth after 6 days
treatment with 10 uM Enz (Figure 6.26E). Unlike VCaP, prior experience in the host laboratory
has shown that CWR22Rvl do not modulate their AR-V7 production in response to
antiandrogen treatment. Rather, they express consistutively high AR-V7 levels. Therefore,
previous demonstration that VCaP cells augment AR-V7 levels in response to enzalutamide

(Figure 6.13) meant it was of great interest to test this cell line, to see whether suppressing
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this increase in AR-V7 through TRA2 depletion (Figure 6.13) may lead to even greater
enzalutamide sensitivity. Interestingly, TRA2 knockdown in VCaP in the absence of Enz
revealed a key difference to results in CWR22Rv1 in that lone TRA2A or TRA2B depletion
impacted growth, though to a lesser extent than combined TRA2A/B (Figure 6.26F). This is
significant due to our previous observation that VCaP do not appear to enact reciprocal TRA2

paralog upregulation upon single knockdown, which may explain this result.

TRA2 knockdown sensitised VCaP to Enz treatment (Figure 6.26G). However, single TRA2A
depletion sensitised cells more effectively than TRA2B, and was comparable to combined
TRA2 depletion (Figure 6.26G). Previous analyses have shown that lone TRA2A knockdown in
VCaP does not quash Enz-mediated AR-V7 elevation as effectively as TRA2B or TRA2A/B
(Figure 6.13). Therefore sensitisation may be due to TRA2A depletion modifying other

pathways that alter VCaP Enz response independently of AR.

Collective gPCR, western blot and proliferation data demonstrate that VCaP and CWR22Rv1
respond differently to TRA2 knockdown. Though they both undergo reductions in AR-V7, the
lack of reciprocal TRA2 upregulation in VCaP and contrasting growth responses suggest that
TRA2 paralog behaviour in CRPC is dependent on cellular context. RNA-Seq was not
performed in TRA2-depleted VCaP although would indeed be instructive to ascertain the

extent of transcriptomic response.
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Figure 6.26 - (previous page) CWR22Rv1 and VCaP cells exhibit contrasting proliferative responses to TRA2
depletion

A. CWR22Rv1 were transfected with non-targeting (NT) siRNA and incubated for 24 hours, before being treated
with either 0.1% DMSO or 10 uM enzalutamide (Enz, in 0.1% DMSO). Cells were fixed at the indicated timepoints
and proliferation was measured by sulforhodamine B (SRB) assay B. CWR22Rv1 cells were transfected with the
indicated siRNAs, treated with 0.1% DMSO and proliferation was measured as in (A) C. CWR22Rv1 cells were
treated and assayed as in (B) with 10 M Enz instead of 0.1% DMSO D. Proliferation was compared between NT
and TRA2A/B siRNA-transfected CWR22Rv1, with and without Enz treatment. Proliferation data is sourced from
experiments described in (B) and (C) E. VCaP were transfected with NT siRNA, treated with 0.1% DMSO or 10
MM Enz and proliferation was measured as in (A) F. VCaP were transfected with the indicated siRNAs, treated
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with 0.1% DMSO and proliferation was measured as in (A) G. Proliferation in NT-transfected, DMSO-treated
VCaP cells and each enzalutamide-treated arm was compared. All SRB data was normalised to respective day 0
samples, before being scaled within each biological replicate to the NT/DMSO experimental arm. SRB datapoints
were calculated as an average of technical triplicates within each biological replicate. CWR22Rv1l data
represents n = 3 biological replicates. VCaP data represents n = 2 biological replicates. Unpaired t-test was used
for determination of statistical significance between day 6 datapoints. Only results significant at a 0.05 or lower
have significance denoted (* = p < 0.05, ** = p < 0.01, *** = p <0.001)
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6.7 TRA2 may regulate AR-V splicing at a CE3 splicing enhancer

Evidence from our collective analyses validates TRA2 paralogs as regulators of an AR splice
switch. Combined TRA2 knockdown results in significant decreases in exon 3/CE3 splice
junctions, whereas the exon 3/exon 4 junction is significantly favoured in this context.
Furthermore, RNA-Seq DEU analysis of the AR gene upon TRA2 depletion provides further
evidence for a bona fide alteration to splicing events, as it mediates a reduction in cryptic
exon usage without affecting preceding exons which would signify a lack of transcriptional

suppression.

A more detailed analysis of the literature examining TRA2 binding specificities reveals a
preference for AGAA RNA motifs (Cléry et al., 2011; Best et al., 2014; Xue, Ma and Zhang,
2023). This tetramer would in theory occur once every 256 nucleotides. A previous study used
a cut-off of exons that contain AGAA motifs at 1.5x this rate to select and validate TRA2B
binding sites (Storbeck et al., 2014). CE3 and its 3’ UTR up to the transcriptional termination
site contains 13 such tetramers in a 1,402 nucleotide sequence, representing 2.4x the

expected rate of AGAA, therefore CE3 represents an AGAA-rich exon (Figure 6.27A).

Additionally, the GAAGAA hexamer has been noted as a strong exonic splicing enhancer (ESE),
and the structure of TRA2B bound to this enhancer has been solved by NMR (Fairbrother et
al., 2002; Tsuda et al., 2011). Closer examination of the CE3 mRNA region targeted by AR g2
for dCasRx-APEX2 proteomics uncovered that it is in close proximity to a GAAGAA hexamer
found within 70 nucleotides of the 3’ splice site, a distance within which ESE activity is optimal
(Parmley, Chamary and Hurst, 2006) (Figure 6.27A). Furthermore this region has been
identified as an ESE promoting AR-V7 generation, experimental mutation of which abrogates

AR-V7 splicing (Liu et al., 2014).

Therefore, two complementary oligonucleotide approaches were used with the aim of
modulating these splicing events. The first such approach employed a phosphorodiamidate
morpholino oligomer (PMO). PMOs are chemically modified synthetic DNA 25-mers that
create a steric blockade, binding complementary RNAs without promoting their degradation
to prevent access of other molecules (Figure 6.27B) (Roberts, Langer and Wood, 2020). APMO
was designed, termed CE3 block, which would bind downstream of the AR g2 target region

(Figure 6.27C). Should this inhibit AR-V7 splicing, it would provide validation that proteomics
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experiments were targeted at a functionally important region whilst also demonstrating an

alternative means of splicing modulation.

The second approach was to use decoy RNA oligonucleotides. To date only a single publication
has reported on these (Denichenko et al., 2019), whereby RNA oligomers comprising tandem
repeats of a known splicing factor binding motif are used to sequester the relevant protein,
preventing its association with mRNA targets thus altering splicing patterns (Figure 6.27D). A
decoy RNA oligonucleotide was synthesised, termed TRA2 decoy, comprising a 5n repeat of
the AGAA tetramer with which the TRA2B RRM specifically forms hydrogen bonds (Cléry et
al., 2011; Tsuda et al., 2011). This decoy approach would provide a means to inhibit TRA2
activity without its depletion, specifically hindering its mRNA splicing activity without

necessarily impacting other potential functions and protein-protein interactions.
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Figure 6.27 - Oligonucleotide approaches represent a novel means to modulate CRPC splicing activity

A. TRA2 proteins (TRA2B shown in this example) associate with AGAA mRNA motifs. AR CE3 contains a high
frequency of these tetramers. Furthermore, the structure of TRA2B bound with the GAAGAA strong exonic
splicing enhancer, one of which is located near the CE3 splice site, has been solved B. Morpholino oligomers
(PMOs) are DNA 25-mers that can stably bind to a complementary RNA region (red dotted line), this blocks
access of other molecules including splicing factors without inducing RNA degradation C. dCasRx-APEX2
proteomics experiments were directed to the AR g2 target site of CE3 mRNA (turquoise). This is in close proximity
to a GAAGAA exonic splicing enhancer (green). Our CE3 block PMO is complementary to a 25-nucleotide
sequence (red) that incorporates this splicing enhancer sequence, in theory blocking association of splicing
factors that may include TRA2B D. Decoy RNA oligonucleotides comprise tandem repeats of RNA motifs
recognised by splicing factors, in this instance (AGAA)5n. This may sequester TRA2 away from binding CE3 and
mediating its splicing. Figures created using biorender.com
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PMOs and decoy RNAs were transfected into CWR22Rv1l and after 48-hours RNA was
harvested for RT-qPCR. Synthetic PMOs were 3’ conjugated with fluorescein enabling
visualisation of transfection, which indicated that methods enabled effective cellular delivery
(Figure 6.28A). qPCR analysis of CE3 block-transfected vs control PMO-transfected samples
demonstrated a potent and specific reduction in AR-V7 levels (Figure 6.28B). PMO

experiments were repeated in VCaP, in which similar results were observed (Figure 6.28C).

Interestingly, we did not observe a parallel increase in AR-FL splicing in either cell line (Figure
6.28B, C), alluding to mechanistic differences between steric blockade of the splicing
enhancer and siRNA depletion of TRA2. This would largely be expected as PMOs will not
impact TRA2 protein-protein interactions or interaction with other target splice sites.
Additionally, re-examination of DGEA revealed that numerous other splicing factors’
expression is decreased upon combined TRA2 depletion as reflected by a significant negative
enrichment for the KEGG spliceosome gene set (Figure 6.28D). Therefore TRA2 may also

further modify AR splicing by controlling expression of other splicing regulators.

This raises a pertinent question as to whether the AR splicing changes seen upon TRA2A/B
knockdown are specific to TRA2 activity at CE3 or merely a reflection of other gene expression
changes that more generally alter the splicecosome. However, we have only observed
significant changes to AR splicing and a shift from AR-V7 to AR-FL in CWR22Rv1 when both
TRAZ2 paralogs are depleted, and it transpires that similar changes to the KEGG spliceosome
gene set are seen whether single or dual TRA2 reduction is enacted (Figure 6.28E). RNA-Seq
DGEA was filtered for genes found in the KEGG spliceosome set that were downregulated at
an FDR < 0.05 in each experimental arm. Overlap analysis demonstrated that just 9

downregulated genes were unique to dual TRA2A/B depletion (Figure 6.28F).

Of these 9, just three encoded proteins were enriched by our CE3-targeted proteomics
approach. SNRNP70, SNRPB and SRSF6. SNRNP70 and SNRPB are components of the core
spliceosome thus unlikely to have selectivity for AR-V7 generation (Nikolaou et al., 2022;
Lynch). A recent preprint study showed that although SRSF6 expression is associated with
CRPC, siRNA depletion had no impact on expression of AR-FL or AR-V7 (Jimenez-Vacas et al.,
2023). Finally, of the remaining genes from these 9, only LSM4 and LSM5 significantly
correlated with AR-V7 levels in the SU2C/PCF mCRPC cohort leveraged previously (Abida et
al., 2019). Both Lsm4 and Lsm5 are also core spliceosomal protein components as part of the
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U4/U6.U5 tri-snRNP (Wu and Jiang et al., 2012). Therefore it is likely that the effects of TRA2
depletion are specific to its activity at CE3, and based on binding specificities it is probable it
enacts this activity by binding an exonic splicing enhancer which is covered by the CE3 block

PMO.

The TRA2 decoy RNA oligonucleotide had no effect on any transcripts assayed (Figure 6.28G).
We did not assess cell penetration, however these were delivered by the same means as
previous gRNA transfections which have shown high efficiency. In addition, RNAs were 2’-O-
methyl modified for stability and incubated for the same timeframe as previously shown to
be effective (Denichenko et al., 2019). Given that reciprocal upregulation of TRA2A upon
TRA2B depletion arises from reductions in the latter’s splicing of the former’s poison exon
(Best et al., 2014), the fact that both AR splicing and TRA2A levels were unchanged would
imply the decoy RNA oligonucleotides did not function as intended. As our choice of decoy
would in theory bind both TRA2 paralogs, it may be that a significantly greater concentration
is required to enable effective sequestration. Alternatively, a different sequence such as
tandem repeats of the full GAAGAA ESE may have proven effective, or even use of a ‘synthetic
CE3’ RNA oligo sequence to redirect TRA2 interactions. Use of fluorescently tagged oligos
would at the very least enable confirmation of cellular delivery should this approach be

investigated further.
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Figure 6.28 - Transfection with CE3 block PMO effectively depletes AR-V7, but not AR-FL, levels to confirm
functional relevance of the target mRNA region

A. Live-cell fluorescence imaging was used to confirm that the CE3 block PMO can be effectively transfected into
CWR22Rv1 B. CWR22Rv1 were transfected with 10 uM CE3 block or control PMO. 48 hours later, RNA was
harvested and RT-gPCR was used to analyse expression of the indicated mRNAs. gPCR data comprises n = 3
independent biological replicates, plotted as mean £ SEM. Unpaired t-test was used for determination of
statistical significance (*** = p < 0.001) C. The experimental setup described in (B) was repeated in VCaP cells.
RT-gPCR was used to analyse levels of AR-FL and AR-V7 transcripts. gPCR data comprises n = 3 independent
biological replicates, plotted as mean * SEM. Unpaired t-test was used for determination of statistical
significance (*** = p < 0.001) D. GSEA result for the KEGG spliceosome gene set in CWR22Rv1 transfected with
TRA2A/B siRNA (NES = normalised enrichment score, FDR = GSEA false discovery rate) E. Plot of GSEA -logio FDR
and normalised enrichment score (NES) for the KEGG spliceosome gene set in each of the indicated RNA-Seq
experimental arms F. DGEA results for each of the indicated RNA-Seq experimental arms were filtered for
negatively regulated genes (negative log2 fold change and FDR < 0.05) found in the KEGG spliceosome gene set.
The overlap in gene identities between experimental arms was determined G. CWR22Rv1 were transfected with
5 uM TRA2 decoy or control decoy RNA oligonucleotides. 48 hours later, RNA was harvested and RT-qPCR was
used to analyse expression of the indicated mRNAs. qPCR data comprises n = 2 independent biological replicates,
plotted as mean = SEM.
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6.8 Discussion

Analyses presented in this chapter have culminated in a proof of concept that CE3-targeted
dCasRx-APEX2 proteomics methods can be effectively employed for novel splicing factor
identification. Proteomics enrichment results, presented in Chapter 5, were cross-referenced
with clinical PCa datasets to prioritise selection of candidate AR-V7 splicing regulators (Figure
6.5). Examination of these cohorts presented TRA2B as a lead candidate based on its
association with AR-V7 expression and signalling, as well as being associated with poor

survival outcomes.

Subsequent experimental validation revealed that TRA2B depletion fails to impact AR-V7
splicing in CWR22Rv1. However, combined knockdown of TRA2B and its paralog TRA2A
resulted in dramatic splicing alterations whereby AR-V7 underwent a significant decrease and
AR-FL levels were drastically enhanced (Figure 6.10, 6.11). Reciprocal regulation between
TRA2 paralogs was also observed in CWR22Rv1, which saw TRA2A levels increase considerably
upon knockdown of TRA2B (Figure 6.10, 6.11). This echoed findings from previous work on
TRA2 performed in breast cancer cells, in which depletion of both paralogs was required to

elicit significant splicing changes in a range of transcripts (Best et al., 2014).

Interestingly, experimental validation performed in a second PCa cell line that expresses AR-
V7, VCaP, demonstrated that knockdown of TRA2A or TRA2B alone mediated reductions in
AR-V7 generation, although still not to the same extent as combined depletion (Figure 6.12,
6.13). Consistent with this finding, there was no evidence of reciprocal TRA2 paralog
upregulation after single TRA2 depletion in VCaP cells (Figure 6.12, 6.13). The reasons for this
difference in response to TRA2 knockdown between PCa cell types are not immediately clear.
Numerous SR proteins, including TRA2, regulate poison exon inclusion of premature stop
codons in a range of other SR family members, controlling their expression (Leclair et al.,
2020). Furthermore, the extent of this cross-regulation has been shown to vary considerably
across a range of cancer cell lines (Leclair et al.,, 2020). RNA-Seq analyses, performed here in
CWR22Rv1, demonstrated that depletion of either TRA2 paralog significantly downregulated
the KEGG spliceosome gene set (Figure 6.28D, E, F). Examination of genes that underwent
reduced expression revealed a range of SR splicing factors including SRSF1, SRSF2 and SRSF6.

Based on our specific analysis of TRA2A and TRA2B, it is apparent that SR protein cross-
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regulation functions differently in CWR22V1 than in VCaP cells, and a full appraisal of these

differences by carrying out an analogous RNA-Seq experiment in VCaP would be informative.

RNA-Seq DGEA analysis in TRA2-depleted CWR22Rv1 further vindicated that combined TRA2
knockdown results in an AR exon splicing switch. AR_FL_UP and AR_V7_UP gene signatures,
representing genes transcriptionally activated by AR-FL and AR-V7, respectively, underwent
opposing expression changes upon combined TRA2 paralog depletion. These were consistent
with diminished AR-V7, and enhanced AR-FL, levels (Figure 6.21). Moreover, examination of

additional AR expression signatures corroborated these observations (Figure 6.22).

In order to confirm that our findings arose from bona fide alterations to AR splicing as
opposed to more general changes in AR gene transcription or even mRNA stability, DEU
analysis of RNA-Seq data was also performed. Analysis of normalised alignment coverage
across exons revealed no measurable changes in AR exons 1 - 3 between siRNA treatments
(Figure 6.23), implying that transcription and RNA stability are unaffected. Conversely,
significant reductions to CE3 were seen upon dual TRA2A/B depletion, whilst exons 4-8
experienced the opposite (Figure 6.23). The distribution of exon coverage changes is exactly
as would be expected if TRA2 proteins were controlling a splicing switch beyond exon 3.
Furthermore, similar changes to exon usage were seen for AR CE1 and CE4, indicating TRA2
may control splicing of multiple AR-Vs in addition to AR-V7 in CRPC (Figure 6.25). Strikingly,
DEU results showed that AR CE3 was the 11™ most differentially negatively used exon upon
combined TRA2 depletion across the entire annotated transcriptome (Figure 6.24). This would

suggest TRA2 control is particularly relevant to AR-V7 splicing.

As alluded to earlier, based on results in VCaP cells, determination of TRA2 splicing control
may be more than merely a function of gene expression. Expression levels of TRA2B did
correlate with AR-V7 splicing in the clinical cohorts examined in this work, whilst the
reciprocal increase of TRA2A upon TRA2B knockdown in CWR22Rvl would suggest an
expression-dependent effect. However, SR protein function is also known to be altered by
phosphorylation status (Long et al., 2019). The increased AR-V7 levels in enzalutamide-
treated VCaP, which were blocked by TRA2 depletion, cannot apparently be explained by
TRA2 expression changes (Figure 6.13). It is possible that post-translational modifications
provide an additional layer of TRA2 regulation in CRPC, as TRA2B is known to be
phosphorylated by kinases including SRPK1 and CLK1, which modulate its activity (Jamros et
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al., 2015; Aubol et al., 2014). TRA2B is also subject to regulatory dephosphorylation by protein
phosphatase PP1 (Novoyatleva et al., 2008). Inhibitors for all of the aforementioned kinases
and phosphatases have been developed, and their effects have been tested preclinically in
models of PCa (Mavrou et al., 2015; Uzor et al., 2021; Liu, Han et al., 2015). However, none
of these studies examined AR splicing or AR-Vs. Therefore, research into pharmacological
inhibition of kinases or phosphatases as a means to module TRA2 activity and its ability to
control AR-V7 splicing would be of great interest. Interestingly, examination of CWR22Rv1
RNA-Seq experiments showed that SRPK1 expression was significantly downregulated upon
combined TRA2A/B depletion (data not shown). This may have potentiated the effects of
knockdown by altering phosphorylation status of any remaining TRA2 protein, particularly as

TRA2B levels were not completely ablated by siRNA (Figure 6.11B).

CWR22v1 cells were generally more tolerant of TRA2 depletion than VCaP (Figure 6.26).
Indeed, CWR22Rv1 displayed enhanced proliferation upon single TRA2 paralog depletion,
whereas in VCaP, knockdown of TRA2A or TRA2B alone was sufficient for proliferative
suppression (Figure 6.26B, F). This may be explained by the observed lack of compensatory
TRA2 upregulation seen in the latter cell line, which could enable CWR22Rv1l to more
effectively buffer loss of one paralog. Furthermore, TRA2 knockdown failed to sensitise
CWR22Rv1 to 10 uM enzalutamide (Figure 6.26D). Increased concentrations of enzalutamide
could potentially have been tested, however 10 uM is typically employed in in vitro PCa
experiments as it represents a 1,000x higher concentration than 10 nM DHT which is a
routinely used maximal concentration for AR stimulation (Jones et al, 2017; Kounatidou et al.,
2019) . As enzalutamide is a competitive AR inhibitor with just 2-3 fold lower affinity for the
receptor than DHT (Tran and Ouk, et al., 2009), this concentration should be more than
adequate for abrogation of AR-FL transactivation. Although whether the increased AR-FL
levels observed in CWR22Rv1 upon dual TRA2A/B depletion may necessitate higher NSAA

concentrations would merit investigation.

AR amplification is a known mechanism of NSAA resistance (McKay et al., 2021), thus the
marked induction of AR-FL seen in TRA2A/B-depleted CWR22Rv1 may function as a de facto
amplification, requiring a higher dose of enzalutamide or use of more potent antiandrogens
such as darolutamide (Bastos and Antonarakis, 2019). Other pathways altered by combined

TRA2 paralog depletion may also explain maintenance of enzalutamide resistance in
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CWR22Rv1. For example, re-examination of RNA-Seq analysis revealed that insulin-like
growth factor 1 (IGF1) is significantly upregulated in TRA2 depleted cells (data not shown).
IGF1 expression and binding to the IGF1 receptor is implicated in enzalutamide resistance by
facilitating ligand-independent AR transactivation (Liu et al., 2023). This has generated
interest in treatment regimens combining the anti-IGF1 monoclonal antibody, xentuzumab,
with enzalutamide. Such an approach has demonstrated efficacy in enzalutamide-resistant
CRPC xenograft models (Weyer-Czernilofsky et al., 2020). However, a phase |l clinical trial in
mMCRPC patients failed to show any survival benefit of xentuzumab in addition to enzalutamide
(Hussain et al., 2019), although patients in this trial had already progressed on abiraterone
and docetaxel, potentially influencing outcomes. Whilst the impact of IGF1 expression in the
context of TRA2 depletion is inconclusive, it does exemplify that transcriptomic effects arising
from splicing factor manipulation require careful consideration. It had been hypothesised that
knockdown of TRA2 paralogs may reprogram CWR22Rv1 cells back towards enzalutamide
vulnerability by favouring AR-FL production over AR-V7. However, if this concomitantly
activates other potential mechanisms of resistance such as the aforementioned, then it will

fail to achieve this sensitisation.

VCaP cells were sensitised to enzalutamide by lone or combined TRA2 knockdown (Figure
6.26G). Although, this may be due to AR-independent effects of TRA2 depletion, as TRA2A
knockdown sensitised cells as effectively as that of TRA2B or TRA2A/B (Figure 6.26G). This is
despite TRA2A siRNA failing to elicit as potent an effect on AR-V7 as the other treatment arms
tested in this cell line (Figure 6.13). A thorough assessment of potential toxicities arising from
TRA2 depletion would enable more confident evaluation of whether TRA2 proteins represent
viable therapeutic targets in CRPC. This could be achieved by, for example, assaying
proliferative effects of TRA2 depletion in AR-negative PCa cell lines such as PC3 (Tai et al.,
2011), or even non-prostate cell types. Pan-cellular toxicity would render a therapeutic index
unlikely, although DepMap survival dependency profiles for TRA2B were more selective than
that of other splicing factors analysed (Figure 6.7A). However, the observation that dual TRA2
depletion inhibited growth of both cell lines tested in the absence of enzalutamide (Figure
6.26B, F), despite their maintenance of AR-FL expression, would suggest deleterious effects

that are independent of AR, which require further study.
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Use of a PMO complementary to the CE3 splicing enhancer, CE3 block, resulted in potent
abrogation of AR-V7 levels in both CWR22Rv1 and VCaP cells. Although the CE3 block PMO
cannot definitively confirm its effects on AR-V7 are due to specific blockade of TRA2 access at
the ESE, its complementarity to the GAAGAA enhancer sequence, which is a proven TRA2B
binding motif (Tsuda et al., 2011), strengthens evidence. Furthermore, the effect seen by
blocking this sequence confirms dCasRx-APEX2 proteomics was centred on a functionally
important region for AR-V7 splicing, as the AR g2 gRNA binds a short distance upstream of the
CE3 block PMO.

Antisense oligonucleotide approaches such as this could provide an alternative means to
modulate oncogenic splicing, obviating the need to inhibit splicing factors altogether. These
may show more favourable toxicity profiles by specifically modulating the pathogenic splice
site. Currently, two PMOs have received FDA approval for treating Duchenne muscular
dystrophy, eteplirsen and golodirsenin, which alter splicing patterns to induce exon skipping
of a premature stop codon involved in disease pathogenesis (Aartsma-Rus and Krieg, 2017;
Aartsma-Rus and Corey, 2020; Roberts, Langer and Wood, 2020). PMOs have yet to reach
clinical approval in cancer, and whether they will prove as efficacious in the oncology setting

remains to be seen.

Results presented in this chapter have demonstrated that a dCasRx-APEX2 approach,
developed and applied to AR CE3 mRNA in the CWR22Rv1 cell line model of CRPC, enriches a
range of proteins that represent candidate AR-V7 splicing factors. Cross-referencing of this
protein interactome data with gene expression and survival analyses of PCa clinical cohorts
enabled selection of SR protein TRA2B as a putative regulator of AR-V7 generation.
Subsequent experimental validation demonstrated that TRA2B and its paralog, TRA2A, are
bona fide AR-V7 splicing factors. Mechanistically, it is probable, based on their known
functions, that TRA2 proteins bind within CE3 to recruit spliceosomal components, mediating
inclusion in the AR-V7 mRNA transcript. This splicing regulatory axis merits further
investigation as a potential therapeutic target in CRPC, manipulation of which may reprogram
disease towards druggable vulnerabilities by ablating production of intractable AR-V7 (Figure

6.29).
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Figure 6.29 - Mechanistic summary of TRA2 proteins’ putative role in AR-V7 splicing

AR pre-mRNA is processed to form AR-V7 by splicing of CE3, rather than exon 4, at the 3’ end of exon 3. AR-V7
alternative splicing mediates resistance to antiandrogen treatment as the resulting protein lacks the targetable
LBD of AR-FL. Evidence presented here suggests that TRA2B, identified through dCasRx-APEX2 targeted
proteomics, and its paralog TRA2A are key regulators in AR-V7 generation. TRA2 proteins putatively bind a
GAAGAA hexamer exonic splicing enhancer within the AGAA-rich CE3 mRNA sequence, in doing so facilitating
recruitment of the spliceosome and CE3 inclusion in the nascent transcript. Depletion of both, but not lone,
TRA2 paralogs has been shown here to drive a splicing switch away from AR-V7 production and back to AR-FL
generation. AR-FL is druggable by existing antiandrogens, therefore TRA2 splicing factors may be exploited as
novel therapeutic targets to reprogram intractable CRPC towards a treatable phenotype (Figure created using

biorender.com)
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Chapter 7 Conclusions and future work

The primary aim of this PhD research project was application of novel CRISPR-Cas13 and
proximity biotinylation techniques to the discovery of novel splicing factors involved in AR-V7
generation in CRPC. Specifically, the CRISPR-Cas13 subtype RfxCas13d (CasRx), or CasRx, was

combined with engineered ascorbate peroxidase APEX2.

Although proteomics workflows were solely developed in CWR22Rv1, leveraging of patient
gene expression datasets enhances the wider relevance. Furthermore, this is a powerful
approach to novel splicing factor discovery as RNA-protein interactome data synergises to
great effect with clinical gene expression data. Association with AR-V7 in the latter alone does
not necessarily reflect causation, however a combination of interaction data and clinical

correlations is convincing evidence for protein involvement in CE3 inclusion.

For this project, a more thorough validation of TRA2B was pursued as proof of concept that
this methodology can provide meaningful information regarding splicing biology. However,
other splicing factors identified by this approach may well have demonstrated involvement in
similar processes. In our experiments, depletion of THRAP3, which scored strongly in clinical
analyses, failed to result in a reduction of AR-V7 splicing (Figure 6.9). However, a recent
publication performed a focused siRNA screen of splicing-related genes in CWR22Rv1 and
another PCa cell line that expresses AR-V7; LNCaP95. They found that, when calculated as an
average between these cell lines, THRAP3 depletion did reduce levels of AR-V7 relative to AR-
FL (Paschalis, Welti et al., 2021). This study did not report individual AR-V7 perturbations for
each cell line, thus the effect of THRAP3 knockdown may have been specific to LNCaP95, given
we observed no effect in CWR22Rv1 cells. Widening the range of cell lines that were tested
for siRNA depletion in this project may have been informative, although given all proteomics

experiments were performed in CWR22Rv1 this was our primary validation model.

THRAP3 shares approximately 40% amino acid homology with another RNA processing factor:
BCLAF1. In fact, BLCAF2 is an alternative name for THRAP3, and both proteins have been
shown to play regulatory roles in splicing complexes. Although they lack a defined RRM they
do have RS domains which enable interaction with other spliceosomal components (Varia et

al., 2013). Interestingly, a study in osteosarcoma cell line U20S showed that THRAP3 and
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BCLAF1 are able to compensate for one another to maintain splicing and export of numerous
mRNAs involved in the DNA damage response (Vohhodina et al., 2017). The authors also
observed significant BCLAF1 upregulation upon siRNA knockdown of THRAP3 (Vohhodina et
al., 2017). THRAP3-depleted CWR22Rv1 samples from our project were re-analysed by RT-
gPCR, which revealed a more than twofold increase in BCLAF1 mRNA upon THRAP3
knockdown, in line with the aforementioned study (data not shown). Therefore, THRAP3 and
BCLAF1 may reflect observations in TRA2 experiments, in which the absence of both factors

is required to elicit an effect on AR-V7 splicing.

Given THRAP3 presented itself as an encouraging candidate in the clinical PCa cohorts
analysed, a THRAP3/BCLAF1 splicing axis warrants further examination as an additional AR-
V7 regulatory mechanism. This possibility, as well as observations with TRA2B, illustrate that
large-scale approaches to target discovery, such as CRISPR screens, may overlook important
targets if such compensatory effects can occur between similar proteins. For example, one
possible approach to filtering of proteins identified by dCasRx-APEX2 work would have been
a CRISPR or RNAi screen of all genes encoding proteins in our filtered list of 63, however this
would have failed to identify TRA2B which has subsequently shown, along with its paralog, to
be an important mediator of CE3 inclusion. The proteomics dataset presented here defines a
CE3-proximal interactome, which may be used to probe multiple aspects of AR-V7 mRNA
splicing biology, and it is entirely possible that other factors to those validated here could

show even greater splicing regulatory function.

Use of a control cell line such as LNCaP, which lacks AR-V7 expression (Liu et al., 2014), could
have provided additional power to analyses. Targeting of dCasRx-APEX2 in the latter model
to CE3 mRNA, which remains transcribed in LNCaP although is not alternatively spliced, may
have illuminated which RNA-interacting proteins are specifically associated with CE3 when it
is spliced into transcripts. Alternatively, expansion of workflows to multiple AR-V7 expressing
cell lines, or analysis of changes to the CE3 interactome between cells treated or untreated
with NSAAs, would provide additional information that could be used to identify common
interacting proteins across cell types and conditions. Application of techniques in CWR22Rv1
has proved an invaluable proof of concept that dCasRx-APEX2 is a viable method for definition
of splicing factors at defined mRNA regions, and this procedure could undoubtedly be

expanded to a range of alternative cell lines.
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Expansion to other, more biologically relevant, models of CRPC, such as three-dimensional
cultures in Matrigel or in vivo models, may also expand understanding of AR-V7 splicing
regulators and enhance translational potential. A 2006 study using breast cancer cell line
MCF7 compared alternative splicing patterns in two-dimensional cultures with those of
spheroids in Matrigel or in vivo xenografts, demonstrating that conventional two-dimensional
cultures exhibited markedly different splicing patterns to the latter two models, which were
largely similar (Li et al., 2006). APEX2 methods have been considered inappropriate for these
more complex systems due to BP/H,0; toxicity and the challenges of reagent delivery in the
short timeframes used (Che and Khavari, 2017). Although, a recent publication successfully
leveraged APEX2 chemistries in a three-dimensional pluripotent stem cell model to identify
regulators of apical-basal cell polarity (S. Wang et al., 2021), however this enzyme is yet to be
utilised in vivo. Alternative proximity biotinylation enzymes such as BiolD, which requires
incubation with biotin alone, have also been employed in three-dimensional cultures (L. Wang
et al., 2021). Furthermore, a biotin-supplemented diet in murine systems enables in vivo
proximity biotinylation with either BiolD or TurbolD enzymes (Murata et al., 2021; Wei et al.,
2021). Therefore, although APEX2 has considerable spatiotemporal advantages for studying
alternative splicing, fusing other proximity biotinylation enzymes with dCasRx, such as the
aforementioned developed from biotin ligases, may enable expansion of methods into more
translationally applicable model systems. This would provide significantly greater technical
challenges, and whether this would be advantageous beyond work in cell lines, which is
subsequently cross-referenced with clinical data as has been performed here, is not

immediately clear.

Experimental validation of TRA2 proteins has provided a robust, mechanistic demonstration
that alterations to AR-V7 production upon combined TRA2A/B depletion are directly as a
result of AR alternative splicing changes. This is in contrast to other publications studying
regulators of AR-V7 splicing, such as JIMJD6, SFPQ and hnRNPA1, depletion of which reduces
expression of both AR-FL and AR-V7 (Paschalis, Welti et al., 2021; Takayama et al., 2017;
Nadiminty et al., 2015). Conversely, validation of TRA2 proteins completed here
demonstrates highly specific regulation of AR-V7 generation. However, further work is

required to ascertain TRA2 protein potential as a therapeutic strategy in CRPC. Dual TRA2A/B
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knockdown significantly inhibited proliferation in both PCa cell lines tested, even in the

absence of enzalutamide treatment (Figure 6.26).

Despite great preclinical promise, alternative splicing modulation has yet to achieve its clinical
potential in cancer. Phase | trials of SF3B splicing complex inhibition using the pladienolide
derivatives E7107 and H3B-8800 demonstrated either unacceptable ophthalmologic toxicity
or poor efficacy (Bradley and Anczukéw, 2023). The SF3B complex is a core spliceosomal
protein active at all splicing junctions, whether constitutive or alternative, where it forms part
of the U2 snRNP (Will and Lihrmann, 2011). Targeting of factors ubiquitously required for
splicing is unlikely to provide therapeutic selectivity for pathogenic splicing processes, and the
aim of this PhD project has been to identify factors with a degree of specificity for AR-V7
generation. Although TRA2 depletion has shown a substantial ability to alter CE3 exon
inclusion to a greater degree than the vast majority of exons in the CWR22Rv1 transcriptome
(Figure 6.24), the fact that dual TRA2 paralog knockdown inhibits proliferation warrants
further investigation into toxicities arising from loss of TRA2 function. As discussed previously
(Chapter 6.8), multiple druggable kinases and phosphatases have been identified that alter
the phosphorylation status of TRA2B and have been inhibited preclinically in PCa, though
studies did not examine TRA2B and their effect on AR-V7 splicing is unknown. A future avenue
of work could be to screen these inhibitors for AR-V7 perturbations, which may combine with
phosphoproteomics techniques to assess whether TRA2 proteins can be targeted this way,

potentially providing a more therapeutically viable alternative to ablation of proteins.

A potential alternative, or supplement to, inhibition of splicing factors themselves would be
delivery of antisense oligonucleotides (ASOs) complementary to CE3, which would block
access of proteins to this region. Our work utilised a PMO, CE3 block, to abrogate AR-V7
generation in two independent PCa cell lines: CWR22Rv1 and VCaP (Figure 6.28). PMOs
represent an attractive class of antisense splicing modulators as they have excellent stability
and do not promote degradation of target transcripts, consequently they have been approved
for clinical use in correcting splicing defects that cause Duchenne muscular dystrophy
(Roberts, Langer and Wood, 2020). Other classes of ASO could also be applicable, such as
RNA-based oligomers which have been used to alter splicing patterns in a range of cancer cell
types (Leclair et al., 2020). The RNA ASO nusinersen was the first FDA-approved therapy for

spinal muscular atrophy. Nusinersen functions to correct splicing in SMN2 exon 7 which is,
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interestingly, a known splicing target exon of TRA2B (Neil and Bisaccia, 2019; Singh and Singh,
2018). Despite the success of ASOs in the neuromuscular conditions noted, the
pharmacokinetics of this approach are prohibitive, as effective ASO delivery into tumours

remains a challenge compared to other tissue types (Bradley and Anczukéw, 2023).

Methods presented in this work could, in theory, be employed to interrogate local protein
interactomes of any RNA region of interest. However, application of these methods is
dependent on an appropriate gRNA with complementarity to a region of interest. Testing a
panel of gRNAs in 22Rv1(CasRx) only yielded successful AR knockdown with one gRNA, AR g2
(Figure 5.2). Two additional AR gRNAs were tested more recently, which also failed to elicit
an effect (data not shown). The current paucity of gRNA design algorithms for Cas13 is likely
to inhibit application of this technology to a wider range of transcripts. Furthermore, gRNA
design tools, whether for Cas13 or Cas9, only account for nucleotide composition, with no
effective means to confirm pre-existing protein occupancy at any particular site. The authors
of the CasRx gRNA design tool used throughout this project proposed that low gRNA design
success for certain regions may be due to proteins such as splicing factors or exon junction
complexes hindering CasRx access (Wessels, Méndez-Mancilla et al, 2020). Although gRNA
design was somewhat more successful for targeting of TP53 mRNA in HEK293FT cells (Figure
4.7), in which CasRx is expressed to a much greater degree, it is of enormous interest that AR
g2 was the only gRNA to elicit AR knockdown in CWR22Rv1(CasRx). Principally, because
alternative splicing is influenced by numerous aspects in addition to predicted splice site
recognition by cognate factors, including transcriptional elongation rate and RNA secondary
structure, which can in turn be dictated by chromatin compaction and histone modifications.
These aspects subsequently dictate splicing factor accessibility at mRNA splice sites (Horn et
al., 2023; Marasco and Kornblihtt, 2023). The very fact that the only successful AR CasRx gRNA
we tested was targeted at CE3, a region undergoing extensive alternative splicing in
CWR22Rv1 cells, may allude to inherent accessibility and structural openness of CE3 mRNA to

both splicing factors and CasRx.

In summary, this PhD research project has developed a contemporary dCasRx-APEX2
approach to define, for the first time, the protein interactome of AR CE3 mRNA in a model of
CRPC. In doing so, it has provided a rich source of potential regulatory mediators dictating AR-

V7 splicing, of which TRA2B and its paralog TRA2A have been experimentally validated as
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bona fide novel AR-V7 splicing factors. Although currently, the clinical potential of TRA2
proteins as therapeutic targets that module AR-V7 generation in CRPC requires more
extensive functional and toxicological assessment. Finally, the methods presented here
demonstrate effective synergy of two contemporary biomolecular techniques, CRISPR-Cas13
and proximity biotinylation, that could have broad relevance in studying protein interactomes
at various transcript regions. Therefore, this represents a powerful technique to uncover

novel regulatory biology dictating RNA function.
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